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The p53 tumor suppressor gene is mutated in over 50% of human cancers, resulting in inactivation of the
wild-type (wt) p53 protein. The most notable biochemical feature of p53 is its ability to act as a sequence-spe-
cific transcriptional activator. Through use of the suppression subtractive hybridization differential screening
technique, we identified c-fos as a target for transcriptional stimulation by p53 in cells undergoing p53-me-
diated apoptosis. Overexpression of wt p53 induces c-fos mRNA and protein. Moreover, in vivo induction of
c-fos in the thymus following whole-body exposure to ionizing radiation is p53 dependent. p53 responsiveness
does not reside in the basal c-fos promoter. Rather, a distinct region within the c-fos gene first intron binds spe-
cifically to p53 and confers upon the c-fos promoter the ability to become transcriptionally activated by wt p53.
Identification of c-fos as a specific target for transcriptional activation by p53 establishes a direct link between
these two pivotal regulatory proteins and raises the possibility that c-fos contributes to some of the biological
effects of p53.

The p53 tumor suppressor gene plays a central role in the
prevention of cancer through its ability to recruit several sig-
naling pathways toward the regulation of cell fate (reviewed in
references 4, 17, 21, 29, and 33). Mutations in the gene for p53
which inactivate its biological and biochemical functions are
found in about half of all human cancers (23).

Most notable among the biochemical activities of p53 is its
ability to mediate sequence-specific transactivation of genes
harboring distinct p53-binding elements. Positive regulation of
target genes by p53 has been implicated in the two major
biological outcomes of p53 activation, growth arrest and apo-
ptosis (21, 29, 33). p53-mediated G1 arrest is largely brought
about by induction of the cyclin-dependent kinase inhibitor
p21/Waf1 (13). Similarly, the p53 target BTG2 (44) and 14-3-3
s (22) genes have been implicated in the control of the G2-M
checkpoint by p53.

p53 can mediate apoptosis under a variety of physiological
and pathological conditions (4, 7, 17, 48, 49). A growing num-
ber of p53-inducible genes have been suggested to be involved
in this process, including those for bax (37), IGF-BP3 (6),
Fas/APO1 (38), p85 (50), and PAG608 (24) and several redox-
related genes (40). This diverse list suggests that p53 mediates
apoptosis through several independent pathways. In addition,
p53 may also utilize transcriptionally independent pathways
toward induction of apoptosis (reviewed in references 4, 21,
and 49).

We employed the suppression subtractive hybridization (SSH)
method (10) to identify new target genes that are induced by
p53 in cells undergoing p53-mediated apoptosis. Surprisingly,
one strongly p53-inducible cDNA was found to correspond to
the mouse c-fos proto-oncogene, suggesting that c-fos is a tar-
get for positive regulation by p53. The c-fos protein is a con-
stituent of the AP-1 transcription factor complex (reviewed in

references 1 and 26). Changes in c-fos expression have been
implicated in a variety of biological processeses, including pro-
liferation, differentiation, tumorigenesis, and apoptosis. Previ-
ously, the c-fos basal promoter was shown to be repressed in
cells possessing very high levels of wild-type (wt) p53 activity
(15, 28, 45). By using more physiological levels of p53 in this
study, we demonstrated that, unlike the c-fos basal promoter
when studied in isolation, the c-fos gene as a whole is actually
positively regulated by p53, giving rise to a p53-dependent in-
crease in both c-fos mRNA and protein. This effect is mediated
through a distinct element within the first intron of the c-fos
gene which binds specifically to p53. These findings establish
c-fos as a new p53 target gene whose activation may contribute
to the downstream effects of p53.

MATERIALS AND METHODS

Cell lines. M1, LTR6 (51), and H1299 (36) cells were maintained routinely at
37°C in RPMI medium supplemented with 10% fetal calf serum (FCS). DA-1
(16), MCO1 (3), MCO1-cG9 (3), Clone6 (39), and F89 (normal human diploid
fibroblast) cells were maintained at 37°C in Dulbecco modified Eagle medium
supplemented with 10% FCS. MCO-1 cells are mouse fibrosarcoma cells devoid
of p53 expression (20), while MCO1-cG9 cells are MCO1 derivatives stably
transfected with temperature-sensitive (ts) mutant protein p53val135 (2).

RNA analysis. Total RNA was extracted by using either the RNAzol or the
ULTRASPEC (Biotex Laboratories) reagent. Northern blot analysis was per-
formed as previously described (14), by using mouse c-fos and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) cDNA probes. Semiquantitative reverse
transcription (RT)-PCR was performed as previously described (24), by using the
following primer combinations: mouse c-fos, 59GCTGACAGATACACTCCAA
GCGG39 and 59AGGAAGACGTGTAAGTAGTGCAG39 or 59GGTTTCAAC
GCCGACTACGAG39 and 59CTCCTCCGATTCCGGCACTT39; rat c-fos, 59G
ATCTGTCCGTCTCTAGTGCCAAC39 and 59CTCCTCCGATTCCGGCACT
T39; human c-fos, 59CCTCACCCTTTCGGAGTCCC39 and 59CTCCTTCAGC
AGGTTGGCAATCT39; GAPDH, 59CAGCAATGCATCCTGCACC39 and 59T
GGACTGTGGTCATGAGCCC39.

SSH. SSH (10) was utilized to produce a cDNA library enriched for p53 target
genes. The starting material consisted of two poly(A)1 RNA populations ex-
tracted from either M1 or LTR6 cells incubated for 4 h at 32°C. After removal
of adapters, the cDNA clones present in the enriched library were ligated into
vector pBLKS1. Positive clones were individually amplified by PCR using T3
and T7 primers. The PCR products were separated on agarose gels, transferred
to membranes, and hybridized against radiolabeled population probes prepared
by radiolabeling the same poly(A)1 RNA pools used as the starting material for
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SSH. In addition to the enriched clones, each gel also included GAPDH and
PAG608 (24) cDNAs as negative and positive controls, respectively.

Protein analysis. Nuclear extracts were prepared from M1, LTR6, or Clone6
cells incubated at either 37 or 32°C as previously described (53). Extract proteins
(100 mg per lane) were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, Western blotted, and reacted with a c-fos antibody (SC-52;
Santa-Cruz). Blots were developed with the SuperSignal enhanced-chemilumi-
nescence system (Pierce).

Reporter plasmids, transfections, and gel mobility shift assays. A genomic
fragment containing the murine c-fos promoter (550 bp), exon 1, and intron 1 was
obtained from mouse genomic DNA by PCR amplification using primers 59GG
GGTACCAAAAAAAGTTCCAGATTGCTGGAC39 and 59GGGGATAAAG
TTGGCACTAGAGA39. The PCR product was digested with KpnI and BglII
and ligated upstream of the gene for luciferase in pGL3-basic (Promega) to yield
reporter plasmid FL:PEI. Subsequent deletion mutants were generated through
digestion of FL:PEI with various restriction enzymes (see Fig. 3 and 4). To create
FL:PEI-X, FL:PEI was digested with XhoI and BglII, and the vector containing
the remaining c-fos sequences was filled in and self-ligated. To create FL-PEI-B,
FL-PEI was digested with BsmI, blunt ended, and then redigested with KpnI; the
excised c-fos genomic DNA fragment was ligated into pGL3-basic digested with
KpnI and SmaI. To create FL-PEI-A, FL-PEI was digested with ApaLI; the de-
sired 2-kb fragment was blunt ended and digested with KpnI, and the excised
c-fos DNA fragment was ligated into pGL3-basic digested with KpnI and SmaI.
To create FL-PE, FL-PEI-X was digested with KpnI and BglII, and the c-fos
genomic DNA fragment was gel extracted and partially digested with HincII; the
resultant DNA fragment containing the promoter and exon sequences of c-fos
was ligated into pGL3-basic digested with KpnI and SmaI. To create FL-P,
FL-PEI was digested with AccI, blunt ended, and digested with KpnI; the desired
c-fos fragment was ligated into pGL3-basic digested with KpnI and SmaI. FL:
PEI-X(mut) was created by PCR amplification of an FL:PEI-X template using
primers 59GGGGTACCAAAAAAAGTTCCAGATTGCTGGAC39 and 59ACA
AGTGTGCACGCGCTCAGAGAATTCCTGGGTTCC39. The 39 primer con-
tains a double mutation of the wt sequence (see Fig. 4b) that introduces a unique
EcoRI site. The PCR product was digested with KpnI (restriction site within the
59 primer) and ApaLI (restriction site within the 39 primer). To restore the entire
FL:PEI-X(mut) sequence, the PCR product was ligated to the 120-bp ApaLI-
XhoI fragment present downstream of the ApaLI site in FL:PEI-X in a triple
ligation that also included pGL3-basic DNA digested with KpnI and XhoI. The
presence of the correct mutations was confirmed by sequencing the entire PCR-
amplified region.

H1299 cells were transfected transiently by the calcium phosphate method
(53). Transfections were performed in triplicate by using 1 mg of each report-
er plasmid and 25 ng of either pCMVp53wt (encoding wt mouse p53) or
pCMVp53m (encoding the murine mutant protein p53gly168ile234). Luciferase
assays were performed by standard procedures with the aid of a Turner Designs
luminometer.

Gel mobility shift assays were performed as previously described (53).

RESULTS

p53 overexpression induces c-fos. The SSH method (10) was
employed to identify p53 target genes. The starting material
consisted of two mRNA populations, one extracted from p53-
null M1 mouse myeloid leukemia cells and the other from
LTR6 cells, derived by stable transfection of M1 cells with ts
mutant p53 protein p53Val135 (51, 52). Prior to RNA extrac-
tion, cells were incubated for 4 h at 32°C; in LTR6, this re-
stores wt p53 activity, leading to apoptosis (51, 52). cDNA was
synthesized off each mRNA population, and the two cDNA
pools were used for SSH. Clones in which LTR6 cDNA is
overrepresented relative to M1 cDNA included the p53 target
genes for GLN-LTR (53) and EI24 (32) (data not shown).
Unexpectedly, c-fos transcripts were also enriched in p53-acti-
vated LTR6 cDNA (data not shown).

Induction of c-fos mRNA in LTR6 cells following p53 acti-
vation at 32°C was confirmed by Northern blot analysis (Fig.
1a, lanes 3 and 4). No induction was seen in M1 cells (lanes 1
and 2), ruling out a nonspecific temperature effect. Semiquan-
titative RT-PCR revealed a prominent increase in c-fos mRNA
within 80 min after the temperature shift (Fig. 1b). This re-
sembles the rate of induction in this system of p21Waf1, mdm2,
gadd45, bax, and the gene for GLN-LTR, well-established p53
target genes (18, 34, 53). A corresponding increase in c-Fos
protein was evident in LTR6, but not M1, cells 4 h after the
temperature shift (Fig. 1d, lanes 1 to 4).

Activation of ts p53 at 32°C also induced c-fos in mouse
DP-16 cells transfected with p53val135 (25) (data not shown)
and in the p53val135-overexpressing fibroblastic lines Clone6
(Fig. 1c) and MCO1-cG9 (Fig. 1e), with a corresponding in-
crease in c-Fos protein (Fig. 1d). However, p53 was not re-
quired for c-fos induction by serum stimulation (Fig. 1f). In the
fibroblastic cell lines Clone6 and MCO1-cG9, the induction of
c-fos following p53 activation was transient, peaking within 2 h
of the temperature shift and markedly declining by 8 h (Fig. 1c
and e). This transient induction pattern differs from that of
other p53 target genes, such as p21 (data not shown) and
mdm2 (2), whose transcripts keep accumulating for at least
24 h. As observed for many other p53-responsive genes (30),
the ability of p53 to elevate c-fos gene expression appears to be
cell type dependent. Thus, in several situations, including HeLa
cells stably transfected with p53val135, p53 activation did not
result in significant induction of c-fos mRNA (data not shown).

FIG. 1. Analysis of c-fos gene expression in cell lines harboring ts mutant
protein p53Val135. (a) Poly(A)1 RNA was extracted from M1 and LTR6 cells
incubated at either 37 or 32°C for 4 h. Aliquots (5 mg) were separated by aga-
rose gel electrophoresis, transferred to a nylon membrane, and probed with a
mouse c-fos cDNA probe. The same membrane was subsequently reprobed for
GAPDH. Total cellular RNA was extracted from LTR6 (b) or Clone6 (c) cells
following incubation at 32°C for the indicated periods. An 8-mg sample of each
RNA was subjected to semiquantitative RT-PCR performed with c-fos- and
GAPDH-specific primers. The numbers of PCR cycles for c-fos and GAPDH
were 26 and 21 (b), and 30 and 21 (c) respectively. (d) Nuclear extracts were
prepared from M1, LTR6 and Clone6 cells incubated at either 37 or 32°C for 4 h.
Equal amounts of protein (100 mg) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane,
and probed with an anti-c-Fos antibody. Total cellular RNA was extracted from
MCO1-cG9 or MCO1 cells following either incubation at 32°C for the indicated
periods (e) or starvation for 24 h in 0.1% FCS, followed by incubation in 20%
FCS for the indicated periods (f). A 5-mg sample of each RNA was subjected to
semiquantitative RT-PCR as described above. The numbers of PCR cycles were
30 and 20 (e) and 26 and 20 (f) for c-fos and GAPDH, respectively.

VOL. 19, 1999 p53 ACTIVATES THE c-fos GENE 2595



c-fos mRNA is induced by DNA damage in a p53-dependent
manner. To determine whether c-fos is also induced upon
activation of endogenous p53, c-fos expression was examined in
cells exposed to ionizing radiation (IR), a potent p53 activator
(27). Interleukin-3 (IL-3)-dependent DA-1 mouse lymphoma
cells contain functional, IR-responsive wt p53 (16). Exposure
of DA-1 cells to 3 Gy of IR, with or without IL-3, strongly
elevated c-fos mRNA (Fig. 2a, lanes 3 and 4). A milder in-
crease occurred in irradiated normal human diploid fibroblasts
(Fig. 2b).

IR exposure in vivo activates p53 in the thymus, triggering

apoptosis (9, 35). c-fos expression was strongly induced in
mouse and rat thymuses (Fig. 2c and d) 4 h after whole-body
irradiation. Importantly, no increase was seen in p53 knockout
mice (Fig. 2c, lanes 1 and 2). Hence, c-fos is p53 responsive
both in vitro and in vivo. p53-independent mechanisms may
also contribute to c-fos induction by IR; however, at least in
thymocytes, this is insufficient in the absence of functional p53.

The first intron of the c-fos gene contains a p53-responsive
element. The c-fos basal promoter is unlikely to mediate the
observed p53 responsiveness; in fact, it can even be repressed
by very high levels of p53 (15, 45). In contrast, the sequence of
the c-fos first intron suggests the presence of several candidate
p53-binding motifs (5). In particular, a stretch of 40 nucleo-
tides (nt) (boxed in Fig. 3a) can be viewed as a tandem array of
four 10-mer motifs exhibiting various degrees of homology to
the p53 consensus half site (12) (consensus matches are in-
dicated by uppercase letters in Fig. 3a; see also Fig. 4b). In
addition, two potential half sites separated from one another
by 17 bp reside further downstream in intron 1 (boldface in
Fig. 3a).

A genomic fragment spanning the c-fos promoter, exon 1,
intron 1, and the 59 end of exon 2 was cloned upstream of a
luciferase reporter gene (plasmid FL:PEI in Fig. 3b). When
cotransfected into p53-null human H1299 cells together with
small amounts of p53 expression plasmids, FL:PEI was strong-
ly activated by wt but not tumor-derived mutant p53 (Fig. 3c).
In contrast, no activation was observed with deletion mutant
FL:P, comprising mainly the c-fos promoter. Thus, the c-fos
gene contains a p53-responsive domain downstream of its pro-
moter.

Deletion constructs (Fig. 4a) were next tested for retention
of p53-mediated transactivation. Removal of sequences down-
stream of the putative p53-binding domain (plasmid FL:PEI-
X) maintained full activation (Fig. 4c); the 39 part of intron 1
is therefore dispensable. Nevertheless, FL:PEI-X did exhibit
lower basal activity than FL:PEI, presumably owing to loss of
a splice acceptor site.

Deletion of the promoter-distal pair of potential half sites
(FL:PEI-B) had only a mild effect on p53-mediated activation
(Fig. 4c). However, deletion into the promoter-proximal 40-nt
stretch (FL:PEI-A) caused a substantial decrease in activation,
whereas complete deletion of intron 1 (FL:PE) entirely abol-
ished p53 inducibility. Hence, a functional p53-responsive el-
ement (p53-RE) resides within the 59 part of intron 1.

To map more precisely the structural requirements for c-fos
activation by p53, we mutated 2 nt in the 59 part of the poten-
tial p53-RE [p53RE(mut) in Fig. 4b]. These particular nucle-
otides were chosen because they reside at invariant positions
within a 10-mer motif perfectly matching the p53 consensus
half site. As seen in Fig. 4c, these mutations [FL:PEI-X(mut)]
totally eliminated the ability of the reporter to be activated by
wt p53 in H1299 cells. This confirms the correct assignment of
the p53-RE and defines critical residues within this element.

To investigate whether the c-fos intronic region binds p53
directly, the entire region was PCR amplified using primers
p1 and p2 (Fig. 3a) and used as a radiolabeled probe for gel
mobility shift analysis. Incubation of the probe with purified
recombinant wt p53 yielded a distinct retarded band (Fig. 5a,
middle arrow; compare lanes 1 and 5) partially supershifted by
p53-specific monoclonal antibody PAb248 (lane 2, upper ar-
row). Hence, p53 can bind this c-fos intron 1-derived DNA
fragment. No shift was obtained with p53cys270, a mutant
protein defective in sequence-specific DNA binding (lanes 3
and 4). The specificity of the binding was confirmed by its
ability to be competed efficiently by an excess of a nonlabeled
probe (lane 6) but not by an unrelated DNA fragment (lane 7).

FIG. 2. Induction of c-fos gene expression following DNA damage. (a) RNA
was extracted from DA-1 cells, incubated either in the absence or in the presence
of IL-3, 6 h after exposure to 3 Gy of gamma irradiation. The RNA was subjected
to semiquantitative RT-PCR, as described in the legend to Fig. 1, using c-fos (28
cycles)- and GAPDH (21 cycles)-specific primers. (b) RNA was extracted from
F89 normal human diploid fibroblasts at the indicated time points following
exposure to 5 Gy of gamma irradiation and subjected to semiquantitative RT-
PCR with c-fos (33 cycles)- and GAPDH (21 cycles)-specific primers. (c) p53
knockout mice (p53 K/O) and their wt littermates (wtp53) were obtained through
a cross between two p53 1/2 mice. One 40-day-old mouse of each genotype was
exposed to 5 Gy of whole-body gamma irradiation (1), while another pair of
mice were left untreated (2). Animals were sacrificed 4 h later, and total RNA
was extracted from each thymus and subjected to semiquantitative RT-PCR with
c-fos (28 cycles)- and GAPDH (23 cycles)-specific primers. (d) Two-month-old
rats were either exposed to 5 Gy of whole-body gamma irradiation (1) or left
untreated (2). Animals were sacrificed 4 h later, and total RNA was extracted
from each thymus and subjected to semiquantitative RT-PCR with c-fos (29
cycles)- and GAPDH (21 cycles)-specific primers.
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A synthetic 40-bp oligonucleotide comprising the proposed
p53-RE (boxed in Fig. 3a) was also shifted by wt p53 but not by
p53cys270 (Fig. 5b, lanes 1 to 5), confirming that this defined
DNA element is indeed sufficient for p53 binding. Importantly,
a similar oligonucleotide carrying the two mutations described
in Fig. 4b was severely compromised for p53 binding (Fig. 5b,
lanes 6 and 7). Thus, these mutations, which abolish p53-me-
diated transactivation, also strongly reduce p53 binding. The

residual binding seen with p53RE(mut) suggests that the mu-
tated element retains some ability to interact with p53, albeit
far less efficiently. This is consistent with the ability of excess
p53RE(mut) to compete to a limited extent for p53 binding
(Fig. 5b, compare lanes 1 and 10). The residual p53 binding
may be mediated by the three remaining 10-mer motifs but is
obviously not enough for transcriptional activation.

Collectively, our findings identify c-fos as a new p53 target

FIG. 3. Transactivation of a c-fos reporter by p53. (a) Sequence of a 59 segment of c-fos intron 1 containing putative p53-binding elements. The numbers at both
ends of the sequence correspond to nucleotide positions within the c-fos gene, where 1 corresponds to the transcription start site. The arrows represent the two primers
(p1 and p2) used to PCR amplify the region for gel mobility analysis (see Fig. 5). The box depicts the putative p53-RE as deduced from subsequent experiments (see
Fig. 4 and the text). Boldface letters denote the four tandem putative 10-mer p53-binding consensus half sites and lowercase identifies nucleotides which deviate from
the consensus. The indicated restriction enzymes were used to produce luciferase constructs with deletions (Fig. 4). (b) Schematic diagram of the c-fos gene. Boxes
represent the four exons. The first in-frame ATG is indicated. The position of the sequence presented in panel a is indicated by the filled box. Also shown are relative
positions of the c-fos genomic DNA fragments used to construct reporter plasmids FL:PEI and FL:P (see panel c). (c) Luciferase activity of the reporter plasmids
depicted in panel b. H1299 cells (4 3 105 per 60-mm-diameter dish) were transfected in triplicate with a combination of the indicated reporter plasmid (1 mg/dish) and
either pCMVp53wt (wtp53, encoding murine wt p53) or pCMVp53m (mutp53, encoding the murine p53gly168ile234 mutant protein) at 25 ng/dish. Extracts were
prepared 36 h later and assayed for luciferase activity. Values are presented in arbitrary machine units. The numbers above the bars represent fold of activation of wtp53
over mutp53. Transfections were done in triplicate, and standard errors are shown.
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gene whose transactivation is mediated through direct binding
of p53 to a distinct cognate region within intron 1.

DISCUSSION

The present study identified c-fos as a new p53 target gene.
This conclusion drew on several lines of evidence: both the
mRNA and protein of c-fos are strongly induced upon delib-
erate activation of p53, and p53-dependent induction of c-fos
expression is observed in vivo following exposure to DNA
damage. A region containing a putative p53-binding site re-
sides within the first intron of the c-fos gene. This region
mediates transactivation by p53 in the context of genomic c-fos
DNA. Moreover, the wt, but not the mutant, form can bind
directly to this region, and base substitutions that abrogate this
binding also abolish p53-dependent transcriptional activation.
Thus, p53-mediated transactivation of c-fos is brought about by
direct binding of p53 to a distinct p53-binding element within
intron 1 of the c-fos gene. This relationship suggests that c-fos
acts downstream of p53 as part of a stress response pathway.

It has been shown that the basal c-fos promoter can be re-
pressed by large amounts of p53 (15, 28, 45). The finding that

the intact c-fos gene, in its chromosomal context, is actually
induced in a p53-dependent manner was therefore unexpected.
Yet, unlike earlier studies, the present analysis employed much
smaller amounts of p53 expression plasmid DNA and was ex-
pected to represent more physiologically relevant conditions.
As the region responsible for p53-mediated induction of c-fos
is located within an intron, it is obvious that constructs retain-
ing only the c-fos promoter are not suitable for studying the
regulation of this gene by p53. In fact, such constructs are in-
deed likely to be repressed by excessive amounts of p53, pre-
sumably owing to sequestration of essential components of the
transcription machinery, giving rise to transcriptional “squelch-
ing.” It is also noteworthy that the ability of p53 to trigger c-fos
expression is often cell type dependent (data not shown). This
might suggest that c-fos induction requires cooperation be-
tween p53 and another transcription factor(s). The functional
state of such a putative factor may thus determine whether or
not c-fos and, presumably, other p53 target genes will be turned
on, thereby affecting the biological outcome of p53 activation.

c-fos participates in a plethora of signaling pathways (26). In
many situations (e.g., growth factor stimulation), c-fos induc-

FIG. 4. Deletion analysis mapping of the region responsible for p53-mediated c-fos transactivation. (a) Schematic map of the reporter plasmids used for
transactivation analysis. Each plasmid contains the indicated region of the c-fos gene placed upstream of the luciferase gene in a promoterless luciferase construct
(pGL3basic). Italics identify the positions of restriction enzymes used to create the various deletion mutants: H, HincII; Ac, AccI; A, ApaLI; B, BsmI; X, XhoI. Construct
FL:PE was created through partial digestion of FL:PEI with HincII. The black vertical bars indicate the two clusters of p53 consensus half sites (Fig. 3a). The white
bar represents the mutated p53-RE. (b) Alignment of the consensus (CON) p53-binding site (12) and the 40-bp p53-RE of the mouse c-fos gene. Vertical bars within
the consensus sequence indicate the four half-site decamers. The positions of the site-directed mutations in the p53-RE, as well as that of the unique EcoRI site created
during mutagenesis, are shown at the bottom. (c) Luciferase activity of the reporter plasmids depicted in panel a. For details, see the legend to Fig. 3c.
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tion occurs very rapidly and transiently (26). This induction,
mediated through elements in the c-fos promoter (26), does
not involve p53 (Fig. 1f). However, c-fos induction can also
follow a slower course, taking hours rather than minutes and
persisting for an extended period; in such situations, a role for
p53 might be envisaged. It is noteworthy, that persistent c-fos
induction has been associated with an apoptotic outcome (8,
19, 47). c-fos also facilitates IR-induced T-lymphocyte apopto-
sis (42), a largely p53-dependent process (9, 35). Combined
with the fact that prominent c-fos induction procedes p53-
triggered apoptosis in LTR6 cells, our data therefore raise the
possibility that c-fos transactivation contributes to the pro-
apoptotic effects of p53 under circumstances such as radiation
damage, hypoxia, or oxidative stress. Alternatively, since a p53-
mediated increase in c-fos expression can also be observed in
cells like Clone6 and MCO-cG9 cells (Fig. 1), which undergo
growth arrest rather than apoptosis in response to p53 activa-
tion, it is possible that c-fos induction is, in fact, involved in
biological effects of p53 distinct from apoptosis, such as posi-
tive regulation of certain differentiation processes (43). It is
noteworthy, however, that in these fibroblastic cell lines, the
induction of c-fos by p53 is transient and that c-fos mRNA
levels return to their ground state within a few hours (Fig. 1c
and e). It is thus conceivable that such a short duration of c-fos
overexpression is insufficient for delivery of an irreversible
apoptotic signal. Indeed, it was earlier demonstrated that over-
expressed c-fos and functional wt p53 cooperate in the efficient
induction of apoptosis in a human cancer cell line (41).

Finally, one cannot rule out the possibility that c-fos induc-
tion even plays a protective role, e.g., by facilitating recovery
from DNA damage (11, 46). In fact, p53 itself has also been
shown to exert an apparent antiapoptotic effect in primary
fibroblasts under conditions of relatively mild stress (31). Irre-
spective of the exact contribution of c-fos to the p53 pathway,
our data support the existence of a direct link between these
two pivotal cell fate regulators.
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