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c-Jun, a signal-transducing transcription factor of the
AP-1 family, normally implicated in cell cycle progres-
sion, differentiation and cell transformation, recently
has also been linked to apoptosis. To explore further
the functional roles of c-Jun, a conditional allele was
generated by fusion of c-Jun with the hormone-binding
domain of the human estrogen receptor (ER). Here we
demonstrate that increased c-Jun activity is sufficient
to trigger apoptotic cell death in NIH 3T3 fibroblasts.
c-Jun-induced apoptosis is evident at high serum levels,
but is enhanced further in factor-deprived fibroblasts.
Furthermore, apoptosis by c-Jun is not accompanied
by an increase in DNA synthesis. Constitutive over-
expression of the apoptosis inhibitor protein Bcl-2
delays the c-Jun-mediated cell death. The regions of
c-Jun necessary for apoptosis induction include the
amino-terminal transactivation and the carboxy-
terminal leucine zipper domain, suggesting that c-Jun
may activate cell death by acting as a transcriptional
regulator. We further show that a-fodrin, a substrate
of the interleukin 1B-converting enzyme (ICE) and
CED-3 family of cysteine proteases, becomes proteo-
lytically cleaved in cells undergoing cell death by
increased c-Jun activity. Moreover, cell-permeable irre-
versible peptide inhibitors of the ICE/CED-3 family of
cysteine proteases prevented the cell death.
Keywords AP-1/apoptosi$cl-2/c-jun/ICE/CED-3-

related cysteine proteases

Introduction

Apoptosis is a form of regulated cell death to eliminate
unwanted or superfluous cells from the organism (Ellis
et al, 1991). It plays an indispensable role in embryo-

membrane blebbing, DNA fragmentation and generation
of apoptotic bodies that are rapidly phagocytosed and
digested by neighboring cells (Keatal,, 1972). Although,
the morphological changes of apoptosis are well defined,
the genes regulating and executing the process are just
beginning to be identified and are currently an area of
intense investigations.

Apoptosis depends in some casesdemnovoRNA and
protein synthesis (reviewed by Elig al, 1991; Freeman
et al, 1993; Martin, 1993). Examples are apoptosis in
some neurons (Martiret al, 1988; Oppenheinet al,
1990; Scott and Davies, 1990; D’'Mellet al, 1993;
Milligan et al, 1994), apoptosis in rodent thymocytes
induced by ionizing radiation (Sellins and Cohen, 1987),
apoptosis in T cell lines induced by interleukin-2 (IL-2)
withdrawal (Duke and Cohen, 1986) and activation-
induced apoptosis in T cell hybridomas (Stial., 1990;
Schwartz and Osborne, 1993). This has led to the concept
that apoptosis is an active, gene-directed process that
requires, in some instances, the induction of genes in
order to proceed. Indeed, a number of proteins with
properties of transcription factors have been identified that
can trigger apoptotic cell death. For example, c-Myc,
a transcription factor implicated in the control of cell
proliferation, can also induce apoptosis in growth-arrested
fibroblasts (Eilerset al, 1989; Evanet al, 1992). In
addition, antisense oligonucleotides corresponding to
c-myc can block activation-induced apoptosis of T cell
hybridomas, indicating that yc expression is required
for the cell death in this situation (Shét al, 1992).
Furthermore, the p53 tumor suppressor gene has been
documented to induce either growth arrest or apoptosis
when expressed in certain tumor cell lines (Yonish-Rouach
et al, 1991; El-Deiryet al, 1993; Harperet al, 1993;
Desaintest al., 1996; Ko and Prives, 1996; Lasseisal.,
1996). Experiments with p53 knockout mice demonstrated
that p53 is essential for apoptosis in response to DNA
damage in the skin (Zieglest al, 1994), in thymocytes
(Clarkeet al,, 1993; Loweet al, 1993) and in the intestinal
epithelium (Clarkeet al, 1994; Merritt et al, 1994).
Furthermore, evidence was provided indicating that p53
may function as a transcription factor to promote apoptosis
(Miyashita and Reed, 1995). In addition, Nurr 77, a zinc
finger transcription factor and immediate early gene, is
induced and necessary in activation-induced T cell

genesis, in adult tissue homeostasis, in the regulation ofapoptosis (Liuet al, 1994; Woroniczet al, 1994).
the immune system and in the development of the nervousMoreover, apoptosis can be elicited by the transcription
system, but can also contribute to the pathogenesis of afactor E2F (Qinet al, 1994; Sharet al, 1994; Wu and
number of human diseases when deregulated (reviewedLevine, 1994; Fielcet al., 1996), by NF-M (Muler et al,,

by Wyllie et al, 1980; Elliset al, 1991; Coheret al,
1992; Raff, 1992; Rafét al., 1993; Schwartz and Osborne,

1995) and by c-Rel (Abbadiet al., 1993).
c-Jun is, together with the Fos family of proteins, a

1993; Steller, 1995; Thompson, 1995). Cells undergoing major component of the AP-1 transcriptional complex
apoptosis display a series of morphological characteristics (reviewed by Vogt and Bos, 1990).jen was identified

including cytoplasmic shrinkage, chromatin condensation,
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originally by its homologjuig the oncogene captured
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in the avian sarcoma virus ASV17 (Maki al, 1987). Results
Two other cjun-related genes were isolated based on
sequence similarityjunB and junD (Ryder et al,, 1989;

Hirai et al., 1989). Jun-related protein products can func- Toi tiqate the functional . f ool di
tion either as homodimers or as heterodimers bound to .° 'Mvestigate the functional properties or ¢-Jun, a conai-

partner proteins such as Fos-related proteins, CREB Ort|onal allele was generated, in which the full-length mouse

ATF-2 (Hai and Curran, 1991; van Daetal, 1993). The ~ C1un CDNA was fused at the’3end with the hormone-
dimerization is mediated by a carboxy-terminal coiled- Pinding domain of the human estrogen receptor (ER) and

coil structure, termed the leucine zipper, and is necessaryC|°ned into aretroviral vector, containing meores'lstlance.

for DNA binding to a palindromic sequence known as the 9€N€as a selectable marker. The principle of this inducible
TPA-responsive element (TRE) or AP-1 consensus site, system is that, although the chimeric protein is constitu-
contained in many gene enhancers (reviewed in Vogt and1VElY expressed, it is in an inactive state in the absence
Bos, 1990; Angel and Karin, 1991). Thus the different of hormone, but can be activated by addition of exogenous

Jun homodimers and Jun heterodimers create a larg _-estradipl (fqr review, see Picard, 1994)' NIH 3T3
number of dimer combinations that exhibit distinct tran- Immortalized fibroblasts were transfected with the expres-
scriptional properties with diverse biological consequences SION Vector containing the jen-ER fusion gene, and

(see, for example, Ryseck and Bravo, 1991: Bossy-Wetzelseveral independent clones with stable expression of the
et al. 1992 Schiingensiepeet al. 1993: Pfarret al. c-Jun—ER fusion protein were isolated and used for further

1994). characterization.

The AP-1 transcriptional complex has been implicated . A number Of_ reports have suggested tthrm-may_
in a number of biological processes (reviewed in Vogt induce cell proliferation (Ryseckt al, 1988; Castellazzi
and Bos, 1990; Angel and Karin, 1991). Studies on the €t al- 1990; Cateet al, 1991; Kovary and Bravo, 1991;
c-jun expression indicated that it is rapidly and transiently Hilberg and Wagner, 1992; Johnsen aI_., 1993; Pfarr
induced, as part of the immediate early growth response &t &l» 1994). For this reason, we examined the effect of
when quiescent fibroblasts are stimulated with mitogens, &ctivation of the c-Jun-ER protein IBrestradiol on the
indicating that gun may have a function in controlling growth of NIH 3T3 fibroblasts. C_:ontrol cells (neo-resstant
cell proliferation (Angelet al, 1987; Bohmanret al., NIH 3T3 cells, transfected with the empty expression
1987; Leeet al, 1987; Ryseclet al, 1988; Catert al, vector) and two independent clones, expressing dlfferent
1991). Support for a role for AP-1 in cell proliferation is steady-state levels of the c-Jun—ER chimeric protein (C3
provided by experiments where microinjected neutralizing @nd C19), were seeded at low densities in medium
anti-c-Jun and anti-c-Fos antibodies were able to preventcontaining 10% calf serum and in the presence or absence
the cell cycle progression of serum-treated fibroblasts Of exogenousp-estradiol, and the cell numbers were
(Kovaryet al, 1991). In addition, cells lacking a functional determined daily. The growth curvesffestradiol-treated
cjun allele show retarded growtm vitro and in vivo or untreated control fibroblasts were virtually identical,
(Hilberg and Wagner, 1992; Hilbert al, 1993; Johnson demonstrating thet-estradiol had no effect on the growth
et al, 1993). However, strong and prolonged induction of rate of these cells (Figure 1A). This was in marked
cjun has also been reported in response to a variety contrastto NIH 3T3 cells expressing the c-Jun-ER protein.
of stress-inducing stimuli including UV and ionizing ~Activation of the c-Jun-ER protein tfrestradiol resulted
irradiation, hydrogen peroxide and tumor necrosis factor in @ substantial decrease in cell numbers (Figure 1A).
(TNF) q, all treatments that can trigger apoptosis (Brenner ~ The extent of decrease in cell numbers was dependent
et al, 1989; Devaryet al, 1991; Manomeet al, 1993; upon the expression levels of the c-Jun—ER protein present
Davis, 1994). Furthermore, jon has been implicated in  inthese cells (Figure 1B). Clone C19, expressing moderate
cellular transformation by virtue of its ability to cooperate levels of the c-Jun—-ER protein, revealed a relatively mild
either with oncogenes such as an activatasl gene to effect on reducing cell numbers affgrestradiol treatment
transform rat embryo fibroblasts or to transform Rat-1a (Figure 1A and B). In contrast, clone C3, with higher
cells or chick embryonic fibroblasts as a single gene expression levels of the c-Jun—ER protein, exhibited a
(Schite et al, 1989a,b; Bogt al, 1990; Castellazat al, strong decrease in cell numbers in the presenc-of
1990). In addition, activated Ras can lead to an increaseestradiol (Figure 1A and B). Furthermore, this also correl-
in c-Jun transcriptional activity by phosphorylation of its ated with the ability of the two c-Jun—-ER-expressing
transactivation domain (Bimeiy et al, 1991; Smeal clones to activate transcription from a reporter plasmid
et al, 1991). containing an AP-1-binding site in a hormone-dependent

Although c-Jun activity is induced by a large variety manner. The collagenase gene promoter was stimulated
of external or internal signals, known to exert effects on only 2.4-fold in clone C19, whereas it was activated up
cell proliferation, differentiation, cellular transformation to 7-fold in clone C3, upon activation of the c-Jun-ER
and apoptosis, what the precise role of c-Jun is in theseprotein byp-estradiol (Figure 1C). Because the ER domain
processes remains unclear. For this reason, we generatedf the chimeric construct contains a TAF-2 transactivation
a conditional allele for c-Jun, whose activity is dependent region, we were concerned that this activity could have
upon the availability of exogenous-estradiol. We find contributed to the observed effects on growth and trans-
that increased c-Jun activity transmits an apoptotic deathactivation. For this reason, we tested the effects of the
signal in immortalized NIH 3T3 fibroblasts. Apoptosis estradiol antagonist 4-hydroxytamoxifen (4-HT) that per-
by c-Jun is not associated with cell cycle progression, mits DNA binding of the ER but fails to activate TAF-
indicating that the role of c-Jun in apoptosis might be 2-dependent transactivation (Berst al, 1990). 4-HT
distinct from its function in cell proliferation. mimicked the effects[®Estradiol on growth and trans-

Activation of the c-Jun-ER protein results in a
marked decrease in cell numbers
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Fig. 1. (A) Effect of the activation of the c-Jun—ER protein pyestradiol on the growth of NIH 3T3 cells. Triplicate cultures of NIH 3T3 control or

NIH 3T3/c-jun-ER cells (clone C19 and clone C3) were cultured in medium containing 10% calf serum in the presence or alfsesiraddl

(2 mM), and live cells excluding trypan blue were counted at daily intervals. The mean values of triplicate cultures are shown plotted against time.
The open squares represent the values for untreated cultures, and closed diamonds are the Pahstsaétiol-treated culturesB) Immunoblotting

analysis of the c-Jun proteins. Total cell extracts from control NIH 3T3 cells (lane 1), NIH 3T3/c-jun—ER cells, clone C19 (lane 2) and clone C3
(lane 3) were separated by SDS—-PAGE, transferred to nitrocellulose filters and probed with affinity-purified anti-c-Jun polyclonal antibodies (Pfarr

et al, 1994). c-Jun-specific protein bands were visualized by the ECL chemiluminescence reagent (Amersham). Arrows indicate the endogenous
c-Jun protein and the ectopically expressed c-Jun—-ER fusion protein of ~80 kDaQjidehg c-Jun—ER protein activates transcription of a

transiently transfected CAT reporter plasmid, containing the AP-1-responsive collagenase | gene promoter, in a hormone-dependent fashion. NIH 3T3
fibroblasts and c-jun—ER cells (clones C19 and C3) were transiently transfected with the plasmid Coll(-514)-CAT. Following transfection, plates were
left either untreated or were treated withu®1 pB-estradiol. After 24 h, cell extracts were prepared and assayed for CAT activity. The values and the
standard deviation are based on three independent experiments.

activation (data not shown), thus arguing that the observed (Figure 2a, c, e and g). Similarly, untreated c-jun—-ER cells

effects are due to the c-Jun portion and not to the ER displayed a normal morphology in medium containing

domain of the fusion protein. 10% calf serum (Figure 2b). By contrast, c-Jun-ER
activation resulted in morphological changes reminiscent

c-Jun signals apoptotic cell death of the phenotype that has been described for apoptotic

At least two possible explanations could account for the Cells (Figure 2d). Hormone treatment of c-jun—ER cells

decrease in cell numbers upon activation of the c-Jun—ERrevealed not only fewer cell numbers as shown in

protein. One possibility may be that increased c-Jun Figure 1A, but also many cells with phase bright cell

activity results in growth inhibition. Alternatively, c-Jun bodies, shrunken cytoplasm and condensed chromatin

may trigger apoptotic cell death in these cells. To explore (Figure 2d). In addition, fragmented cells were visible,

these possibilities further, the cell morphology of untreated suggestive of apoptotic bodies (Figure 2d). In low serum,

and B-estradiol-treated fibroblasts was examined in high activation of the c-Jun—ER protein [¢estradiol resulted

and low serum. Control NIH 3T3 fibroblasts grew as flat in an even more substantial change in cell morphology

and normal looking monolayers, irrespective of whether (Figure 2h). Many cells lost their adhesion to the matrix,

they were cultured in the presence or absence of hormone and cells with a refractile look formed aggregates
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NIH3T3 Control c—jun—-ER

Fig. 2. Changes in cell morphology induced by activation of the c-Jun—ER protein. Control cells and c-jun-ER cells (clone C3) were seeded in
DMEM plus 10 or 0.5% calf serum and in the absence (—E) or presenEg ¢f -estradiol (2 mM). Photographs were taken under phase contrast
from cells cultured in 10% serum after 6 days and from cells cultured in 0.5% serum after 1 day. Rar, 50

(Figure 2h). It is of note that in low serum even untreated To investigate further whether increased c-Jun activity
c-jun—ER cells appeared less healthy looking (Figure 2f). may induce apoptosis, the occurrence of DNA fragment-

A likely explanation for this observation may be leakiness ation was evaluated by the TUNEL technique (Gavrieli
of the c-Jun—-ER fusion protein. et al, 1992). Only a few TUNEL-labeled cells could be
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Control c—-jun-ER C19 c-jun—-ER C3

24h

Estrogen

72h

Fig. 3. Assessment of DNA breaks using the TUNEL assay. For control cells, only a very few TUNEL-positive cells are visible, even after 72 h of
treatment withB-estradiol. By contrast, extensive TUNEL labeling is seen for c-jun—ER cells, already after 24 h of treatmefresiitadiol and in
0.75% calf serum, as visualized by the black nuclear staining. Bauh0

seen for NIH 3T3 control cells, even after 72 h of treatment in growth factor-deprived fibroblasts, when inspected
with B-estradiol (Figure 3). In contrast, extensive DNA microscopically. It is of note that some cell clones that
fragmentation was observed for hormone-treated c-jun— initially underwent apoptosis upon activation of the c-Jun—
ER cells after 24 h, visualized by the black nuclear staining ER protein became resistant to cell death on continued
(Figure 3). In particular, cells participating in aggregates culture. However, when we again tested the expression of
exhibited strong DNA fragmentation. Clone C19, which the c-Jun—-ER protein, it was found to be no longer
expresses lower levels of the c-Jun—ER protein than clone expressed (data not shown). Hence, these results indicate
C3, revealed fewer TUNEL-positive cells in the presence that apoptosis is dependent upon the expression of the
of hormone, indicating that the extent of DNA fragment- c-Jun—-ER protein.
ation is dependent upon the amount of c-Jun—ER protein
expressed in these cells (Figure 3). c-Jun-induced apoptosis is delayed by Bcl-2

Because apoptosis frequently is accompanied by DNA expression
cleavage at internucleosomal sites, DNA was isolated Phe2 proto-oncogene increases cell survival and
from hormone-treated and untreated c-jun—ER cells and blocks apoptosis in many systems (reviewed by
analyzed by gel electrophoresis. Figure 4 demonstrates Korsmeyer, 1992; Reed, 1995). To investigate the effect
that DNA extracted from untreated c-jun—ER cells did not of bcl-2 expression on the c-Jun-mediated apoptosis,
show any DNA laddering, whereas typical oligonucleoso- c-jun—ER fibroblasts (clone C3) were transfected with an
mal DNA laddering, characteristic of apoptotic cells, was expression vector containing the humdrtl-2 gene
evident after 48 and 72 h of c-Jun-ER activation by together with a hygromycin-resistant marker. Several
[B-estradiol. hygromycin-resistant colonies were identified by immuno-

Collectively, these data indicate that c-Jun induces blotting with abundant expression levels of the human
apoptosis in NIH 3T3 fibroblasts. Apoptosis was clearly Bcl-2 protein and were used for further analysis
evident in serum-rich medium, but was accelerated further (Figure 5A). To test the effect of Bcl-2 expression on the

1699



E.Bossy-Wetzel, L.Bakiri and M.Yaniv

12 24 48 72 Time (hrs) A

M- + - + - + - + p-Estradiol M 1 2z 3 4 5 6

¥ oEepemas <52

21.5—
510
396
344
298
220

Fig. 4. Internucleosomal DNA cleavage after activation of the §
¢c-Jun—ER protein. NIH 3T3/c-jun—ER cells (clone C3) were cultured 2
in DMEM, 0.5% calf serum with or withouB-estradiol for the

indicated periods of time. DNA was separated by agarose gel 0
electrophoresis. DNA fragmentation into multimers of 200 bp is seen

only in DNA samples from hormone-treated cells, but not in samples 0 4 =

of untreated cells, after 48 and 72 h. ! 2 b % » 10
Time (hrs)

S . . Fig. 5. Effect of Bcl-2 overexpression on the cell death induced by
cell V"ab'“ty* control NIH 3T3, c-jun-ER and C'Jun_ER/ c-Jun. @) Detection of Bcl-2 protein by immunoblotting analysis.

bcl-2 cells were plated in low serum in the presence or cytoplasmic extracts from NIH 3T3/c-jun—ER fibroblasts (lane 1) and
absence of}-estradiol and the numbers of live cells were NIH 3T3/c-jun-ER/bcl-2 clones, bulk cell population (lane 2); clone 4
determined by the MTT assay at daily intervals. As (lane 3); clone 15 (lane 4); clone 18 (lane 5); clone 19 (lane 6); were
presented in Figure 5B, 50% of the cells expressing the separateq by SDS—PAGE,_tran_sferred‘to nitrocellulose fllters‘and
> . " probed with polyclonal antibodies against human Bcl-2 protein

c-Jun—ER protein alone died under these conditions after pako; 1:60). Bcl-2-specific protein bands were visualized by the
96 h in the presence of hormone. In contrast, only 27% ECL chemiluminescence reagent (AmersharB). Constitutive Bcl-2
of the cells with co-expression of Bcl-2 plus c-Jun—ER expression attenuates the c-Jun-induced apoptosis in serum-deprived
underwent apoptosis when treated similarly. No significant NH 3TS/c-un-ER fibroblasts. Cells were seeded in triplicate into
loss in cell viability was noticed for control cells under Tedium containing 0.75% calf serum and with or without 2 mM

o . L B-estradiol. Live cell numbers were determined after the indicated
the same conditions (Figure 5B). Hence, these data indicateperiods of time by the MTT assay. The c-jun—ER/bcl-2 data represent
that constitutive expression of Bcl-2 results in a consider- the average of five independent NIH 3T3/c-jun—ER/bcl-2 cell clones

able attenuation of the c-Jun-mediated apoptosis in Serum_With relatively high expression levels of the transfected huielr2

deprived NIH 3T3 fibroblasts. gene as presented in (A).

Apoptosis by c-Jun is not linked to cell diploid DNA content, representative of apoptotic cells
proliferation (Figure 6A and Table I). The fraction of apoptotic cells

A number of reports have suggested thatic-may play was ~25% at high serum levels, whereas it was increased
arole in cell cycle progression (Ryseekal, 1988; Cater further up to 40% in low serum, confirming our initial

et al, 1991; Kovary and Bravo, 1991; Johnsen al., observation that the c-Jun-mediated cell death is more
1993; Pfarret al, 1994). We therefore considered the profound for factor-deprived fibroblasts (Table I). It is of
possibility that the c-Jun-activated apoptosis may be note that the percentage of apoptotic cells was higher for
coupled to an increase in DNA synthesis, as has beenuntreated c-jun—ER cells as compared with control cells
documented for the c-Myc- or E2F-mediated apoptosis in (Table 1). As mentioned above, a likely explanation for
fibroblasts (Eilerset al, 1991; Evanet al, 1992; Qin this finding may be the leakiness of the c-Jun—-ER protein.

et al, 1994; Shan and Lee, 1994; Wu and Levine, 1994). Finally, these data suggest that the c-Jun-mediated
To explore this issue further, the distribution of cell cycle apoptosis is not confined to a specific phase of the
phases was determined by flow cytometry. Unexpectedly, cell cycle.

the activation of the c-Jun—ER protein Byestradiol had To confirm that the c-Jun-induced apoptosis was not

no effect on the cell cycle profile of NIH 3T3 fibroblasts. coupled to DNA synthesis, 3fthymidine incorpor-

The number of cells in the §85,, the S or the GM ation was analyzed. c-jun—ER cells (clone C3) were growth
phase of the cell cycle was very similar fBrestradiol- arrested by serum deprivation for 3 days and treated either
treated or untreated c-jun—ER fibroblasts (Figure 6A and with B-estradiol to activate the c-Jun—ER protein, or with
Table 1). Instead of changes in the cell cycle phases, c-Jun serum, as a control. No appreciable increase in thymidine

activation resulted in an increase in cells with less than incorporation was measured after the activation of the
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Fig. 6. (A) Flow cytometric analysis of control NIH 3T3 cells and
NIH 3T3/c-jun-ER cells (clone C3). Cells were incubated for 48 h

with or without B-estradiol and in medium containing 10 or 0.5% calf
serum, stained with propidium iodide and analyzed by flow cytometry.
The DNA content is presented as relative fluorescence. The apoptotic

cell population is shown by the first peak (Apo), cells ig/G, are in

the second peak and cells in G2/M phase are in the third peak. Cells
in S phase are in the area between thgGs and G2/M phase peak. A

quantitative representation of the cell cycle distribution is

demonstrated in Table IB} Activation of the c-Jun—-ER protein does
not induce DNA synthesis in quiescent NIH 3T3 fibroblasts. NIH 3T3/

c-jun—ER fibroblasts (clone C3) were growth arrested by serum

deprivation for 3 days and thereafter treated every hour either with
B-estradiol (2 mM) or with calf serum (15%). One hour before cell

harvest, cells were treated with a pulse #iJthymidine and <
incorporated counts were determined. Each value represents the mean enzyme (ICE) and theCaenorhabditis elegan€ED-3

of triplicate measurements.

c-Jun-induced apoptosis

c-Jun-ER protein when tested over a period of 32 h
(Figure 6B), yet apoptosis was clearly evident already
after 24 h off3-estradiol treatment (Figures 2 and 3). That
the growth-arrested c-jun—ER cells were not defective in
their ability to synthesize DNA is shown by control
treatment with serum (Figure 6B). Serum stimulation
resulted in a 40-fold increase iFH]thymidine incorpora-
tion after 18 h, representing the peak in DNA synthesis.
These results clearly demonstrate that c-Jun is insufficient
to permit growth-arrested fibroblasts to transit through the
cell cycle. Thus, the apoptotic function of c-Jun seems to
be unrelated to its other functions such as the induction
of cell proliferation.

Functional regions of c-Jun required for apoptosis

The biochemical and biological functions of c-Jun have
been mapped to certain regions within the protein. These
regions include the amino-terminal transactivation region,
the carboxy-terminal basic DNA-binding region and the
leucine zipper region, that is necessary for dimerization.
To analyze which portions of the c-Jun protein are neces-
sary for the induction of apoptosis, severguo-mutant
constructs were tested in a transient transfection assay for
their ability to display morphological characteristics of
apoptotic cell death. Transfected cells were identified by
co-transfection with a plasmid containing fBealactosid-
ase gene (RSYs-gal). After histochemical detection of
the B-galactosidase activity, many of the blue cells trans-
fected with the wild-type ¢un gene (RSV-c-jun) or a
mutation in which the unconserved region ofucr is
deleted (RSV-c-junD131-220) exhibited shrunken cell
size, condensed chromatin and cytoplasmic blebs (Figure
7b and c). By contrast, transfection with Rgval either
alone (Figure 7a) or in combination with two dominant-
negative gun mutants, lacking the transactivation domain
(RSV-c-jumA169; RSV-c-jud196) or with a leucine zipper
deletant (RSV-c-juA238-311) revealed mainly normal
and healthy lookingB-gal-positive cells (Figure 7d, e
and f).

A quantification of three independent transient transfec-
tion experiments is presented in Figure 8. Approximately
40% of the blue cells arising from co-transfection gio;
cjun-ERor c-junA131-22QPMV-7-c-jun; PMV-7-c-jun—
ER; RSVc-ju\131-220) plusB-gal displayed an apop-
totic cell morphology, whereas only 6-10% of the blue
cells that had been transfected wiligal alone or in
combination with various gan mutants (RSV-c-juA169;
RSV-c-jum196, RSV-c-jud238-311) exhibited morpho-
logical characteristics of apoptotic cell death. Thus, cell
death induced by overexpression ofucr seems to be
dependent upon an amino-terminal region, containing the
transactivation region and a carboxy-terminal region that
includes the leucine zipper domain. Furthermore, these
data demonstrate that the nativjua-gene and the fn—

ER chimeric gene share similar functional properties.

Activation of ICE/CED-3-related cysteine proteases
during c-Jun-induced apoptosis

There is increasing evidence indicating that the proteolytic
cleavage of critical cellular substrates, by a family of
cysteine proteases related to the interleulfdrctinverting

gene, plays a central role in the executionary phase of the
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Table 1. Cell cycle distribution of NIH 3T3/c-jun—ER cells

Cell line Serum % B-estradiol Apo (%) @G, (%) S (%) G2/M (%)
Control 10 - 22+ 11 543+ 2.1 26.6+ 3.5 189+ 2.1
Control 10 + 12*+12 50.7+ 1.8 31.8+ 3.3 17.2+ 21
c-jun-ER 10 - 8.2+ 3.0 50.8*= 1.8 28.7+ 1.7 205+ 1.2
c-jun—-ER 10 + 29.7+ 9.9 51.6+ 2.4 29.6+ 0.3 17.8+ 2.7
Control 0.5 - 1.2+ 1.3 82.1£ 5.9 12.0+ 3.8 51x21
Control 0.5 + 06+ 14 82.6+ 6.7 12.6+ 4.8 48+ 24
c-jun-ER 0.5 - 10.6= 4.4 75.6+ 6.3 15.8+ 6.5 85+ 15
c-jun-ER 0.5 + 40.2+ 9.8 72.8* 10.6 17.9*+ 8.9 9.2+ 28

Cell cycle distribution of cells after 48 h of treatment wkestradiol in 10 and 0.5% calf serum. Values and standard deviations represent the
results of three independent flow cytometry expertiments. Representative histograms are shown in Figure 6A.

Fig. 7. Apoptotic changes in NIH 3T3 cells transiently transfected wifjbrcer various cijun mutants together with a plasmid expressing the
bacterialp-galactosidase gene. After 24 h of transient transfection, cells were fixed and incubated with buffer containing X-gal to visualize
B-galactosidase-positive cells. Representative images of transfectionsa)vRBY/{3-gal alone; co-transfections of RP4gal with (b) RSV-c-jun;

(c) RSV-c-jum131-220; ¢) RSV-c-jum169; €) RSV-c-jum196; ) RSV-c-jum284—311; photographs were taken with a Zeiss Axiovert microscope
and Hoffmann optics. Cells with apoptotic phenotype are indicated by the arrows. Bam.50
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Fig. 8. Quantitative representation ofjen-induced cell death in NIH

3T3 cells after transient transfection. Shown are the results of three
independent transient transfection experiments. The data represent the
percentage of blue cells with apoptotic cell phenotype relative to the B
total number of blue cells counted, which is given within each

column.

. . . Live cells 100 -
apoptotic process (reviewed by Martin and Green, 1995;

Thornberryet al, 1995; Whyte, 1996). This family of (x10) g
proteases cleave their target proteins after aspartic acid 60
(Thornberryet al, 1992; Nicholsoret al,, 1995; Tewari

et al, 1995; Xue and Horwitz, 1995). During apoptosis, il

a discrete subset of cellular proteins become cleaved by 20+ |I]

the ICE/CED-3-related proteases, including poly(ADP- o _ | |

ribose) polymerase (PARP), DNA-dependent protein pEstradiol (1uM) = + - + - + - 4

kinase (DNA-PK), protein kinase&PKCd), sterol regu- 2-VAD-fmk (:M) . B a0 ERCEE Yobdo6

latory element-binding protein SREBP-1 and SREBP-2,

U1 small nuclear ribonucleoprotein (UlsnRNB)fodrin, Fig. 9. (A) Fodrin cleavage during c-Jun-induced apoptosis. Cell

Gas2 and lamin A, B and B1 (reviewed by Whyte, 1996). lysates from untrea;ed c-jun-ER and c-jun—ER_ cell; culture_d in the
. . . - presence of-estradiol were prepared as described in Materials and

To mvgstlgate whether C'_‘]un, may inducebana fide methods and subjected to electrophoresis in an 8% polyacrylamide gel
apoptotic program by activating members of the ICE- followed by immunoblotting. The blot was probed with a monoclonal
related proteases, we tested whethefodrin, a known anti-fodrin antibody (Chemicon International, 1:2000). Proteolytic
substrate of the ICE-like proteases (Varéhal, 1995), S0 &L B e ek s evident aftr 24 and 48 h of
WOUI.d be proteolytlcally cleavedin cells undergomg c-Jun- c-Jun acti(vation b)B-eystradioI. B) Inh)ibition of c-Jun-mediated
mediated cell death. Cell lysates from control untreated apoptosis by the peptide inhibitor of the ICE/CED-3 family of cysteine
c-jun—ER cells and from c-jun—ER cells treated with proteases, z-VAD-fmk. c-jun-ER cells were seeded into DMEM
B-estradiol were probed far-fodrin cleavage by immuno- containing 0.5% fetal bovine serum and treated with the peptide
blotting. AS indicated in Figure SAg-fodrin cleavage  IYNDIOr i e ndceted concenations A6, o pretestnent
V\{as qeteCted in lysates frorfi-estradiol-treated cells activate the c-Jun—ER protein. Surviving cells were harvested by
visualized by the appearance of two fragments of 150 and irypsinization after 68 h, and live cell numbers were determined by
120 kDa. By contrast, cell lysates from untreated cells trypan blue exclusion. z-VAD-fmk increases considerably the survival
revealed only a major band of 240 kDa corresponding to Of fibroblasts expressing the activated c-Jun—ER protein. The values of
the intact a-fodrin protein. These data suggest that the standard deviation are based on triplicate cultures.
members of the ICE-like proteases are activated during
the c-Jun-induced cell death. including cell morphology, TUNEL labeling, oligonucleo-

We then tested whether the apoptosis by c-Jun somal DNA laddering, flow cytometry and the activation
could be inhibited by z-Val-Ala-Asp-fluoromethylketon of ICE/CED-3-related cysteine proteases. c-Jun-mediated
(z-VAD-fmk), a cell-permeable, irreversible tripeptide apoptosis was clearly detectable in high serum, but was

inhibitor of the ICE/CED-3-related cysteine proteases. As even more pronounced in low serum, indicating that serum
shown in Figure 9B, z-VAD-fmk provides considerable may contain factors that can either abolish or delay
protection against c-Jun-induced cell death starting at the c-Jun-mediated apoptosis. Indeed, cytokines such as
concentrations of 2QM. Collectively, these data provide epidermal growth facor (EGF), insulin-like growth factor
evidence that c-Jun inducedana fideapoptotic program (IGF) I and IGFII were able to increase the cell viability

in fibroblasts that involves the activation of ICE/CED-3 of serum-deprived fibroblasts expressing the activated
cysteine proteases. c-Jun protein (E.Bossy-Wetzel, unpublished data). It is

notable that in low serum the dying cells adhered to each
other and formed cell aggregates that are bound through
living cells to the culture matrix (Figure 2). A possible

The functional roles of the transcription factor c-Jun were explanation for this phenotype may be that live cells are

Discussion

evaluated using a conditionally active allele. Here we recognizing the dying cells and trying to engulf them, but
provide evidence that c-Jun can be a potent inducer ofthe cell death is so profound in low serum that the
apoptotic cell death in immortalized NIH 3T3 fibroblasts. phagocytosis is incomplete. Consistent with this idea is

Five criteria were employed to demonstrate apoptosis, the observation that these aggregates were not detectable
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in high serum, where the cell death is reduced. Moreover, coupled with a block in cell proliferation. Alternatively,
such an interpretation is in agreement with the finding the role of c-Jun in cell proliferation and apoptosis may
that the size of the cell aggregates decreases over time. be unlinked, and the decision for either response may be
There is precedent for a role ofjen and cfos in dictated by the availability of other Jun dimerization
apoptosis, and previous studies have suggested that AP-1 partners such as Fos-related proteins, ATF-2 and CREB
may be an essential component of programed cell deathproteins, or by the relative abundance of external or
in diverse cell types and provoked by different cell death- internal survival signals. Our data support the latter model.
inducing stimuli. For example, when rat sympathetic First, apoptosis by c-Jun was elicited even in the presence
neurons undergo apoptosis upon nerve growth factor of serum, thus the implementation of cell death was not
(NGF) withdrawal, the levels of gtn mRNA and c-Jun  strictly confined to conditions where external growth
protein increase (Estust al, 1994; Hamet al, 1995). signals were missing. Second, apoptosis mediated by c-Jun
In addition, the c-Jun protein becomes phosphorylated, was not linked to cell cycle progression (Figure 6A and
resulting presumably in an enhancement of its transactiv- B). Hence, cell proliferation and apoptosis may represent
ation activity (Hamet al,, 1995). Microinjection of neutral-  two independent pathways both regulated by c-Jun. AP-1
izing antibodies specific for either c-Jun or Fos proteins, activity can be induced by two distinct signal transduction
as well as the expression of a dominant-negatijanc-  pathways mediated by different mitogen-activated protein
mutant, were able to protect NGF-deprived sympathetic kinases (MAPK) (reviewed by Davis, 1994; Karin, 1994).
neurons from apoptosis (Estes al, 1994; Hamet al, The Ras/Raf/ERK kinase cascade induces the expression
1995). Furthermore, neurons undergoing apoptosisinduced  faxfand thereby increases AP-1 activity. The MEKK/
by hypoxia-ischemia or status epilepticus show a strong SEK/JNK (SAPK) kinase pathway results in the phos-
increase of c-Jun protein vivo (Dragunowet al,, 1993). phorylation and an increase in transactivation activity of
Together, these data suggest that c-Jun may mediatec-Jun and ATF-2. Both the ERK and the JNK kinase
apoptosis in some neurons under certain conditions. In pathways have been implicated in apoptosist(&ilyllie
addition, several reports have implicateguo-and cfos 1987; Ridleyet al,, 1988; Arendet al, 1994; Xiaet al,
in lymphocyte apoptosis elicited by diverse stimuli. For 1995; Verbeal, 1996).

instance, gun and cfos mRNAs are induced rapidly It is tempting to speculate that the dynamic balance
when certain lymphoid cells lines are deprived of IL-6 between Fos- and Jun-related proteins may play a decisive
and IL-2. Antisense oligonucleotides corresponding to the role in whether the cell survives or undergoes apoptosis.
c-fosand cjun mMRNA were capable of partially preventing It is noteworthy that we also generated Balb/c 3T3 cells
the apoptosis in this system (Colot& al, 1992). In expressing the c-Jun—-ER protein. Although some of the
addition, cjun and cfos mRNAs are increased in the Balb/c 3T3 cell lines expressed even higher levels of the
lymphocyte apoptosis induced by dexamethasone c-Jun—-ER chimeric protein than we could isolate from
(Grasselliet al,, 1992; Sikoreet al,, 1993; Goldstone and NIH 3T3 fibroblasts, these cells were resistant to apoptosis

Lavin, 1994). A similar correlation between increased induced by c-Jun activation (data not shown). These
expression of different members of the AP-1 family and findings suggest that c-Jun is not cyjmoxse but
apoptosis has been documented for the cell death in thethat the susceptibility to respond in apoptosis by c-Jun
involuting mouse mammary gland and the rat prostate signaling is dependent on the cellular context. This is also
in vivo upon hormone depletion (Buttyaet al, 1988; true for other cell death-inducing stimuli, where the
Marti et al, 1994). Furthermore, experiments witbs— sensitivity to apoptosis frequently is dependent on the cell
lacZtransgenic mice showed thafesexpression precedes type and the availability of external or internal survival
developmental cell death in many tisslilevivo (Smeyne factors. One can speculate that during the immortalization
etal, 1993). In addition, using different inducible systems, process of the Balb/c 3T3 cell line, genetic changes have
it could be demonstrated that c-Fos is able to induce occurred that provide a protective effect against a cell
apoptosis in certain cell lineg vitro (Smeyneet al, death-inducing stimulus delivered by increased c-Jun
1993; Prestoet al,, 1996). However, despite these observ- activity.
ations, a recent report on embryos lacking a functional What might be the molecular mechanism by which
c-fos gene suggested thatfas may not be essential for c-Jun is triggering apoptosis? Given that c-Jun is a
developmental cell death (Roffler-Tarl@t al, 1996). A sequence-specific transcriptional activator or repressor and
similar analysis on ¢un knockout mice was limited in directly regulates the expression of several genes (reviewed
its interpretation due to the early embryonic death of these by Karin, 1992), it seems conceivable that c-Jun may
mice (Hilberget al, 1993; Johnsomt al, 1993; Roffler- trigger apoptosis either by inducing the expression of
Tarlov et al,, 1996). Finally, an increase in AP-1 activity bona fidedeath genes or by repressing the expression of
correlates with apoptosis induced by genotoxic insults such genes that code for proteins that exhibit survival-promoting
as radiation and chemotherapeutic agents (for example,activities. Several observations made here are consistent
Devaryet al, 1991; Hallaharet al, 1991; Bhallaet al, with this notion. First, dominant-interfering alleles of
1992; Manomeet al, 1993; Gillardon et al, 1994, c-jun, lacking the transactivation domain, were defective
Goldstone and Lavin, 1994). in inducing apoptosis. Second, by screening suspect genes
That increased c-Jun activity exhibits apparently oppos- that are known to be implicated either in the regulation
ing consequences by triggering either cell proliferation or execution of apoptosis, two genes were found to be
or apoptosis, seems to be paradoxical. One possibleinduced upon c-Jun activation H-estradiol (E.Bossy-
explanation could be that c-Jun is activating genes that Wetzel, unpublished data). The firdtamha isiember
are involved in cell cycle progression, and apoptosis is of thebcl-2 gene family with cell death-enhancing proper-
the consequence of entering a defective cell cycle, when ties @fadg 1995), thus raising the intriguing possibil-
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ity that cjun may activate apoptosis by differentially as a valid tool to dissect further the molecular mechanism
regulating the levels of death-preventing versus death- by which c-Jun is triggering apoptosis and to identify the
enhancing members of thel-2 gene family. The second critical downstream targets.

gene is tissue transglutaminase®) (E.Bossy-Wetzel and
L.Bakiri, unpublished data). ThéTG gene codes for a .
cross-linking enzyme that has been suggested to beMaterlaIs and methods

involved in the stabilization of apoptotic bodies before Reagents

they can be cleared by phagocytosis, thus limiting the 17-B-estradiol was purchased from Sigma. Stock solutions were prepared
leakage of cellular components by the dying cell (Fesus in ethanol (2 mM) and stored, protected against light, at 20°C The

. D; s : o tripeptide inhibitor benzyloxycarbonyl-Val-Ala-AspOtmethyl)-fluoro-
etal, 1987; Piacentingt al., 1991). Finally, cycloheximide methylketon [z-Val-Ala-Asp-O-ME)-CH2F: z-VAD-fmk] was purchased

Prevented t_he_ C'qun'induced apoptosis in NIH 3T3 from Kamiya Biomedicals (Seattle). Stock solutions were prepared in
fibroblasts, indicating that macromolecular synthesis is dimethylsulfoxide (DMSO; 20 mM) and stored in aliquots at —80°C.

required for the cell death in this situation (E.Bossy- Monoclonal antibodies against human Bcl-2 protein were purchased
Wetzel and L.Bakiri unpublished data). Taken together from DAKO (monoclonal 124). Anti-fodrin monoclonal antibody 1622

- . . was purchased from Chemicon International Inc. (Temecula, CA). The
these results are in agreement with the notion that ¢-Jun ,;orag kit was purchased from Oncor. The MTT assay kit was

may induce apoptosis by regulating gene expression. purchased from Boehringer Mannheim; hygromycin B was purchased
Constitutive overexpression obcl-2 considerably from Calbiochem. Dulbecco’s modified Eagle’s medium (DMEM),
attenuated the c-Jun-induced apoptosis (Figure 5). How- without phenol red, and G418 were purchased from GIBCO.
ever,bcl-2 expression was not sufficient to overcome the . .
. . . . Construction of expression vectors
apopt05|s-|ndu0|ng effects of c-Jun S|gna_1I|ng _co_mpletely The plasmid AH119 (Ryseckt al, 1988), containing the mousejen
and the cells entered delayed apoptosis. Similar weak cDNA, was digested with the restriction enzynispl4061, blunt
protection by Bcl-2 was reported for apoptosis in a variety ended and re-digested wital. The 1386 bp &ll-Pspl406! fragment
of other systems (Nunegt al, 1990; Sentmaret al, g?“taiging the gun sequence was thjglgoggng”?htﬁa'u?:”ldg ‘E‘E "
. . . ; unted BanHI sites of the vector p - . The p -

1991; Vauxet al, 199.2’ Cuendet a.l" 1993; Chiuet al, plasmid was constructed by digesting the PMV-7-myc-ER plasmid
1995). Several possible explanations could account for giers et al, 1989) with BanHI and EcoRl. The resuling 954 bp
the limited protective effect dbcl-2 in some situations of  fragment, containing a part of the human ER gene HE14 (1204-2158 bp
apoptosis. It has been suggested thaitz-independent fragm_ent), was cloned into théam-H_ and Ecc_RI sites of pUC19. The
pathways may exist (Cuendg al, 1993; Strasseet al., resulting pUC19-c-jun-HE14 plasmid was digested vBitRI and the
1995). Alternatively. it is possible that the cell death 2316 bp fra_gment, containing thejum—ER_fusmn gene, was isolated
: : Y, . . p . . and cloned into thé&caRl site of the retroviral vector PMV-7.
induced by certain stimuli and in certain cell types can
be blocked more efficiently by other members of bog2 Generation of cell lines and culture conditions
family, such asbcl-xl. Furthermore, some cell death NIH 3T3 cells were cultured in DMEM plus 10% bovine calf serum

; ; ; ; ; ; containing penicillin and streptomycin. To create the NIH 3T3/c-jun—
signals may inactivate the anti-apoptotic functlons of ER cell Ii%er;, NIH 3T3 cells \F/)vereyseeded at a density sfl0f cellsJ
bel-2. Support for Sl,JCh a V"'}'W has been prowded recemly per 10 cm dish in DMEM without phenol red and with 10% activated
by a report suggesting that increased phosphorylation maycharcoal-treated bovine calf serum. Teem of expression vector PMV-7
interfere with the ability ofbcl-2 to prevent apoptosis or the PMV-7-c-jun-ER were used for transfection with the calcium

(Haldar et al, 1995). Moreover, some cell death signals ?Sh(?()sph?t?) ID(';I'A'd Pffgfi’iltgtion, metho‘l’ and Se'ectfd dWZith3 G41k8
. . . P pg/ml). Individua -resistant colonies were isolated 2—3 weeks
may result in changes in the relative expression levels later and expanded into cell lines. To generate the c-jun—ER/bcl-2 cell

of death-preventing versus death-enhandicg2 family lines, c-jun-ER fibroblasts (clone 3) were transfected with L

members, and competing interactions between these genef plasmid RSV-tk-hygromycin or plasmid RSV-tk-hygromycin-hbcl-2

products may dictate the outcome. As mentioned above, (provided by David Vaux) as described above. Transfected cells were

the expression dbad, a cell death-enhancing member of Selected with 5qug/ml of hygromycin B. After 3 weeks of selection,

the bcl-2 gene famil becomes induced upon c-Jun !nd|V|duaI_ hygromycin-resistant colonies were isolated and expanded
. h g ol Y ) p into cell lines.

activation. Thus it is tempting to speculate that c-Jun

signaling may increase the susceptibility to apoptosis Assays for apoptosis

by changing the ratios of death-inhibiting versus death- To detect DNA fragmentatioim situ, cells were seeded into Nunc plastic

enhancing Bcl-2-related proteins, providing a possible chamber slides in DMEM containing 0.75% calf serum and in the

| . f hv bel-2 . block presence or absence ofu® B-estradiol for different time periods. The
explanation for whybcl-2 overexpression may bloc medium was then aspirated and cells were fixed in ice-cold methanol

apoptosis only partially in this system. for 10 min. Fixed slides were allowed to air dry. After rehydration with
Results in this study suggest that the ICE/CED-3-related phosphate-buffered saline (PBS) for 5 min, the slides were treated with
cysteine proteases are activated during c-dun-inducedZ EPETE o o e el with fragmented
cell dgath, demp_nStrated by the prot(_aolyt|c qlea\{agge of DNA were visualized by treatment with a SO|L’Jti0n of 0.25 mg/ml of
a-fodrin. In addition, cell-permeable, irreversible inhib-  giaminobenzidine, 3 mg/ml of nickel sulfate and 0.003%Op The
itors considerably increased the cell survivaBedstradiol- substrate reaction was stopped after 6-10 min by rinsing the slides in
treated c-jun—ER cells. Thus c-Jun acts upstream of theH:z0 for 5 min. Slides were mounted with cytifluor and examined with
ICE/CED-3 family of cysteine proteases in the apoptosis a Zeiss Ax_lophot microscope. To analyze DNA for nucleosomal size
h fragmentation, adherent and non-adherent cells were collected. Cell
pathway. . . . pellets were resuspended in 1 ml of ice-cold buffer A [150 mM NacCl,
In conclusion, our data provide evidence that c-Jun 10 mM Tris=HCI pH 7.4, 2 mM MgGj, 1 mM dithiothreitol (DTT)]
induces an apoptotic death program that can be inhibited and NP-40 was added to a final concentration of 0.5%. After incubation
by Bcl-2 and involves the activation of the ICE/CED-3- for 30 min on ice, nuclei were pelleted by centrifugation at 13 000
: _ . p.m. for 10 min and resuspended in ice-cold buffer B (350 mM NaCl,
reIated. cysteine proteases. Hence, c-Jun increases théO mM Tris—HCI pH 7.4, 2 mM MgCl, 1 mM DTT). After 15 min on
repertoire of gene products that are capable of stimulatingice, nuclei were collected by centrifugation. The supernatants were

apoptotic cell death. The system described here will serve transferred to a new Eppendorf tube and extracted with phenol/chloro-

1705



E.Bossy-Wetzel, L.Bakiri and M.Yaniv

form. After ethanol precipitation, DNA pellets were resuspended in
20 pl of TE buffer and separated on a 1.2% TBE—agarose gel.

Flow cytometric analysis

Cells were trypsinized and collected by centrifugation at 2000 r.p.m. for
5 min. The cell pellets were then resuspended in fD@f PBS and

5 ml of ice-cold 75% ethanol was added drop-wise under agitation to
the cell suspension and stored at —20°C until further use. The cells were
then collected by centrifugation at 2000 r.p.m. and the cell pellets were
washed twice with PBS and then resuspended in PBS containing
50 pg/ml propidium iodide (Sigma) and 50g/ml DNase-free RNase A
(Boehringer Mannheim). The cell suspension was incubated for 15 min
on ice and protected against light and then analyzed with an Epics XL
Flow cytometer (Coulter). Propidium iodide fluorescence of individual
cells was plotted against cell size and cell numbers using the WinMDI
Software (2.0.3).

Viability assay

Cells were seeded in triplicate at a concentration BfL@* cells per

well of a 96-well microtiter dish and treated for various periods of time
with 2 uM B-estradiol. The number of live cells was determined by the
MTT assay and used as recommended by the manufacturer. When
z-VAD-fmk inhibitors were used, the c-jun-ER cells were seeded in
DMEM containing 0.5% calf serum, pre-treated for 4 h with the tripeptide
inhibitor followed by treatment witf3-estradiol. After 68 h, the surviving
cells were trypsinized and live cell numbers were determined by trypan
blue exclusion.

Immunoblotting

To analyze the expression of the c-Jun protein, immunoblotting was
done as previously described in Hatnal. (1995). To test the expression

of the human Bcl-2 protein, cell pellets were resuspended in lysis buffer
(142.5 mM KCI, 5 mM MgC}, 10 mM HEPES pH 7.2, 1 mM EGTA,
0.2% NP-40, 0.2 mM phenylmethylsulfonyl! fluoride, 0.1% aprotinin,
0.7 mg/ml pepstatin, 1 mg/ml leupetin) and incubated for 30 min on
ice. Cellular debris was removed by centrifugation for 10 min at 13 000
r.p.m., and supernatants were transferred to new Eppendorf tubes. Fifty
ug of cytoplasmic extracts were loaded into each lane of a 10% SDS—
PAGE gel and blotted after electrophoresis to Hybond-ECL nitrocellulose
membrane (0.45m) (Amersham) at 150 V and 4°C for 2 h in transfer
buffer (20 mM Tris, 150 mM glycine, 20% methanol). Unspecific
binding was blocked by incubation in 3% bovine serum albumin, 3%
non-fat milk powder, 0.05% Tween-20 in PBS for 1 h at room
temperature. Bcl-2-specific antibodies (DAKO) were diluted 1:60 in
PBS, 3% non-fat milk powder and 0.05% Tween-20. After overnight
incubation at 4°C, filters were washed three times with PBS, 3% non-
fat milk and 0.05% Tween-20. As secondary antibody, a horseradish
peroxidase (HRP)-coupled donkey anti-rabbit (Amersham) antibody was
incubated at a dilution of 1:4000 for 30 min to 1 h. The filters were
then washed extensively (four times, for 5 min) with PBS, 3% non-fat
milk and 0.05% Tween-20, and the specific protein complexes were
identified using the ECL-Western blotting detection system (Amersham).
Whena-fodrin protein expression was analyzed,|#)cytosolic extracts
were separated by 8% SDS—PAGE. The protein blots were probed with
the monoclonal anti-fodrin antibody at a dilution of 1:2000. The rest of
the procedure was done as described above.

Measurement of DNA synthesis

To measure DNA synthesis, cells were seeded at a density<a0
cells/well in a 96-well microtiter dish in DMEM (without phenol red)
and 0.5% calf serum. After 3 days of growth arrest, triplicate cultures
were stimulated every hour with either @ B-estradiol or 15% calf
serum for a total of 32 h. One hour before harvest, cells were treated
with a pulse of 0.1uCi of [®H]thymidine per microtiter well and
subsequently lysed by freezing at —20°C. Cell lysates were then trans-
ferred to filters using a cell harvester, washed three times wit &hd
counted with a scintillation counter.

Transient transfection assay and X-gal staining

Cells were seeded at a density ok 50° cells/60 mm dish in DMEM
10% bovine calf serum. After overnight culture, 7% of cjun
expression vector (PMV-7-c-jun—-ER; RSV-c-jun; RSV-c4li31-220;
RSV-c-jum169; RSV-c-juld196; RSV-c-jud238-311) and 1.hig of a
[B-galactosidase expression vector (R®dal) were co-transfected using
the calcium phosphate method. After 3 h of transient transfection, cells
were rinsed twice with PBS, and DMEM containing 0.75% bovine calf
serum was added. To identif§-galactosidase enzyme activity, cells
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were fixed after 24 h of transient transfection with 1% glutaraldehyde
in PBS for 5 min at room temperature, washed twice with PBS (for 5
min) and stained with X-gal solution [0.5% mg/ml 5-chromo-4-chloro-
3-indoxyl B-galactosidase, 3 mM #e(CN), 3 mM K Fe(CN)-3H,0,

1 mM M3OImM KCI, 0.1% Triton X-100 in PBS] at 37°C for 12—
24 h. Photographs of stained cells were taken with an Axiovert Zeiss

microscope and Hoffman optics.
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