CMLS, Cell. Mol. Life Sci. 54 (1998) 129-138
1420-682X/98/020129-10 $ 1.50 + 0.20/0
© Birkhduser Verlag, Basel, 1998

ICMLS Cellular and Molecular Life Sciences

EGF-induced programmed cell death of human mammary
carcinoma MDA-MB-468 cells is preceded by activation

of AP-1

P. Schaerli and R. Jaggi*

Department for Clinical Research, University of Bern, Murtenstrasse 35, CH-3010 Bern (Switzerland),

Fax +41 31 632 32 97, e-mail: jaggi@dkf4.unibe.ch

Received 21 July 1997; received after revision 6 November 1997; accepted 6 November 1997

Abstract. MDA-MB-468 is a human mammary adeno-
carcinoma cell line that overexpresses the epidermal
growth factor (EGF) receptor and undergoes pro-
grammed cell death (apoptosis) in response to EGF
treatment. Programmed cell death was shown to be
greatly enhanced when cells were growth-arrested prior
to EGF treatment. Apoptosis was characterized by an
initial rounding up and detachment of the cells from
their substrate starting about 12 h after EGF treatment,
followed by chromatin condensation, nuclear fragmen-
tation and oligonucleosomal fragmentation of the DNA
at about 24 to 48 h. Cell death was dependent on de
novo protein synthesis. We found a rapid induction of

c-fos, c-jun and junB at the mRNA level after about 30
min of EGF treatment and a more delayed upregulation
of fosB and fra-1. The junD gene was expressed in the
absence of EGF, and it was moderately induced within
30 min of growth factor addition. The increase of the
different fos and jun mRNAs were paralleled by an
increase of activator protein-1 (AP-1) DNA binding
activity. A characterization of the AP-1 complex re-
vealed similar levels of several Fos and Jun proteins.
Based on the kinetics of AP-1 accumulation and cell
death, it seems likely that AP-1 contributes to the
apoptotic cell death of EGF receptor-overexpressing
MDA-MB-468 cells.
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Epidermal growth factor (EGF) stimulates growth of a
wide variety of normal and malignant cells [1] and in
many situations EGF prevents cell death [2—4]. In con-
trast, a number of studies have revealed involvement of
EGF in apoptosis (programmed cell death). Several
tumour cells that overexpress the EGF receptor are
growth-inhibited and eventually undergo apoptosis
upon EGF treatment [5-7], suggesting a relationship
between EGF receptor expression and EGF-induced
cell fate, such that a low level of EGF receptor ex-
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pression is associated with growth stimulation by
EGF, whereas a high level of receptor expression cor-
relates with growth inhibition and eventually cell death.
EGF receptor overexpression is a widespread phe-
nomenon found in different human malignant cells
such as tumours of the brain, pancreas, lung, head
and neck, bladder and breast [8], and it often coin-
cides with reduced expression of oestrogen receptors
[9] and bad prognosis [10]. MDA-MB-468 is a hu-
man mammary adenocarcinoma cell line [11] which
expresses high levels of normal EGF receptors due to
EGF receptor gene amplification and overexpres-
sion [12]. Long-term treatment of MDA-MB-468
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cells with EGF was previously shown to induce growth
arrest and apoptosis [6, 12].

Apoptosis/programmed cell death is an energy-depen-
dent, tightly regulated suicidal process that is paral-
leled by characteristic morphological and biochemical
changes. In the nucleus the chromatin rapidly forms
dense crescent-shaped aggregates lining the nuclear
membrane, and the DNA is broken apart into frag-
ments of 180 base pairs by nonlysosomal Ca>* /Mg?*-
dependent endonucleases [13—16] which appear as a
ladder of DNA after electrophoretic separation. DNA
fragmentation is accompanied by cell surface convolu-
tion and cell degradation into several membrane-
surrounded, condensed fragments (apoptotic bodies),
which are phagocytozed by macrophages or adjacent
cells [17]. Apoptosis occurs spontaneously or in re-
sponse to chemotherapy in malignant tumours [18], it
is essential during embryonic development [19] and it
also regulates processes in the adult, for example in the
mammary gland after weaning when a majority of
secretory epithelial cells are removed by apoptosis in a
reductive remodelling process termed ‘involution’ [20,
21].

The transcription factor AP-1 is a dimeric protein
complex existing either as a homodimer of Jun
proteins (c-Jun, JunB, JunD) or as a heterodimeric
complex of Jun and Fos (c-Fos, FosB, Fra-1, Fra-2).
Many reports have documented that AP-1 regulates
the expression of genes involved in cellular prolifera-
tion. More recently, several direct and indirect lines of
evidence have also suggested involvement of Fos and
Jun in the regulation of programmed cell death. For
example, AP-1 was suggested as a regulator of apopto-
sis in mouse mammary epithelial cells [22], prostate
epithelial cells [23], neurons [24, 25] and in retinal cells
[26].

In this study we present evidence that efficient pro-
grammed cell death of MDA-MB-468 cells upon EGF
treatment requires cellular growth arrest and de novo
protein synthesis including AP-1 complexes. Further-
more, we determined the kinetics of induction of dif-
ferent fos and jun mRNAs and the composition of the
resulting AP-1 DNA binding complex which precedes
the apoptotic cell death in these cells.

Materials and methods

Cell culture. The human adenocarcinoma cell line
MDA-MB-468 was maintained in 50% basal ISCOVE-
medium (Seromed, Berlin, Germany) and 50% Dulbec-
co’s modified Eagle’s medium containing 4% fetal calf
serum at 37 °C and 5% CO,. MDA-MB-468 cells were
plated at a confluency of 20-25% the day before
serum withdrawal. Cells were growth-arrested by incu-
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bation in medium containing no serum for 2 days. Cell
death was induced by the addition of EGF (25 ng/ml)
to exponentially growing or growth-arrested cells.
Protein synthesis was blocked by the addition of cyclo-
heximide (CHX) (2 pg/ml) to growth-arrested cells 30
min prior to stimulation with EGF. Attached cells
were washed, trypsinized, diluted in ice-cold phos-
phate-buffered saline (PBS) and counted in a cell Coul-
ter Counter (Model Zg;, Coulter Electronics, Luton,
England). Three independent plates were counted for
each time point.

Staining of apoptotic cells. Growth-arrested MDA-
MB-468 cells were treated with EGF for 48 h, and
detached cells were centrifuged, applied to a glass slide
in PBS and stained with an equal volume of PBS
containing RNase A (100 pg/ml) and acridine orange
(AO) (5 pg/ml, pH 6.0) or propidium iodide (PI)
(1 pg/ml, pH 7.2) for 5 min. Attached cells mostly
failed to be stained by AO or PI under similar condi-
tions.

DNA fragmentation assay. After treatment detached
and/or attached cells were pelleted and resuspended
with 10 mM NaCl, 10 mM Tris pH 7.5, 10 mM
EDTA pH 8.0. The DNA was isolated by the addition
of SDS (0.5%), proteinase K (0.2 mg/ml) and incuba-
tion for 2 h at 50 °C, extracted with Tris-phenol/chlo-
roform/isoamylalcohol (25:24:1) and chloroform/isoa-
mylalcohol (24:1). The DNA was precipitated and dis-
solved in 10 mM Tris, | mM EDTA pH 8.0 at 4 °C.
The DNA was incubated with RNase A (1 pg/ml) at
37°C for 1 h and 15 pg of DNA were separated
electrophoretically on a 1.2% agarose gel in 0.5 x TBE
(25 mM Tris base, 25 mM boric acid, 0.5 mM
Na,EDTA).

RNA analysis. Total RNA was prepared using guani-
dinium thiocyanate [27]. Ten micrograms of total
RNA were separated electrophoretically, transferred to
nitrocellulose and probed with random-prime labelled
cDNA fragments corresponding to homologous c-fos,
fosB, fra-1, c-jun, junB and junD as described [28].
RNA was prepared from two independent series of
EGF stimulations.

Nuclear protein extraction and bandshift analysis. Cells
were pelleted and resuspended in buffer A (10 mM
Hepes-potassium hydroxide pH 7.9, 1.5 mM MgCl,, 10
mM KCIl) containing protease inhibitors (5 ng/ml leu-
peptin, 50 ng/ml aprotinin, 5 ng/ml antipain, 5 ng/ml
chymostatin, 0.5 ng/ml pepstatin, | mM 6-aminohex-
anoic acid, 1 mM f-mercaptoethanol, | mM DTT, 0.3
mM PMSF). Four hundred microlitres of buffer A were
added to a cell pellet derived from two 14-cm plates.
Cells were homogenized with a polytron on ice for 10 s
at 20,000 rpm, and nuclei were centrifuged at 4700 rpm
for 5 min at 4 °C. The nuclei were gently resuspended in
50 wl of buffer C (20 mM Hepes-potassium hydroxide
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Figure 1. Growth arrest and EGF-induced cell death of MDA-MB-468 cells. (4) Exponentially growing cells were cultivated with 25
ng/ml EGF (black) or without EGF (white) for the indicated periods of time. (B) Arrest of proliferation by serum withdrawal. Cells
were maintained in serum-containing medium (black) or in serum-free medium (white) for the indicated periods of time. (C) Cells were
growth-arrested by serum starvation for 2 days in medium lacking fetal calf serum before treatment with 25 ng/ml EGF (black) or
serum-free medium alone (white) for the indicated periods of time. Cells were counted in a Coulter Counter, and the percentages of
surviving cells are depicted. The error bars represent standard deviations from three independent plates.

pH 7.9, 25% glycerol, 420 mM NacCl, 1.5 mM MgCl,, 5
ng/ml leupeptin, 50 ng/ml aprotinin, 5 ng/ml antipain, 5
ng/ml chymostatin, | mM 6-aminohexanoic acid, ]| mM
EDTA, 1 mM f-mercaptoethanol, 1 mM dithiothreitol
(DTT), 0.3 mM phenylmethylsulphonyl fluoride
(PMSF), 0.5 ng/ml pepstatin) and centrifuged at 13,000
rpm for 30 min at 4 °C. Protein concentration was
determined using the Bio-Rad protein assay. Extracts
were shock-frozen and stored at —70 °C.

Bandshift reaction. Double-stranded oligodeoxynucleo-
tides were end-labelled with polynucleotide kinase
(Boehringer Mannheim, Mannheim, Germany). The
oligodeoxynucleotides had the following sequences: 5'-
AAGCATGAGTCAGACAC-3" (AP-1, coding-strand
[29]); 5-CTTCTTAATTTGCATACCCTCA-3 (Oct-1,
noncoding strand [30]). For bandshift analysis 5 pg of
extract in 5 pl of buffer C was added to 3 pl of bovine
serum albumin (BSA) (2 ug/ul), 2 pl of poly-[d(I-O)] [1
Uo.p2so/25 W] and 14 ul of 2 x buffer D (10 mM MgCl,,
0.2 mM EDTA pH 8.0, 1.5 mM DTT, 15% glycerol,
0.1% NP-40). The samples were incubated on ice for 15
min, 2 pl of labelled oligodeoxynucleotides was added
and the incubation proceeded for 15 min. Three mi-
crolitres of loading buffer (0.06% bromophenol blue,
20% Ficoll 400 in 1 x buffer D) were added, and the
protein/DNA complexes were separated electrophoreti-
cally on a 6% native polyacrylamide gel in 0.25x TBE
at 170 V and 4 °C. For antibody competition assays
antibodies were added for 15 min after the incubation
with oligodeoxynucleotides. The following affinity-
purified antibodies (Santa Cruz Biotechnology, Santa
Cruz, California) were used: ac-Fos: rabbit polyclonal
I1gG (sc-52); aFra-1: rabbit polyclonal IgG (sc-183);
aFra-2: rabbit polyclonal 1gG (sc-604); aFosB: rabbit
polyclonal IgG (sc-48); ac-Jun/AP-1: rabbit polyclonal

IgG (sc-45); aJunD: rabbit polyclonal IgG (sc-74);
o Oct-1: rabbit polyclonal serum (a gift of W. Schaffner,
Zurich, Switzerland). The impairment of DNA binding
in the presence of specific antibodies was further deter-
mined by scanning of autoradiographs and densitomet-
ric evaluation of the intensities of individual bands
using Scanalytics software (MWG, Biotech, Ebersberg,
Germany). Bandshift analyses were performed on three
independent series of nuclear extracts.

Results

EGF-induced programmed cell death in MDA-MB-468
cells. Several reports have demonstrated that MDA-
MB-468 cells can be growth-inhibited by EGF and
eventually undergo programmed cell death. For exam-
ple, the percentage of cells harvested after 7 days of
EGF treatment in serum-containing medium was re-
duced to 80% as compared with 310% in untreated cells
[31]. We observed a moderate decrease in cell number
after 12 h of EGF treatment (fig. 1A). This EGF-
induced effect was only transient, and EGF-treated cells
gradually continued to grow over the next 38 h. Arm-
strong et al. [6] determined programmed cell death at
first after 4 days of EGF treatment, and they described
a slight increase in cell number after 1-2 days. Apopto-
sis clearly predominated after 6 days, when about a 75%
decrease in cell number was measured. We investigated
whether the early effect of EGF-mediated cell death
seen at 12 h can be potentiated by cultivating the cells in
medium devoid of growth factors. Figure 1B shows that
serum withdrawal rapidly led to growth arrest that was
obvious already after 24 h. While the number of cells
gradually decreased within the next 3 days, cells grown
in serum-containing medium continued to proliferate
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Figure 2. DNA fragmentation and morphology of EGF-treated cells. (4) Growth-arrested cells were treated with 25 ng/ml EGF for
24 (lane 1) or 48 h (lanes 3, 5 and 6), and the DNA was isolated from adherent cells (lane 5), detached cells (lane 6) or from both cells
together (lanes 1-4). Fifteen micrograms of DNA were separated electrophoretically. Cells grown under identical conditions but in the
absence of EGF were processed in parallel (lanes 2 and 4). Detached cells were stained with propidium iodide (B) or acridine orange
(C) and visualized by fluorescence microscopy 48 h after treatment with EGF.

exponentially with a generation time of about 35 h (fig.
1B). Treatment of these growth-arrested cells with EGF
resulted in massive cell death as measured by the de-
crease in the number of cells within 2 days (fig. 1C).
After 2 days of EGF treatment only about 20% of the
original number of cells survived, whereas about 80% of
untreated cells survived in the absence of EGF.

Cell death is accompanied by oligonucleosomal DNA
fragmentation and nuclear condensation. Oligonucleo-
somal DNA fragmentation was previously described as
a hallmark of apoptosis. It is caused by Mg?* /Ca?* -
dependent endonucleases which produce a ladder of
nucleosomal oligomers. No or only very minor internu-
cleosomal cleavage was detected in untreated serum-
starved cells and in cells treated with EGF for 24 h (fig.
2A, lanes 1 and 2). However, massive DNA fragmenta-
tion was observed after 48 h of EGF treatment (lane 3).
Minor DNA fragmentation also occurred in untreated
cells under these serum-free conditions, probably due to
spontaneous cell death (lane 4). Interestingly, DNA
fragmentation upon EGF treatment was restricted to
the fraction of cells which had lost their adherence to

the plate and which were detached from the surface
(lane 6). Adherent cells never showed oligonucleosomal
fragmentation (lane 5 and data not shown). These re-
sults indicate that DNA fragmentation occurs after
detachment of the cells from the plate.

Another characteristic feature of apoptosis is the con-
densation and fragmentation of nuclei accompanying
the fragmentation process of the genome. These mor-
phological changes can be visualized microscopically by
staining nucleic acids with propidium iodide (PI) or
acridine orange (AO). Untreated quiescent cells showed
normal morphology and no spontaneous condensation
or fragmentation of nuclei. Most of these cells were not
stained by PI, probably as a result of intact membranes
which inhibited penetration of the stain (data not
shown). EGF treatment for 24 h resulted in a strong
increase in the number of detached cells, but only a few
of them were stained with PI or showed apoptotic
features (data not shown). After 48 h of EGF treatment
most of the detached cells exhibited condensation and
fragmentation characteristic of apoptotic nuclei and
could be stained efficiently with PI (fig. 2B) or AO (fig.
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2C). Some nuclei stained by PI (fig. 2B) appeared dis-
crete and were not dispersed into apoptotic bodies.
Staining by PI mostly depends on disrupted membranes
which are generated during both necrosis and apopto-
sis. Some of the Pl-stained nuclei may therefore reflect
cells that are dying by necrosis rather than apoptosis. In
fact, cell death by necrosis regularly occurs in vivo, e.g.
during postlactational involution when the mammary
gland is reorganized and a mass of secretory epithelial
cells is eliminated (Vallan and Jaggi, unpublished obser-
vations).

Our results indicate that the process of cell death in
MDA-MB-468 cells can be chronologically divided into
several distinct phases: Untreated quiescent cells remain
attached to the substrate and do not stain with PI,
indicating normal integrity of cell membranes. EGF
treatment for 24 h results in detachment of cells from
the substrate, and only a few cells can be stained with
PI. Interestingly, most of these stained cells show no
apoptotic features at this stage. EGF treatment for 48 h
results in a majority of cells which are stained with PI.
Most of these stained cells have an apoptotic pheno-
type. These results suggest that DNA fragmentation
and nuclear condensation are relatively late events and
are only obvious after 48 h of EGF treatment.
Requirement for de novo protein synthesis in EGF-
induced cell death. Examples have been described where
all the components required for programmed cell death
are constitutively present in the cell and only need to be
biochemically activated. In other cell death pathways
the necessary components are actively synthesized upon
cell death induction [32]. Which of these pathways is
effective in EGF-mediated programmed cell death of
MDA-MB-468 cells was determined by measuring the
number of surviving cells upon EGF treatment for 30 h
in the presence and absence of cycloheximide. In the
presence of cycloheximide the number of surviving cells
was about twofold higher than in its absence (fig. 3),
suggesting that de novo protein synthesis was at least in
part necessary for cell death to occur. Our results indi-
cate that programmed cell death in this system is an
active process which depends on the induction of a new
set of genes.

Induction of gene expression upon EGF and/or serum
treatment. Many genes have been identified which are
expressed during programmed cell death and which
might actively contribute to this process. In several
systems the expression of various fos and jun proto-
oncogenes has been implicated in cell death. We mea-
sured the kinetics and complexity of the different
members of the fos and jun families of genes in MDA-
MB-468 cells after EGF treatment. fos and jun genes
are immediate early-response genes induced in many
different cell types by a wide variety of agents such
as mitogens, differentiation factors, pharmacological
agents, and also stress and heat. The induction is mostly
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Figure 3. Programmed cell death is dependent on de novo protein
synthesis. Growth-arrested MDA-MB-468 cells were treated with
25 ng/ml of EGF, with 2 pg/ml of cycloheximide (CHX) or with
a combination of both as indicated. Cells were counted in a
Coulter Counter, and the percentages of surviving cells are de-
picted. The error bars represent standard deviations from three
independent plates.

rapid and transient, and it occurs at the level of tran-
scription. A rapid and transient induction of c-fos, c-jun
and junB mRNA was observed upon EGF treatment of
quiescent MDA-MB-468 cells (fig. 4). The expression of
these genes was apparent within 0.5 h after EGF addi-
tion, reaching maximum levels by 1-2 h, and c-fos
mRNA was essentially undetectable at 4, 8 and 16 h.
The expression of c-jun and junB was also transient, but
mRNAs were still detected after 8§ and 16 h. Induction
of fosB and fra-1 was slightly delayed reaching maxi-
mum levels by 1-2 h (fosB) and 2—4 h (fra-1). The level
of fosB mRNA rapidly decreased within 4 h, while fra-1
mRNA was maintained until 8—16 h of treatment. The
level of junD expression was detectable in untreated
cells; it was induced after 0.5 h and then remained
relatively constant for 8—16 h. The prolonged expres-
sion of junD is in contrast to the findings of Armstrong
et al. [6], and the difference may be a consequence of
the serum-free growth conditions used in our system.
Stimulation of quiescent cells with growth factors by
the addition of fetal calf serum resulted in a very similar
accumulation of all the various fos and jun genes but no
apparent cell death (data not shown). A combination of
EGF and serum also stimulated the expression of fos
and jun genes, again with very limited cell death (data
not shown).
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Figure 4. Northern blot analyses depicting the level of expression
of fos and jun genes after stimulation of growth-arrested MDA-
MB-468 cells with 25 ng/ml of EGF for the indicated periods of
time. Ten micrograms of total RNA per lane were separated
electrophoretically, transferred to nitrocellulose membranes and
hybridized with 32P-labelled DNA probes specific for c-fos, fosB,
fra-1, c-jun, junB and junD as indicated. 28S rRNA and 18S
rRNA were visualized by acridine orange staining and are shown
as loading controls.

EGF-induced formation of AP-1 DNA-binding com-
plexes. Whether the various fos and jun mRNAs are
translated and whether the respective proteins partici-
pate in AP-1 complex formation and DNA binding was
determined by bandshift analysis (fig. 5). Bandshift
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analysis using an oligodeoxynucleotide specific for AP-1
showed a basal level in quiescent cells and a substantial
increase in AP-1 DNA binding within 0.5 h of EGF
treatment which persisted until at least 8 h of treatment
(fig. 5B). The AP-1 DNA binding activity reached a
maximum by 4 h. In order to reveal the composition of
AP-1 at different time points of EGF treatment, Fos
and Jun proteins involved in DNA binding were deter-
mined by antibody interference assays. Binding of the
antibody to AP-1 results in inhibition of AP-1 binding
to DNA or to the formation of a larger complex with
reduced mobility (supershift). The interference assays
were performed with specific antibodies to individual
Fos and Jun proteins. «c-Fos antibodies competed with
DNA binding mainly at 1 to 4 h. The inhibition was
further analysed by semiquantitative densitometry (for
details see ‘Materials and methods’). In the presence of
ac-Fos a reduction of AP-1 DNA binding of about 20%
at 1-2 h and 40% at 4 h was determined (fig. SA). Fra-1
DNA binding was competed with o« Fra-1 antibodies at
2, 4 and 8 h (fig. 5A) by about 25%. The relatively late
detection of Fra-1 in the AP-1 complex is in close
agreement with the mRNA data (fig. 4). A significant
fraction of the AP-1 complex contained Fra-2, as a
reduction of about 40% was measured 2, 4 and 8 h after
EGF treatment (fig. 5B). No significant participation of
FosB in the AP-1 complex could be measured by anti-
body interference (fig. 5B). The composition of the
AP-1 DNA-binding complex was further characterized
after 4 h of EGF treatment by the simultaneous addi-
tion of all four Fos-specific antibodies («c-Fos, aFosB,
aFra-1 and «Fra-2) to the assay which efficiently pre-
vented AP-1 DNA binding (fig. 5B) and resulted in the
formation of a supershifted complex migrating more
slowly in the gel. This result indicates that Fos proteins
are major components of the AP-1 DNA binding com-
plex, and several Fos members seem to contribute to a
similar extent to the formation of AP-1. The AP-1 com-
plexes were similarly tested for the presence of c-Jun
and JunD. A partial competition of JunD could be
observed at all time points of EGF treatment (fig. 5C).
For c-Jun no consistent impairment of DNA binding
could be obtained with this antibody interference assay.
The addition of a nonrelated antibody («Bcl-2) had no
effect on AP-1 DNA binding at 4 and 8 h (fig. 5A). The
decrease seen at 2 h was not consistently observed and
most likely reflects an experimental variation.

As a control the DNA binding activity of the ubiqui-
tously expressed transcription factor Oct-1 was mea-
sured in the same nuclear extracts. Oct-1 is involved in
the regulation of H2b and small nuclear RNA genes
[33]. As can be seen from fig. 5D Oct-1 DNA binding
activity did not change within 8 h of EGF treatment.
The specificity of DNA binding was confirmed by pre-
incubation with «Oct-1 antibodies prior to DNA bind-
ing resulting in very efficient inhibition of Oct-1 DNA
binding (fig. 5D).
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Figure 5. DNA binding activities of AP-1 and Oct-1. Growth-arrested cells were treated with 25 ng/ml of EGF for the indicated periods
of time and nuclear proteins were extracted. Five micrograms of nuclear proteins were assayed for DNA binding with 3?P-end-labelled
double-stranded oligodeoxynucleotides containing a consensus binding site for AP-1 (4, B, C) or Oct-1 (D). The composition of the
AP-1 DNA binding complex was determined by antibody interference assays using specific antibodies directed against c-Fos or Fra-1
(A), Fra-2 or FosB (B), or c-Jun or junD (C) as described in ‘Materials and methods’. A nonrelated «Bcl-2 antibody was used as
control. The specificity of Oct-1 DNA binding was confirmed with polyclonal rabbit serum raised against Oct-1 (D). Protein/DNA
complexes were resolved by gel electrophoresis and visualized by autoradiography. Only the areas containing protein/DNA complexes
are shown. The results of one out of three independent analyses are shown.

Discussion

The present study confirms that EGF receptor-overex-
pressing MDA-MB-468 human breast cancer cells un-
dergo limited cell death upon EGF treatment. Cell death
was greatly potentiated when cells were growth-arrested
by serum deprivation before treatment. Cell death was
characterized by rounding up of the cells that was
followed by detachment from the substrate. Oligonu-
cleosomal DNA fragments and nuclear fragmentation
and condensation, which are characteristic of apoptotic
cell death, appeared relatively late during EGF treatment

and were only detected in detached cells floating in the
culture medium. Apoptosis was shown to be at least in
part dependent on active protein synthesis, and cell death
was preceded by induction of fos and jun gene expression
and AP-1 DNA binding activity. Antibody interference
assays showed that various Fos and Jun proteins are
contained at similar levels in the DNA binding AP-1
complex. The DNA binding of the ubiquitously ex-
pressed Oct-1 transcription factor did not decrease
within the same period of investigation, confirm-
ing that the changes in AP-1 DNA binding activity
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occurred while basic nuclear processes were not or not
yet affected by the process of cell death.

The fact that programmed cell death was greatly en-
hanced in growth-arrested cells as compared with expo-
nentially growing cells suggests that growth factors
provided by the serum prevented cells from undergoing
EGF-mediated apoptosis or, alternatively, that serum
starvation itself predisposed cells to apoptosis. Serum
deprivation is a powerful mechanism by which cells can
be arrested in G, and in some cell types this was shown
to be sufficient to induce programmed cell death [34]. In
MDA-MB-468 cells, serum withdrawal alone led to
growth arrest and did not promote cell death. We
present evidence that EGF treatment of serum-
deprived, growth-arrested cells greatly enhances pro-
grammed cell death, raising the question by what mech-
anism growth arrest contributes to cell death. It is
possible that the addition of EGF to growth-arrested
MDA-MB-468 cells induces a strong growth-promoting
signal, most probably through activation of the Ras/
ERK1/2 MAPK pathway which in the absence of addi-
tional, essential growth-promoting signals fails to induce
cell cycle progression and proliferation, and instead
provokes a situation of strong conflicting signals forcing
the cells into programmed cell death. In fact, addition of
growth factors (serum) alone or in combination with
EGF was paralleled by a similar induction of fos and jun
gene expression and stimulation of proliferation rather
than cell death (data not shown). The expression of fos
and jun genes probably contributes to progression of the
cells from a G-like state to an early G, phase of the cell
cycle during both processes. It would seem that at this
stage the cells retain the capacity either to progress in
the cell cycle and to proliferate or to enter a programme
that leads to cell death. It may be noteworthy that short
EGF pulses of 1-8 h to quiescent cells had consequences
very similar to those of continuous exposure to EGF for
48 h (data not shown). This may imply that MDA-MB-
468 cells are committed to cell death during an early
phase of EGF treatment, but cell death will only become
apparent 24-48 h later.

Several reports document that serum withdrawal results
in a profound and progressive elevation in endogenous
levels of ceramide that leads to arrest in G,/G, [35]. In
fact, ceramide has also been shown to be an important
regulatory participant in programmed cell death in-
duced by TNF« and Fas ligand [36, 37] by stimulating
sphingomyelinase, which in turn catalyses the degrada-
tion of sphingomyelin to ceramide. Increasing numbers
of studies are revealing the physiological role of ce-
ramide signalling. In several cell lines ceramide was
shown to activate JNK [c-Jun NH,-terminal protein
kinase, also termed ‘stress-activated protein kinase’
(SAPK)] [38-40]. Since c-Jun was identified as a down-
stream target of ceramide signalling [41], it may be that
a JNK-mediated transactivation of c-Jun [42] increases
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the activity of AP-1. In fact, ceramide-initiated JNK
signalling was found to be required in stress-induced
apoptosis [40], and AP-1 was shown to be critical for
ceramide-induced apoptosis [43]. We showed that EGF-
mediated cell death of growth-arrested MDA-MB-468
cells is preceded by strong activation of all known fos
and jun genes including c-jun, and it is possible that the
growth arrest potentiates the activity of AP-1 via ele-
vated activity of JNK.

At the present time it is not clear whether additional
factors in the serum confer survival, thus counteracting
the apoptotic effect of EGF, or whether AP-1 is indeed
an essential factor for both pathways in MDA-MB-468
cells. Several reports have claimed that c-Fos and/or
c-Jun are essential factors for programmed cell death in
vitro. Preston et al. [44] showed that c-Fos plays a
causal role in the activation of apoptosis in different cell
lines, and Colotta et al. [45] found that c-fos and c-jun
are involved in programmed cell death induced by
growth factor deprivation in lymphoid cell lines. In
addition, serum-deprived fibroblasts underwent apopto-
sis when c-Fos was induced, but the cells survived when
c-Fos was not induced [46]. AP-1 was also shown to be
involved in apoptosis occurring in nerve growth factor
(NGF)-deprived neurons. After NGF deprivation c-jun
was found to be induced in all neurons, whereas c-fos
was restricted to neurons undergoing chromatin con-
densation [47]. These neurons could be protected from
cell death by the injection of neutralizing antibodies
specific for either c-Jun or the Fos family (c-Fos, FosB,
Fra-1 or Fra-2), whereas antibodies specific for JunB
and JunD had no protective effect [47]. We used anti-
sense oligodeoxynucleotides directed against the coding
region of c-fos mRNA to treat MDA-MB-468 cells
before and during exposure to EGF, and we were able
to show a substantial block in c-Fos protein levels in
response to treatment (data not shown). However, the
kinetics and extent of cell death were not affected by
this treatment. It may be insufficient to block the syn-
thesis of a single member of the Fos family in MDA-
MB-468 cells, and in agreement with our findings, it
was found that antibodies against individual Fos mem-
bers were only effective in combination in protecting
neurons from cell death [47], suggesting that other fos
members such as fosB, fra-1 and fra-2 are able to
replace c-fos.

Limited information is available relating c-Fos expres-
sion to programmed cell death in vivo. A correlation
between cell death and c-Fos expression was found
during development when cells from the interdigital
web, heart valve and peridermal cells die by apoptosis
[46, 48]. In the adult, c-Fos expression was associated
with cell death in skin, hair follicles and the ovary [25].
Recently, Hafezi et al. [26] showed that light-induced
apoptosis of retinal photoreceptor cells is suppressed in
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mice lacking a functional c-fos gene, providing direct
evidence that c-Fos is an essential mediator of apoptosis
in the retina. Furthermore, c-Fos seems to be a manda-
tory factor for programmed cell death in the mouse
prostate upon castration (Feng et al., unpublished ob-
servations).

The data presented here suggest that the consequences of
elevated levels of transcription factor AP-1 may be
complex and depend on several parameters such as the
actual composition of the complex, the presence or
absence of additional factors and the developmental state
of the cell.
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