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Abstract
Two preneoplastic cell lines have been utilized to study
changes in the regulation of apoptosis during neoplastic
progression [sup+I (stage I) and sup7II (stage II)]. Sup+I cells
are prone to undergo apoptosis, while sup7II cells are
relatively resistant. We report that induction of apoptosis in
sup+I cells is tightly correlated with the formation of c-Fos/
p300 complexes, which were not present in the non-apoptotic
sup7II cells under the same conditions. When apoptosis was
induced in the sup7II cells by over-expression of c-Fos,
concomitant c-Fos:p300 complexes were detected. Over-
expression of p300 resulted in apoptosis in sup7II cells and
also in p53wt human tumor cells, but not in p53mutant human
tumor cells. Over-expression of the C-terminal fragment of
p300, which contains the c-Fos binding site, enhanced
apoptosis, suggesting that the c-Fos:p300 complex is actively
involved in apoptosis. We propose that p300 could function as
a general mediator of transcription factor-induced apoptosis.
Cell Death and Differentiation (2000) 7, 215 ± 226.
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Introduction

Central to our understanding of biochemical changes
associated with neoplastic progression is the identification
of gene products that have the potential to contribute to the
deregulation of the cell cycle and of apoptosis. A tumor can

develop if proto-oncogenes involved in cell cycle progression
become inappropriately expressed at high levels, resulting in
uncontrolled cellular growth. However in some cases, cell
death pathways may become altered and a tumor can
develop, even though cell growth controls remain normal.
Our studies are directed toward understanding the changes in
the regulation of apoptosis during neoplastic progression.1

We found that increased levels of c-Fos protein, a component
of the activating protein-1 (AP-1) transcription factor, was
responsible, at least in part, for sensitizing early preneoplastic
cells to undergo apoptotic cell death.2 Further, we found that
later stage neoplastic cells that had evolved to bypass
apoptotic signals could be induced to undergo apoptosis by
over-expression of c-Fos. c-Fos is associated with apoptosis
in a number of different systems.3 ± 12 In fact, a number of
transcription factors are involved in modulating apoptosis,
such as E2F1, NF-kB, B-Myb, c-Myb, EGR-1, Stat3, Tax, and
c-Jun.13 ± 26 NF-kB and c-Myb have been shown to prevent
apoptosis in certain cell types, while E2F1, EGR-1, Stat3, Tax,
and c-Jun are implicated in the activation of apoptosis.
Interestingly, activation of transcription may or may not be
involved, depending on the transcription factor and the cell
type.27 ± 32 For example, we have shown that c-Fos mediates
apoptosis without activation of transcription.2 In this case, c-
Fos, and maybe transcription factors in general, may function
as a repressor of transcription, and specific protein partners
could dictate this function. Interestingly, of the transcription
factors mentioned above, most physically interact with p300/
CBP.18,33 ± 41

p300 was originally identified by its ability to associate with
the adenovirus E1A oncoprotein.42,43 P300 and the closely
related CREB binding protein (CBP) act as transcriptional co-
activators.44 ± 47 CBP and p300 interact with common specific
proteins, and it was originally thought that they were
functionally similar. However, potentially important differ-
ences are being unraveled.48 Knockout mouse studies
indicate that p300 and CBP, at least in part, are functionally
unique during development.49 Some studies have suggested
an association between p300 and apoptosis in virally
transformed cells. E1A-induced immortalization results in
increased susceptibility to induction of apoptosis,50,51 and
both the transforming ability and apoptosis inducing ability of
E1A require the capability to bind p300/CBP.52,53 Apoptosis
occurs when virally transformed cells are placed in anti-
proliferative conditions,53 and it is suggested that viral
repression of host genes, to facilitate viral growth, results in
apoptosis as an undesirable side effect.51 There is a growing
body of evidence that genetic alterations in p300 and/or CBP
genes might be linked to the onset of human tumors,54,55

implying that p300/CBP acts as a tumor suppressor.
Remarkably, the mutations were located within the second
and third Cys/His-rich regions of p300, one of which is the c-
Fos binding region.
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The studies presented here investigate the mechanism of
c-Fos-induced apoptosis. Our earlier data indicated that c-
Fos does not function as a transcriptional activator in the
apoptotic process.2 In the presence of protein synthesis
inhibitors, apoptosis could still be induced by activation of a
FosER chimeric protein, (c-Fos/estrogen ligand binding
domain fusion protein). p55v-fos, which is highly proficient in
transcriptional activation but deficient in the transcriptional-
repression activity, could not substitute functionally to induce
apoptosis in our system, which again indicated that
transcriptional activation was not the required function for
induction of apoptosis. Inasmuch as p300 associates with c-
Fos,34 we hypothesized that the mechanism of c-Fos-
induced apoptosis involves an interaction with p300.

For these studies we utilized two preneoplastic cell lines
from a series of Syrian hamster embryo cell lines that have
been extensively characterized and that represent different
stages in the neoplastic process. The first cell line, isolated as
an immortal, non-tumorigenic clone, is representative of early
stage, preneoplastic cells and has been characterized as
`tumor-suppressor gene plus' (sup+I), since these cells retain
the ability to suppress tumorigenicity when hybridized with
tumor cells. The second cell line, termed `tumor suppressor
gene minus' (sup7II), is representative of a later stage of
preneoplastic cells. Although sup7II cells are still non-
tumorigenic, they no longer have the capability to suppress
tumorigenicity in cell hybrids.56 The tumor suppressor gene
altered in these cells has not been conclusively identified,
although the cells differ in their expression of putative tumor
suppressor genes, H19 and tropomyosin 1.57 The RB and
p53 genes are wild-type in both cell types.58 As previously
reported, contrasting responses were observed when these
two cell lines were placed under growth factor deprivation
conditions; sup+I cells were highly susceptible to apoptosis,
whereas, sup7II cells were resistant.1

To investigate the role of p300 in the events leading to c-
Fos-induced apoptosis sup+I, sup7II, sup7II /FosER, sup7II
/v-Fos cells were placed in low serum conditions. At multiple
time-points, immune complexes containing c-Fos and
associated proteins were analyzed for the presence of
p300. We found that a transient complex was formed
between c-Fos and p300 in cells that died by apoptosis,
sup+I and sup7II /FosER, but not in cells that are resistant to
death, sup7II and sup7II /v-Fos. In addition, we report that
over expression of p300 resulted in activation of apoptosis,
through a p53-dependent mechanism. Because p300
interacts with multiple transcription factors that are activated
through diverse signal transduction pathways, our findings
lead us to suggest that p300 is a mediator of signals to
activate apoptosis. We propose that p300 acts as a `sensor',
which can detect mixed cellular signals, i.e., signals to
proliferate coincident with signals to growth arrest.

Results

Endogenous c-Fos / p300 immune complexes are
present in cells undergoing low-serum-induced
apoptosis

The high propensity to undergo apoptotic death in the early

preneoplastic cells (sup+I) has been linked with increased
expression of endogenous c-Fos, implicating a role for c-Fos.2

We investigated whether c-Fos and p300 could be detected in
a specific protein complex in sup+I cells induced to undergo
apoptosis or sup7II cells under the same conditions. Cell
extracts of sup+I and sup7II cells in 0.1% serum were isolated
at 0, 20, 40, 60, 80, and 100 min. Protein complexes were
immunoprecipitated with either p300 or c-Fos antibody.
Western blot analyses of the anti-p300 precipitates from the
sup+I cells revealed the presence of a discrete fraction of c-Fos
transiently associated with p300 at the 100 min time-point
(Figure 1A). Further, p300 could be detected in anti-c-Fos
immunoprecipitated complexes (Figure 1B). The transient
complex was not observed in sup7II cells, which do not
undergo apoptosis under these conditions (Figure 1C). In a
repeat experiment, the time-points were extended to 2 h in
order to determine if the complex was transient or if it persisted
over time. In this experiment the c-Fos:p300 complex was
detected maximally at 90 min, diminished by 100 min, and
was not present at later time-points up to 4 h. The complex was
not detected in the sup7II cells (Figure 1E). DNA fragmenta-
tion could be observed in sup+I cells as early as 4 h in low
serum and no DNA fragmentation was observed in the sup7II
cells (Figure 2). The timely appearance of DNA fragmentation
2.5 h after the p300-c-Fos complex was observed suggests
that the complex is mediating apoptotic signals.

Induction of apoptosis by over-expression of
c-FosER is associated with an interaction with
p300

Later-stage preneoplastic cells (sup7II) can be induced to
undergo apoptosis in low serum by exogenously forced over-
expression of the chimeric c-FosER protein.2 Under normal
conditions, the chimeric protein is constitutively expressed
and resides in the cell in an inactive conformation until
estradiol (E2) is added to the medium. Once E2 binds to the
estrogen ligand-binding domain (ER) of the chimeric protein,
the conformation of the protein changes, resulting in an active
form of c-Fos and, as a consequence, the cells undergo
apoptosis. If the c-Fos:p300 complex is part of the apoptosis-
inducing cascade, then a c-FosER/p300 complex should be
observed in the sup7II /FosER cells, when induced to
undergo apoptosis. The first experiments were designed to
optimize for detection of the c-FosER/p300 complex by first
incubating the cells in phenol red-free, serum free medium for
30 min, then E2 (1 mM) was added and cells were harvested
at 10, 15, 20, 30, and 45 min. The complex was observed at
the 20 min time-point (data not shown). Once the time
requirements were established, the Sup7II/FosER cells and
sup7II/v-Fos cells were examined under multiple conditions
to establish whether or not the formation of the c-FosER/p300
complex could be tightly associated with cell death (Figure
3A). First the cells were placed in serum free medium for 24 h
and then serum stimulated for 1 h to increase the endogenous
c-Fos protein and to enhance for a strong proliferative
response (Figure 3A, lanes 1 and 7). The complex was not
observed in either cell line. Also analyzed were logarithmically
growing cells, (lanes 2 and 8), logarithmic cells plus E2 for
20 min (lanes 3 and 9), cells in serum free medium alone for
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30+20 min (lanes 4 and 10), and serum free medium for
30 min plus 20 min with E2 (lanes 5 and 11). The only time in

which the anti-c-Fos antibody immunoprecipitated complexes
contained p300 was in conditions shown to induce apoptosis
in the sup7II/FosER cells, i.e., serum free medium plus E2
(Figure 3A, lane 5). The v-Fos expressing cells do not die in
low serum (plus E2 or minus E2)2 and the complex was not
observed (Figure 3A, lane 11). Figure 3A, lanes 6 and 12 are
anti-p300 immunoprecipitations followed by anti-p300 wes-
terns to show that this antibody does bind to p300 and is
present in similar amounts in these cells. HeLa cell extract
was used as a marker for p300 (lane 13).

To mimic the experimental protocols utilized to study
endogenous c-Fos:p300 complexes, the sup7II/FosER
cells were placed in serum-free medium and the E2 was
added immediately. Cells were harvested (10, 20, 30, 40,
50, 60 and 80 min) and were immunoprecipitated with anti-
p300 antibody. Western blot analysis of the immune
complexes revealed the presence of the 80 kD FosER
fusion protein associated with p300 at 60 min (Figure 3B).
A nonspecific (NS) mouse monoclonal antibody (anti-
HSP70) was utilized as a control. To confirm the in vivo
interaction between p300 and c-FosER, sup7II/FosER cells

Figure 1 c-Fos and p300 complexes are detected in preneoplastic sup+I in low serum, but not in sup7II cells. (A, C, D and E) p300 was immunoprecipitated and
complexes were analyzed for the presence of c-Fos by Western blot. Endogenous c-Fos protein was detected at 100 min in low serum. Blots A and C were reprobed
with p300 antibody to show equal amounts of p300 were immunoprecipitated. A nonspecific (NS) mouse monoclonal was used as an antibody control. (B). c-Fos
was immunoprecipitated and complexes were analyzed for the presence of p300 by Western blot. The NS antibody control is peptide competed anti-cFos. HeLa cell
nuclear lysates were used as a marker for p300

Figure 2 DNA fractionation on a 1% agarose gel. sup+I and sup7II cells were
placed in 0.1% serum. DNA laddering was first detected in sup+I cells at 4 h. No
DNA fragmentation was observed in sup7II cells. Sup7II /FosER cells were
incubated in serum-free medium plus E2 and DNA fragmentation by was
detected after 8 h
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were transiently transfected with a HA-tagged p300 vector.
At 18 h post-electroporation, cells were placed in serum-
free medium for 30 min. c-FosER was activated by addition
of E2 to the culture medium for 20 min. Cell extracts were
immunoprecipitated using an anti-HA antibody (12CA5
Mab) and precipitated complexes were analyzed by
Western blot probed for c-FosER. C-FosER co-precipitated
with the HA-tag-specific antibody (Figure 3C), thus
demonstrating the specificity of the c-Fos:p300 interaction.
The time between the observed c-FosER-p300 complex
and DNA laddering (Figure 2B) was 6 ± 7 h, longer than the
time observed in the sup+I cells of 1 ± 2 h. Nonetheless, the
fact that the phenotype of these cells can be reversed by
increasing the levels of c-FosER and that c-FosER-p300
complexes are observed coincident with apoptosis would
imply that the mechanism involved in apoptosis is similar in
the two cell lines.

Transient over-expression of p300 induces
apoptosis in p53 wild-type cells

To address the question of the functional significance of
the transient p300/c-Fos complex, it was hypothesized that
if the complex is involved in mediating apoptosis, over-
expression of p300 would enhance the frequency of
apoptosis. Various cell lines were transiently transfected
with either a vector containing the b-galactosidase gene or
the CMVp300 vector. Apoptosis was measured after 24 h
by FACScan analysis of TUNEL labeled cells. Transfection
efficiency was estimated as the number of b-gal positive
cells in controls. Over-expression of p300 resulted in the
induction of apoptosis in cells incubated in 10% serum
within 24 h after transfection (Table 1), with an incidence of
*23% apoptosis in sup+I cells and *14% in sup7II cells.
There are reports of successful transient transfection
experiments in studies of p300,59 although some have
reported that stable clones over-expressing p300 could not
be established.60 One explanation could be that cells
expressing wild-type p53 do not tolerate p300 over-
expression. We found that p300 over-expression induced
apoptosis in both sup+I and sup7II cells and they both
express wild-type p53 protein.58 In addition, we have
shown that forced apoptosis through over-expression of
c-Fos is p53 dependent.2 This is consistent with the recent
reports indicating that p300 can modulate p53 func-

Figure 3 (A) c-FosER activation in low serum results in c-FosER/p300
complex. Analysis of c-FosER and v-Fos immunoprecipitated complexes for
the pesence of p300 by Western blot: lanes 1 and 7, Sup7II/FosER cells and
sup7II/v-Fos cells incubated in serum free medium for 24 h and then serum
stimulated for 1 h; lanes 2 and 8, logarithmically growing cells; lanes 3 and 9,
logarithmic cells plus E2 for 20 min; lanes 4 and 10, cells in serum free medium
alone for 50 min; lanes 5 and 11, serum free medium for 30 min plus 20 min
with E2. Lanes 6 and 12 are anti-p300 immunoprecipitations followed by anti-
p300 Westerns to show antibody binding to p300. HeLa cell extract was used
as a marker for p300 (lane 13). (B) Complex formation between exogenously
expressed c-FosER and p300 in sup7II /FosER cells. Immunoprecipitations
were performed using p300 monoclonal antibodies (UBI). A NS mouse
monoclonal was used as an antibody control. c-Fos specific Western blot
analysis showed c-FosER was detectable in p300 immune complexes, 60 min
after induction of apoptosis. (C) FosER protein was detected in immune
complexes with p300-HA protein that were immunoprecipitated using a HA-tag
specific antibody (12CA5)

Table 1 Per cent of TUNEL labeled apoptotic cells after transfection with CMV-
p300

Cell lines
Transfected

gene Time
Transfection

ef®ciency
Per cent

apoptosis

Sup+I
Sup+I
Sup7II
Sup7II
HT1080 (wt p53)
HT1080 (wt p53)
HT1080 (mut p53)
HT1080 (mut p53)
RKO
RKO

b-gal
p300
b-gal
p300
b-gal
p300
b-gal
p300

pSV2neo
p300

24 h
24 h
24 h
24 h
24 h
24 h
24 h
24 h
24 h
24 h

22%

19%

28%

38%

±

2.5
22.8
1.2

14.4
12.3
55.4
14.7
11.7
3.7

35.0
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HT1080/p53wt

Figure 4 Exogenously expressed p300 results in activation of apoptosis in p53wt human fibrosarcoma cells (HT1080). FACSan analysis of TUNEL labeled cells:
(A, C, E, and G) show data using half of each cell sample containing all components of a TUNEL-labeling reaction except for the terminal transferase (TdT), to set
the vertical limits for background fluorescence. (B,D,F, and H) (+TdT) per cent of apoptotic cells. (D) An increase in apoptosis to 55.4% was observed in p53wt cells.
(H) No increase was observed in the p53mutant cells
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tions.61,62 To test this further, two HT1080 cell lines
(human fibrosarcoma) were utilized: one characterized as
expressing a normal p53 protein, and the other shown to
be a variant that expresses a mutant form of p53 protein.
Determination of p53 status was determined by antibody
binding specificities and DNA sequencing (Voyta et al.,
manuscript in preparation).

FACScan analysis of TUNEL labeled cells is plotted as
propidium iodide fluorescence on the Y-axis (FL2-A),
indicative of DNA content, and FITC fluorescence on the
X-axis (FL-1), indicative of labeled apoptotic cells. The
terminal transferase enzyme (TdT) was omitted (using one-
half of the sample) in order to estimate background
fluorescence (Figure 4A,C,E and G). Gates were set so
that 53% of the cells were in the FITC positive range. The
remainder of the cell sample was labeled to detect
apoptotic cells by addition of TdT to the reaction mixture
and (Figure 4B,D,F and H). HT1080/p53wild-type cells
transfected with b-gal gene show 12.3% apoptotic cells,
while those cells transfected with p300 show a frequency of
55.4%. However, HT1080/p53mutant cells were not induced
to undergo apoptosis. Interestingly, Western blot analysis of
these cells (Figure 5) shows lower levels of endogenous
p300 in the HT1080/p53wild-type cells with no detectable
increase in p300 protein 24 h post transfection in, implying
that those cells expressing the exogenous p300 were lost
due to apoptosis. Endogenous p300 levels were higher in
HT1080/p53mutant cells, indicating that mutations in p53
permit cellular tolerance of higher levels of p300, and in
fact, slightly higher levels are detected in the p300
transfected HT1080/p53mutant cells (Figure 5). In support
of this hypothesis, it was determined if the p53wild-type

human colorectal carcinoma cell line (RKO) was unable to
tolerate over-expression of p300 (Table 1). RKO cells
transfected with p300 showed 35% apoptotic cells as
compared to 3.7% in the pSV2neo transfected control cells.
These data implicate p300 as an important component of
the p53-dependent apoptotic pathway.

Evaluation of the mechanism of c-Fos:p300
associated apoptosis

We hypothesized that if c-Fos is inducing apoptosis
through sequestration of p300, then over-expression of
the C-terminal fragment of p300 should titrate out the c-Fos
molecules and block apoptosis. The third Cys/His-rich
region of p300/CBP (amino acids 1572 ± 1818) is the
segment that interacts with c-Fos.34 In these experiments
we utilized a mutant bearing internal deletion that removed
a portion of the Fos-binding, CH3 region of p300, termed
5.3 ATG del33, in addition to fragments of p300 fused to a
GST moiety: N-terminal (aa 1 ± 596), middle (aa 744 ±
1571), and C-terminal (aa 1572 ± 2370).46,61 The sup7II /
FosER cells were transfected by electroporation with
vectors coding for b-galactocidase, p300, p300del33, and
three p300-fragment fusion proteins. Cells were replated in
10% serum for 8 h. A portion of the cells was placed in
serum-free medium plus E2 for an additional 16 h and the
remainder of cells was left in 10% serum plus E2.
Induction of apoptosis by activation of c-FosER in

Sup7II/FosER cells requires the additional stress of serum
depletion. The 10% serum plus E2 group was utilized as a
control in these experiments, with the rationale that in
these cells c-FosER would be active and available to
interact p300, but in the absence apoptotic signals, thus
permitting us to determine if activation of apoptotic signal
transduction pathways is required for induction of the c-
Fos:p300 complex. Both floating and attached cells were
harvested 24 h after transfection. Apoptosis was monitored
by FACS analysis of TUNEL labeled cells (Figure 6). As
described above, the cells from each transfection were
divided and 1/2 was incubated in all the TUNEL labeling
reagents except for TdT (Figure 6A,C). Estimated back-
ground fluorescence was then gated and the gates were
superimposed onto the analysis of positively labeled
apoptotic cells. In 10% serum plus E2 controls groups
the per cent apoptosis in cells transfected with the whole
p300 gene was slightly elevated, compared to b-gal
controls (16 ± 23.7%). However, no increase in apoptosis
was observed with the p300del33, or the p300 fragments,
compared to b-gal controls (Table 2). Similar to previous
experiments, the Sup7II/FosER cells, transfected with
control plasmid (b-galactosidase), underwent apoptosis in
serum-free medium in the presence of E2 (Figure 6B) with
42.6% TUNEL positive cells. When cells transfected with
the whole p300 molecule were placed in serum-free
medium plus E2, there was an increase in the number of

Figure 5 Human tumor cells (HT1080) with a mutant p53 have higher levels
of endogenous p300 and appear to tolerate higher levels of exogenously
expressed p300. Western blot analysis (16105 cells/lane) of p300 protein 24 h
post-transfection, using monoclonal p300 antibody (UBI)

Table 2 Per cent of TUNEL labeled apoptotic sup7II/FosER cells, after
transfection

Apoptotic Cells (%)

Vector 10% serum plus E2 Serum-free plus E2

b-gal
p300
p300del33
N-terminal
M-fragment
C-terminal

16.0
23.7
13.4
11.5
15.3
12.6

42.6
57.1
21.8
17.5
38.7
77.9
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apoptotic cells to 57.1% (15% increase) (Figure 6D). This
is a significant increase, when considering that these cells
are dying at a high rate due to c-FosER expression and
that the size of the p300 vector may hinder transfection
efficiency. Expression of p300del33 in serum-free medium
resulted in a reduction in apoptosis from 42.6 ± 21.8%
(Table 2). Surprisingly, expression of the N-terminal
fragment blocked c-FosER-induced apoptosis to 18% (the
-TdT controls were performed but are not shown) (Figure
6E). The frequency of apoptosis in the middle fragment
transfected cells was comparable to b-gal alone at 39%
(Figure 6F). Also unexpected, expression of the C-terminal

fragment enhanced apoptosis to 78% (Figure 6G). The
data indicate that the C-terminal portion of the p300 protein
is actively involved in the induction of apoptosis.

An aliquot of cells (56105) from the transfections
described above was harvested in parallel with cells to
be analyzed by TUNEL. We examined the effect of
exogenous expression of N-terminal, middle, and C-
terminal p300 fragments on endogenous p300. Western
blot analysis (Figure 7) shows that over-expression of the
N-terminal reduced the levels of p300 protein, while the
p300 levels in the C-terminal and middle fragment
transfected cells were comparable to levels in the b-gal

Figure 6 Per cent apoptosis in sup7II /FosER cells transfected with p300 or fragments of the p300 molecule. Cells were placed in serum-free medium plus E2 to
induce apoptosis: background fluorescence, (A and C). TUNEL labels cells expressing B-gal control vector (B) or p300 (D). (E, F and G) show TUNEL labeled cells
expressing the p300 fragments

Cell Death and Differentiation

p300 and c-Fos-induced apoptosis
GA Preston et al

221



control. Densometric analysis of band intensities from two
separate experiments showed a mean difference of
1.65+8.81 between experiments. This was not statisti-
cally different from zero, indicating similar results from
each experiment. These data have been included to offer
one explanation for the block of c-Fos-induced apoptosis
by the N-terminal p300 fragment described above. It
appears that a reduction in p300 protein is associated
with a loss of apoptotic signals. However, it is possible

that the N-terminal fragment expressed in these cells is
actively blocking the cell death pathway.

Discussion

The studies presented address the general questions of
what mechanisms are involved in transcription factor-
mediated apoptosis in the absence of their general role
as transcriptional activators. We reported that c-Fos was
primarily involved in sensitizing early preneoplastic cells to
low serum-induced apoptosis in a p53-dependent path-
way.2 The present manuscript is a continuation of these
studies into the mechanism of c-Fos-induced apoptosis.
We report the novel finding that p300 is involved in
mediating c-Fos-induced apoptosis. Further we propose
that interactions with p300 protein could be a common
pathway for many of the transcription factor-mediated
apoptotic pathways. In fact, recent reports describe a role
for p300 in the apoptotic activity of another transcription
factor, E2F-1.18

In as much as the transient complex was observed only
in cells induced to undergo apoptosis, it appears that p300
is actively involved in mediating c-Fos-induced apoptotic
cell death. It is important to note that studies presented here
include data showing interactions between endogenous

Figure 7 Over-expression of the N-terminal fragment of p300 results in a
reduction of endogenous p300. Western blot of sup7II /FosER cells 24 h post-
transfection with p300 fragments: b-gal control vector, C-Terminal fragment
(C); N-terminal fragment (N); middle fragment (M)

Figure 8 A schematic model of the regulation of the p53-dependent apoptotic activity of c-Fos by p300
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c-Fos and endogenous p300, and that this complex was
observed after apoptosis was induced but before the cells
died. In conjunction with endogenous protein studies,
exogenous over-expression of an ER- tagged c-Fos fusion
protein resulted in apoptosis and a coincident increase in
the level of precipitable c-FosER-p300 complexes. Over-
expression of viral Fos (v-Fos), deficient in transcriptional
repression function, does not induce apoptosis and v-Fos/
p300 complexes were not detected in serum-free-treated
cells.

Over-expression of p300 resulted in activation of
apoptosis in both the hamster cells and in human tumor
cells, but only in the cells expressing wild-type p53. In line
with these observations, p300 has been shown to be an
important component of p53-signaling, including p53-induced
apoptosis.61 ± 64 Over-expression of p300 has been shown to
result in increased levels of p53.65 Therefore, we suggest the
link between c-Fos and p53-induced apoptosis is p300. The
primary mechanism, by which c-Fos:p300 complexes effect
p53-induced apoptosis, is not clear, however, our results
indicate that it is not a sequestering phenomenon.
Unexpectedly, over-expression of the C-terminal domain of
p300 (aa 1572 ± 2370), a region that interacts with c-Fos and/
or p53, did not block c-Fos-induced apoptosis. Instead,
apoptosis was enhanced, implying that this is a functionally
active complex. Since this p300-C terminal fragment contains
a considerable amount of the C-terminal transactivation
domain of p300, it is conceivable that it could participate in
p53- and Fos-dependent gene regulation. We found that
over-expression of the N-terminal fragment (aa 1 ± 596)
blocked death and there was no effect when the middle
portion was expressed (aa 744 ± 1571). Coincident with
rescue from cell death, over-expression of the N-terminal
fragment resulted in reduced expression of p300 protein.
Because over-expression of p300 results in cell death,
reduced levels could account for the observed rescuing
effect. We have subcloned the p300 fragments into a
tetracycline inducible system and examined the effects of
expression in rat mesangial cells, when treated with low
serum or H2O2. We found the same protective effect of the N-
terminal fragment and an apoptosis-inducing effect of the C-
terminal fragment (manuscript in review).

Published reports have shown that co-transfection of p53
with a C-terminal fragment of p300 (aa 1514 ± 1922),
lacking a portion of the C-terminal transactivation domain,
inhibited p53-induced apoptosis by *50%.62 This data is
not at odds with our observations, since this fragment does
not contain a transactivation domain and could therefore
sequester p53 as a non-functional complex. The current
observation actually suggests that the C-terminal p53/Fos
binding and the C-terminal transactivation domain of p300
are both necessary and sufficient for p300-mediated
apoptosis. Further, this data would imply that the c-Fos,
p53 and p300 promote apoptosis through transcriptional
mechanisms.

Because p300/CBP represents a common factor, required
for function of nuclear receptors, CREB and AP-1, it has been
suggested to be an integrator of multiple signal transduction
pathways.40 The number of signal transduction pathways
that require the activity of p300 is so large that the availability

of these proteins can be readily envisioned as a limiting factor
for the appropriate execution of many biological processes, if
not for the maintenance of homeostasis.66 That is to say that
these pathways may antagonize each other by virtue of their
convergence on a common coactivator. This idea could be
extended to provide a possible mechanism of how a cell
might sense `mixed signals,' one of the first proposals put
forth as a cell signaling mechanism responsible for apoptosis.
Because raising the levels of CBP can abolish the
antagonistic effects of nuclear receptors and AP-1, regula-
tion of CBP expression is likely to be of critical importance in
determining the transcriptional consequences of simulta-
neous activation of multiple pathways. The model proposed
in Figure 8 keeps into account the following observations: (i)
when preneoplastic cells are placed in anti-proliferative
conditions, they undergo apoptosis rather than growth
arrest;1 (ii) the p53-MDM2-p300 complex is subjected to
strict regulation in response to signals, which require the
transcriptional activity of p53;66 (iii) over-expression of
transcription factor, E2F1, which binds p300 in the C-
terminal region, results in decreased MDM2 expression and
apoptosis;67 (iv) the C-terminal domain of p300, p53 and c-
Fos appear to be sufficient to induce apoptosis. Based on
these data, we envision that specific apoptotic signal
transduction pathways invoke the c-Fos:p300 complex
through post-translational modification of c-Fos. p53 would
also be modified and would simultaneously bind to this
region. It is quite possible that this could result in
accumulation of p53, due to repression of the MDM-2 gene
or due to inhibition of MDM-2:p53 interactions through
constraints on the accessibility. This interpretation must be
regarded as conditional and future work is needed to
determine whether these events constitute the signaling
pathways that mediate other transcription factor-induced
apoptosis.

Cellular changes required for neoplastic transformation
usually involve both deregulation of apoptosis and cell
proliferation. p300 gene mutations have been detected in
carcinomas of the digestive tract.55 In addition, a
translocation in the p300 gene has been detected in
acute myeloid leukemia,54 suggesting that p300 acts as
a negative regulator of cell growth.68 While mutated
forms of the p300/CBP facilitate uncontrolled proliferation,
the normal p300 function is essential for survival as
demonstrated by data showing that p3007/7 mice die in
utero.49 The involvement of p300 in human disease,
coupled with biochemical evidence indicating that it is
essential in cell-cycle control, cellular differentiation and
human development, makes it likely that it is a tumor
suppressor protein.68 In this regard, p300 could function
as a general mediator of transcription factor-induced
apoptosis.

Materials and Methods

Cell culture

SHE cell lines were established as described previously.69,70 The
preneoplastic, hamster cell lines, sup+I cells and sup7II cells, used in
this work have also been described.1 Development of the Sup7II/
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FosER and Sup7II/v-Fos has been described earlier.2 RKO human
colorectal carcinoma cells were obtained from Dr Bert Vogelstein,
Johns Hopkins University. HT1080p53wt human fibrosarcoma cells
were purchased from ATTC. HT1080p53mutant cells were received
from Dr Bernard Weissman, UNC, Chapel Hill. All cells were
maintained in Dulbecco's modified IBR medium (GIBCO, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum
(Hyclone), 100 U/ml penicillin, and 100 mg/ml streptomycin and were
incubated at 378C in 10% CO2 in air.

Antibodies

The p300 antibody was the anti-human p300, Ct-Power Clonal (mixed
mouse monoclonal IgG1) purchased from Upstate Biotechnology. The
rabbit polyclonal c-Fos (SC-52) and cyclin D1 antibodies were
purchased from Santa Cruz.

Analysis of c-Fos:p300 immune complexes

Sup+I, sup7II, sup7II /FosER and Sup7II/v-Fos cells were plated
(1.56106/150 mm dish) 24 h in 10% FBS phenol red free medium. To
induce apoptosis, sup+I and sup7II cells were washed twice in warm
calcium- and magnesium-free phosphate-buffered saline (CMF-PBS)
and placed in medium plus 0.1% FBS. Sup7II /FosER cells were
rinsed twice with CMF-PBS and placed in serum-free medium with or
without 1 mM estradiol (E2) (Sigma). After specified incubation times,
cells were lysed in modified NP-40 lysis buffer (25 mM HEPES
(pH 7.5), 12.5 mM MgCl2, 150 mM KCl, 0.5% NP-40, 1 mM
dithiothreitol) containing 10 ug of leupeptin per ml, 1% aprotinin, and
0.5 mM phenylmethylsulfonyl fluoride. Glycerol was added to a final
concentration of 8%. After incubation (1 h at 48), extracts were
centrifuged at 14 000 r.p.m. for 30 min and supernatants were
collected. Extracts were precleared with an excess of Protein A-
sepharose. Typically, one half of the precleared extract was
immunoprecipitated with the anti-p300 antibody (1 : 100) and the
remaining with the anti-c-Fos antibody (1 : 100). Immunoprecipitations
were incubated overnight at 48. Immune complexes were retrieved
with protein A, washed 3 ± 5 times in lysis buffer, and eluted in 26
Lammeli sample buffer. Samples were analyzed by Western blot.

Transfections

Cells were trypsinized and plated 24 h prior to transfection. CMVb
P300, CMVb P300 CHA, CMVb b-galactosidase, CMVb 5.3ATGdel33,
GST-C-term p300, and GST-N-term p300 vectors were a gift from Dr
Richard Eckner, Dana-Farber Cancer Institute. GST-Middle p300 was
a gift from Dr Yang Shi, Dana-Farber Cancer Institute. DNAs (10 mg/
ml) were transfected into sup+I, sup7II, sup7II /FosER, HT1080 and
RKO cells (26106/0.8 ml) by electroporation. Electroporations were
done in serum-free medium with 300 volts at a capacitance of 960 mF
(Gene Pulser, BRL).

Analysis and quantitation of apoptosis

DNA fragmentation was analyzed on combined attached and detached
cells. Cells were collected, rinsed with CMF-PBS, lysed in 50 ml
volumes of lysis buffer (10 mM EDTA, 50 mM Tris, pH 8.0, 0.5%
sodium lauryl sarcosine, 0.5 mg/ml proteinase K) and then incubated
at 508C for 1 h. RNase A (0.5 mg/ml) was added and lysates were
incubated for an additional h. DNA was electrophoresed in a 1%
agarose gel in 0.56 TBE running buffer (0.05 M Tris base, 0.05 M
boric acid, 1 mM disodium EDTA) for 1 h at 90 volts.

Apoptosis was quantitated by FACScan analysis of TUNEL-
labeled cells, using dUTP:FITC and terminal transferase (TdT) from
Boehringer Mannheim. Briefly, the cell pellets were washed with cold
PBS and fixed with 1% paraformaldehyde in PBS for 15 min. The
pellet was washed in PBS and the cells were then fixed with 70%
ethanol. The cells were rinsed in PBS plus 1% BSA and the labeling
reaction was performed. Each cell sample was divided into two. One
half was used to determine background fluorescence by omitting the
terminal transferase enzyme (TdT) from the reaction mixture. The TdT
was added to the second half and increases in fluorescence (FL1)
were evaluated by FACScan analysis. Clumps and doublets were
excluded from the analysis by using forward scatter vs propidium
iodide fluorescence (FL2-W).

Protein extraction and immunoblotting

Cells were rinsed twice in cold PBS. A volume of sodium dodecyl
sulfate (SDS)-polyacrylamide gel Laemmli sample buffer (1008C) was
added directly to cells to achieve a final concentration of 36106 cells/
ml. Cell lysates were collected, boiled for 5 min, and sonicated.
Aliquots equal to 26105 cells were subjected to SDS-polyacrylamide
gel electrophoresis at 150 V for 1 h and transferred to nitrocellulose at
100 V for 1 h in transfer buffer containing 19.1 mM Tris-HCl, 190 mM
glycine.
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