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The ability of p53 to promote apoptosis and cell cycle arrest is believed to be important for its tumor
suppression function. Besides activating the expression of cell cycle arrest and proapoptotic genes, p53 also
represses a number of genes. Previous studies have shown an association between p53 activation and down-
regulation of c-myc expression. However, the mechanism and physiological significance of p53-mediated c-myc
repression remain unclear. Here, we show that c-myc is repressed in a p53-dependent manner in various mouse
and human cell lines and mouse tissues. Furthermore, c-myc repression is not dependent on the expression of
p21WAF1. Abrogating the repression of c-myc by ectopic c-myc expression interferes with the ability of p53 to
induce G1 cell cycle arrest and differentiation but enhances the ability of p53 to promote apoptosis. We propose
that p53-dependent cell cycle arrest is dependent not only on the transactivation of cell cycle arrest genes but
also on the transrepression of c-myc. Chromatin immunoprecipitation assays indicate that p53 is bound to the
c-myc promoter in vivo. We report that trichostatin A, an inhibitor of histone deacetylases, abrogates the ability
of p53 to repress c-myc transcription. We also show that p53-mediated transcriptional repression of c-myc is
accompanied by a decrease in the level of acetylated histone H4 at the c-myc promoter and by recruitment of
the corepressor mSin3a. These data suggest that p53 represses c-myc transcription through a mechanism that
involves histone deacetylation.

p53 is a sequence-specific DNA binding transcription factor
that is expressed as an unstable protein. In response to abnor-
mal proliferative signals and many stress signals, including
DNA damage, p53 is stabilized and posttranslationally modi-
fied. Once activated, p53 regulates the expression of a number
of target genes that collectively contribute to p53-dependent
cellular responses. p53 can induce cells to undergo a transient
arrest in G1 to allow time for repair of damaged DNA that
could otherwise lead to mutations and genomic instability.
Activated p53 can also eliminate cells through mechanisms
that involve prolonged arrest in G1 or apoptosis. The elimina-
tion of damaged, stressed, or abnormally proliferating cells by
p53 is considered to be the principal means by which p53
mediates tumor suppression.

Aside from its transcriptional activation function, p53 can
also act as a transcriptional repressor. There is accumulating
evidence to show that the repression of certain genes by p53
may be important for its ability to carry out its functions. For
instance, ectopic expression of various p53-repressed genes,
including Bcl-2 (2, 48), survivin (13, 29), MAP4 (32), PIK3CA
(40), and p202 (4), was shown to inhibit p53-dependent apo-
ptosis. The mechanism of transrepression remains a contro-
versial area of p53 biology and may or may not be dependent
on the site-specific DNA binding activity of p53. Proposed
mechanisms include interference with the function of tran-
scriptional activators, interference with the basal transcrip-
tional machinery, recruitment of chromatin modifying factors
to reduce promoter accessibility, and recruitment of transcrip-

tional corepressors (12). In addition, recent studies have sug-
gested that p53-dependent transcriptional repression of certain
genes occurs indirectly as a consequence of p53-dependent
transactivation of p21WAF1 (10, 23, 38). Transcripts not nor-
mally expressed in G1 or G2 will appear to be repressed as a
result of p21-dependent cell cycle arrest. Alternatively, the
Rb-E2F complexes that fail to dissociate when Rb remains
hypophosphorylated as a result of cyclin-dependent kinase in-
hibition by p21 function as transcriptional repressors of genes
carrying E2F-responsive sites.

It has been known for some time that p53 activation is
associated with c-myc down-regulation in some cells. In rat
embryo fibroblasts (34) and mouse myeloid leukemia cells (22)
that carry a temperature-sensitive p53 protein, temperature
shift to 32.5°C activates wild-type p53 function and leads to a
decrease in the level of c-myc mRNA. It is unclear, however, if
p53 directly represses c-myc and whether this repression is
important for p53-mediated cellular responses.

The c-myc oncoprotein is a transcription factor that pro-
motes cell growth and proliferation, as well as apoptosis under
certain conditions. Deregulated c-myc can induce aberrant
proliferation, loss of terminal differentiation, abrogation of
DNA damage-induced cell cycle arrest, genomic instability,
and oncogenesis (33). As p53 and c-myc are involved in many
of the same cellular processes, it is perhaps not surprising that
they affect similar targets and modulate each other’s activities.
For example, p53 activates the expression of p21 (8) and
gadd45 (19), while c-myc represses these genes (26, 30), con-
sistent with the observation that c-myc can interfere with p53-
induced cell cycle arrest (11, 46). The opposing effects of c-myc
and p53 at the p21 locus were shown to have a profound
physiological effect in HCT116 colon carcinoma cells by
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switching the outcome of a p53 response from cell cycle arrest
to apoptosis (37). Hence, the functional interactions between
p53 and c-myc may have broad implications in tumorigenesis.

We have examined the transcriptional repression of c-myc
by p53 and its physiological significance to p53 function. We
demonstrate that c-myc is repressed by p53 in a number of
mouse and human cell lines and mouse tissues and that this
repression occurs independently of p21 transactivation. We
provide evidence that p53 binds to the c-myc promoter in vivo
and represses the promoter through a mechanism that involves
histone deacetylation. To evaluate the physiological signifi-
cance of c-myc repression by p53, we show that ectopic c-myc
expression interferes with the ability of p53 to induce G1 cell
cycle arrest and cellular differentiation. We propose that p53
represses the expression of c-myc to promote these processes.

MATERIALS AND METHODS

Cell culture and retroviral infection. DP16.1, BJ-T, AML3, and K562 cells
were maintained in �-minimal essential medium (�-MEM) supplemented with
10% fetal bovine serum. Baf-3 cells were grown in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, 0.1 ng/ml interleukin-3 (IL-3), and
0.0004% �-mercaptoethanol. IL-3 was removed 2 hours before irradiation, and
the unirradiated control was also maintained in the absence of IL-3 for the same
period of time. For retroviral infections, the phoenix Eco packaging cells were
transfected using calcium phosphate with the various retroviral constructs. Viral
supernatants were collected 48 h later and incubated with DP16.1/p53ts cells
along with 8 �g/ml Polybrene for 16 h. Cells were evaluated 24 to 48 h postin-
fection.

Northern blot analysis. Total RNA was isolated from cells and tissues using
the TRIzol reagent (Invitrogen) according to the manufacturer’s instructions.
For each sample, 10 �g of RNA was run on a denaturing agarose gel and
transferred to a positively charged nylon membrane. The blots were hybridized
with 32P-radiolabeled c-myc, p21, or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) probes, followed by standard washes. Phosphorimaging analysis was
carried out, and RNA transcript levels were quantitated using ImageQuant
software (Molecular Dynamics).

Cell cycle analysis. DNA content was analyzed in live cells to facilitate the
identification of green fluorescent protein-positive (GFP�; infected) and GFP�

(uninfected) cells. DP16.1/p53ts cells were incubated with Hoechst 33342 to a
final concentration of 3 �g/ml in �-minimal essential medium for 45 min. Cells
were then washed and resuspended in phosphate-buffered saline. Cell cycle
distribution was examined using the Becton Dickinson LSR II flow cytometer
and FACSDiva software. The relative proportion of cells in each phase of the cell
cycle was determined using the automated ModFit program (Verity Software
House, Inc.).

RNAi. The DNA sequence used for c-myc RNA interference (RNAi) was
described in reference 15. The hairpin sequence, 5�-TGCTGTTGACAGTGAG
CGCAGAACATCATCATCCAGGACTTAGTGAAGCCACAGATGTAAGT
CCTGGATGATGATGTTCTTTGCCTACTGCCTCGGA-3� (underlining indi-
cates the sense and antisense sequences), was cloned into a murine stem cell
virus-U6 short hairpin RNA (shRNA) retroviral vector (gift from Scott Lowe).

Differentiation assay. Hemoglobin expression was visualized by staining cells
with 2,7-diaminofluorene (DAF; Sigma) as described previously (16). Briefly, a
working solution was made by mixing 1 ml of DAF stock solution (10 mg/ml in
90% acetic acid), 100 �l of 30% hydrogen peroxide, and 10 ml of 0.2 M Tris, pH
7.0. Cells were added to an equal volume of the DAF working solution, and the
mixture was incubated at room temperature for 5 min. A 10-�l aliquot of the
stained cells was then counted with a hemocytometer, and the proportion of
hemoglobin-expressing cells was determined (number of blue-stained cells over
total number of cells).

Apoptosis assay. Apoptosis was assessed using Annexin V-phycoerythrin and
7-amino-actinomycin D (7-AAD) staining according to the manufacturer’s in-
structions (BD PharMingen). The proportion of apoptotic cells (Annexin V
positive, 7-AAD negative) was determined using a FACScan flow cytometer and
CellQuest software (Becton Dickinson).

Chromatin immunoprecipitation. The chromatin immunoprecipitation proce-
dure was adapted from the methods of Eberhardy et al. (5). Briefly, 1.5 � 107

cells were used per immunoprecipitation reaction mixture. Cells were cross-
linked in 1% formaldehyde for 10 min, followed by the addition of glycine to a

final concentration of 0.125 M to stop the cross-linking reaction. Cells were
washed twice in phosphate-buffered saline and lysed in cell lysis buffer [5 mM
piperazine-N,N�-bis(2-ethanesulfonic acid), pH 8.0, 85 mM KCl, 0.5% NP-40,
Complete protease inhibitor cocktail (Roche)] on ice for 10 min. The nuclei were
pelleted at 5,000 rpm and lysed in nuclei lysis buffer (50 mM Tris, pH 8.1, 10 mM
EDTA, 1% sodium dodecyl sulfate [SDS], Complete protease inhibitor cocktail
[Roche]) on ice for 10 min. The chromatin was sonicated to an average length of
500 bp. The samples were precleared by incubating with blocked Staph A cells
(Boehringer Mannheim; Staph A cells were blocked with 1 mg/ml herring sperm
DNA and 1 mg/ml bovine serum albumin) for 15 min. The Staph A cells were
then pelleted and discarded, and the protein-chromatin complexes were incu-
bated with no antibody, anti-p53 antibody (2 �g; FL393; Santa Cruz), anti-
acetylated histone H4 antibody (3 �l; catalog number 06-866; Upstate Biotech-
nology), anti-mSin3a antibody (2 �g; AK-11; Santa Cruz), or rabbit
immunoglobulin G (IgG; 2 �g) at 4°C overnight. Each reaction mixture was then
incubated with 10 �l of blocked Staph A cells for 15 min at room temperature.
The Staph A cells were pelleted, and the supernatant from the no-antibody
sample was used as total input chromatin (input). The Staph A pellets were
washed twice in dialysis buffer (2 mM EDTA, 50 mM Tris, pH 8.0, 0.2% Sar-
kosyl) and four times in IP wash buffer (100 mM Tris, pH 9.0, 500 mM LiCl, 1%
NP-40, 1% deoxycholic acid). The protein-chromatin complexes were eluted
from the Staph A cells twice in IP elution buffer (50 mM NaHCO3, 1% SDS),
followed by reverse cross-linking in 0.3 M NaCl along with 1 �g of RNase A at
67°C for 5 h. The reactions were precipitated with 2.5 volumes of ethanol at
�20°C overnight. The reaction mixtures were then centrifuged at 14,000 rpm for
20 min, and the pellets were air dried and resuspended in 100 �l Tris-EDTA–
proteinase K buffer (final reaction concentrations, 10 mM Tris, pH 7.5, 5 mM
EDTA, 0.25% SDS, and proteinase K [1 U]) and incubated at 45°C for 2 h.
Subsequently, the samples were purified by phenol-chloroform extraction. NaCl
(final concentration of 0.14 M), glycogen (20 �g), and 2.5 volumes of ethanol
were then added, and the samples were allowed to precipitate overnight at
�20°C. The following day, samples were centrifuged at 14,000 rpm for 20 min
and the pellets were air dried and resuspended in 60 �l of water. Two microliters
of the purified DNA was used for each PCR. The primer sequences used for the
various PCR amplicons were as follows: for the mouse c-myc gene, �1706 to
�1534 (5�-TGTAGGATAAGCAAATCCCGAGG-3� and 5�-TCCTGAATACT
ACGCTGTGCATTC-3�), �512 to �259 (5�-ATACGCAGGGCAAGAACAC
AG-3�, and 5�-TTTTTTCCTCCTCTCGCTTCC-3�), �48 to �236 (5�-AGTGA
GAAGTGTCTGCCCGC-3� and 5�-TTGGAAGAGCCGTGTGTGC-3�), �748
to �1079 (5�-AGTCAACGAATCGGTCACATCC-3� and 5�-TCCTGAGGTC
TTTGGAGAAGGG-3�); for the mouse p21 gene, �2927 to �2595 (5�-CGGA
GACCAGCAGCAAAATCG-3� and 5�-TGACACATACACACCCCAGGCA
C-3�).

RESULTS AND DISCUSSION

c-myc is repressed in a p53-dependent manner in mouse and
human cells and mouse tissues. To determine if the repression
of c-myc occurs in a p53-dependent manner, Northern blot
analyses were performed to examine c-myc transcript levels in
cells and tissues that differ with respect to p53 gene status.
DP16.1/p53ts cells were derived by stable expression of a tem-
perature-sensitive p53 allele (p53Val-135) in the p53-null mouse
erythroleukemia cell line DP16.1 (16). After shifting the cells
(DP16.1/p53ts) to the permissive temperature at 32°C to acti-
vate wild-type p53 function, c-myc transcript levels decreased
within 3 h (Fig. 1A). This reduction occurred in a p53-depen-
dent manner, as temperature shift had no effect on the level of
c-myc mRNA in the parental DP16.1 cells. To ensure that
p53-dependent c-myc repression was not restricted to DP16.1/
p53ts cells, we used Baf-3 cells, a mouse pro-B-cell line with
endogenous wild-type p53 that can be activated by �-irradia-
tion. c-myc was repressed strongly after �-irradiation in Baf-3
cells, but not in Baf-3/p53DD cells, which stably express a
dominant-negative p53 protein that interferes with the func-
tion of the endogenous wild-type p53 protein (39). c-myc tran-
script levels were also repressed in the spleen, thymus, and
bone marrow of �-irradiated p53�/� mice but not p53�/� mice.
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To determine if p53-dependent c-myc repression also occurs in
human cells, we �-irradiated BJ-T cells (normal human BJ
fibroblasts immortalized by ectopic expression of the telomer-
ase catalytic subunit [47]). c-myc mRNA levels decreased in
irradiated BJ-T cells, but not in BJ-T/p53DD cells, which carry
the dominant-negative p53 allele (Fig. 1B). In addition, c-myc
mRNA levels decreased in �-irradiated AML-3 cells (a human
acute myeloid leukemia cell line that expresses wild-type p53
[43]) but not in �-irradiated p53-null K562 cells. The p53-
dependent repression of c-myc transcripts is also reflected in a
reduction in c-myc protein levels. Western blot analyses re-
vealed a decrease in myc protein levels after temperature shift
in DP16.1/p53ts cells and in Baf-3 cells after �-irradiation but
not in DP16.1 and Baf-3/p53DD cells (Fig. 1C). We conclude
that p53-dependent repression of c-myc is conserved in multi-
ple mouse and human cell types.

c-myc repression is not dependent on p21WAF1. Recent stud-
ies have reported that the down-regulation of many of the
previously identified p53-repressed genes is mediated by p21.
For instance, the repression of CHK1, stathmin, cyclin B1,
cdc2, BRCA1, cyclin A2, and hTERT is abrogated in p21-
deficient cells, and the expression of p21 alone is sufficient to
repress these genes (10, 23, 38). To determine if the p53-
dependent repression of c-myc transcription is mediated
through p21, we examined c-myc transcript levels in p21�/�

mice before and after �-irradiation. As shown in Fig. 2, c-myc
mRNA levels decreased in the thymus, spleen, and bone mar-

row of p21-deficient mice after �-irradiation. We conclude that
p53-dependent repression of c-myc is not a consequence of
p53-dependent transactivation of p21.

c-myc repression is required for the efficient induction of G1

cell cycle arrest and differentiation by p53. To examine the
consequences of persistent c-myc expression during p53 acti-
vation, we ectopically expressed c-myc and assayed for various
p53-associated functions, including G1 cell cycle arrest, differ-
entiation, and apoptosis. DP16.1/p53ts cells were retrovirally

FIG. 1. c-myc is repressed in a p53-dependent manner. (A) c-myc transcript is repressed in mouse cells and tissues in a p53-dependent manner.
DP16.1/p53ts and DP16.1 cells were maintained at 37°C or shifted to 32°C. Baf-3 and Baf-3/p53DD cells, as well as p53�/� and p53�/� mice, were
left untreated or �-irradiated (6 Gy). At 3 h after treatment, total RNA was harvested from the cells or mouse tissues (spleen, thymus, and bone
marrow). Northern blot analyses were performed, and the blots were hybridized with 32P-labeled cDNA probes for c-myc, p21, and GAPDH
(loading control). Signal intensities were quantified by phosphorimaging analyses. Each signal (c-myc or p21) was first normalized to the GAPDH
signal within the same sample. In each cell line or tissue, the untreated sample (37°C or unirradiated) signal was assigned a value of 1.0 and the
treated sample (32°C or �-irradiated) was expressed as the fold difference relative to it. (B) p53-dependent repression of c-myc transcript in human
cells. BJ-T, BJ-T/p53DD, AML-3, and K562 cells were left untreated or �-irradiated (6 Gy). Total RNA was harvested from the cells 3 h after
treatment. Northern blot analyses and signal quantifications were performed as described for panel A. (C) Western blot analyses using antibodies
against c-myc (N-262; Santa Cruz) and �-actin (loading control). DP16.1/p53ts and DP16.1 cells were shifted to 32°C, and Baf-3 and Baf-3/p53DD
cells were �-irradiated (6 Gy). Proteins extracts were made at the times indicated.

FIG. 2. c-myc repression is not mediated by p21. Total RNA was
harvested from the thymus, spleen, and bone marrow of p21�/� mice
after exposure to �-irradiation (6 Gy) and subjected to Northern blot
analysis as described in the legend for Fig. 1.
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infected with pBabe-c-myc-IRES-GFP or with vector only
(pBabe-IRES-GFP). As shown in the Western blot in Fig. 3A,
c-myc-infected cells expressed a slightly higher level of c-myc
protein than uninfected and vector-infected cells. Infected cells

were shifted to 32°C to activate wild-type p53 function, and at
various times the cell cycle profiles were examined by flow
cytometry after staining with Hoechst 33342 stain. We identi-
fied the infected cells on the basis of GFP expression and

FIG. 3. c-myc repression is required for the efficient induction of G1 cell cycle arrest by p53. (A) DP16.1/p53ts cells were retrovirally infected
with the pBabe-c-myc-IRES-GFP (c-myc) or pBabe-IRES-GFP (vector) construct. At 48 h after infection, cells were harvested, and protein
extracts were prepared and analyzed by Western blotting using an anti-c-myc (N-262; Santa Cruz) or anti-�-actin antibody. Infection efficiencies
ranged from 40% to 60%. (B) Cell cycle analyses of cells expressing ectopic c-myc or vector only. DP16.1/p53ts cells infected with c-myc or empty
vector (as described for panel A) were shifted to 32°C for the indicated amounts of time. To measure DNA content, cells were stained with Hoechst
33342 and analyzed by flow cytometry to determine the proportion of GFP� (uninfected) and GFP� (infected) cells that were in the G1, S, and
G2/M phases of the cell cycle. (C) G1/S ratios were calculated from the data in panel B to portray the extent of G1 cell cycle arrest. Each bar
represents the average of three independent experiments 	 the standard error. (D) DP16.1/p53ts cells were retrovirally infected with a c-myc
shRNA construct or empty vector. At 24 h after infection, cells were harvested, and protein extracts were analyzed by Western blotting. Infection
efficiencies ranged from 50% to 70%. (E) Cell cycle analyses of cells expressing c-myc shRNA or vector only. At 24 h after infection, DNA content
was determined as described for panel B, and G1/S ratios were determined. Cells were maintained at 37°C throughout. Each bar represents the
average of three independent experiments 	 the standard error.
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evaluated the cell cycle profiles of the GFP� (infected cells)
and GFP� (uninfected cells) gated populations. The latter
represent cells that were not infected and, hence, serve as
additional controls in these experiments; infection efficiencies
ranged from 40% to 60%. The proportion of cells in each
phase of the cell cycle is shown in Fig. 3B; G1/S ratios were also
calculated (Fig. 3C) to portray the extent of G1 cell cycle
arrest. As shown in Fig. 3C, ectopic expression of c-myc re-
duced the extent of G1 cell cycle arrest after p53 activation.

If the repression of c-myc were required for the induction of
G1 cell cycle arrest, then artificially knocking down c-myc
should promote G1 arrest even in the absence of p53 activa-
tion. We introduced c-myc shRNA by retroviral infections into
DP16.1/p53ts cells. As shown in Fig. 3D, the c-myc protein
level was decreased in c-myc shRNA-infected cells compared
with vector-infected cells. In the absence of wild-type p53 func-
tion at 37°C, knock-down of c-myc promoted G1 cell cycle
arrest as demonstrated by the increased G1/S ratio in Fig. 3E.

These data are consistent with the ability of c-myc to pro-
mote entry into S phase and oppose p53-dependent G1 arrest.
c-myc was shown previously to influence the cellular response
to p53 activation by inhibiting p21 expression and favoring
apoptosis over cell cycle arrest (37). Hence, c-myc repression
by p53 may constitute an integral component of the signaling
pathway through which p53 promotes cell cycle arrest. Like-
wise, a recent study (42) demonstrated that the repression of
cdc25c by p53 contributes to the induction of G2 arrest.

Previously we showed that incubation of DP16.1/p53ts cells
at 32°C resulted in the expression of hemoglobin, a marker of
erythroid differentiation (16). To determine if c-myc interferes
with hemoglobin expression induced during p53 activation,
c-myc- and vector-infected DP16.1/p53ts cells were maintained
at 37°C or incubated at 32°C for 36 h. Cells were then stained

with DAF to determine hemoglobin expression (16). As shown
in Fig. 4, the percentage of hemoglobin-expressing cells was
reduced in c-myc-infected samples compared with vector-in-
fected samples. This finding is consistent with previous reports
showing that c-myc inhibits differentiation in myoblasts (28),
erythroleukemia (3), B-lymphoid (45), and myeloid (20) cells.

c-myc repression is not required for apoptosis induction by
p53. Next, we wished to evaluate the effect of c-myc expression
on p53-induced apoptosis. DP16.1/p53ts cells ectopically ex-
pressing c-myc or empty vector were kept at 37°C or shifted to
32°C for various periods of time. Cells were stained with An-
nexin-V as a marker for apoptosis, and the proportion of apo-
ptotic cells was determined by flow cytometry. Ectopic c-myc
expression led to an increase in apoptotic cells upon p53 acti-
vation at 32°C (Fig. 5). Hence, c-myc repression is not a pre-
requisite for efficient induction of apoptosis by p53. On the
contrary, c-myc enhanced p53-dependent apoptosis. c-myc is
known to sensitize cells to undergo apoptosis through p53-
dependent as well as p53-independent pathways, possibly
through the activation of ARF, stimulation of Bax activity,
repression of Bcl-2 and Bcl-XL, and repression of p21 (6, 18,
37, 41). The ability of c-myc to promote entry into S phase and
oppose p53-dependent cell cycle arrest (Fig. 3) may account in
part for its ability to increase apoptosis upon p53 activation
(Fig. 5).

p53 binds to the c-myc gene in vivo. p53 has been shown to
bind to certain regions within repressed genes, such as Map4
(31) and survivin (13, 29), and to be associated with the re-
cruitment of histone deacetylases. The observed decrease in
the level of acetylated histones at the target promoters could
lead to a reduction in promoter accessibility, resulting in tran-
scriptional repression. To determine if p53 binds to the c-myc

FIG. 4. Ectopic c-myc expression interferes with p53-induced cel-
lular differentiation. DP16.1/p53ts cells infected with c-myc or empty
vector were incubated at 32°C for 0 or 36 h. Cells were stained for
hemoglobin expression using DAF as described elsewhere (16).
Stained cells were counted with a hemocytometer, and the proportion
of hemoglobin-expressing cells was determined (number of blue cells/
total number of cells). Results represent the means of three indepen-
dent experiments 	 the standard errors. Unsorted whole cell popula-
tions were used; infection efficiencies ranged from 40 to 60%.

FIG. 5. Ectopic c-myc expression enhances apoptosis induction by
p53. DP16.1/p53ts cells infected with c-myc or empty vector were
incubated at 32°C for the indicated amounts of time. Cells for the
zero-hour time point were maintained at 37°C for the duration of the
experiment. Cells were stained with Annexin V-phycoerythrin and
7-AAD and analyzed by flow cytometry to determine the proportion of
GFP� and GFP� cells that were apoptotic (Annexin V positive,
7-AAD negative). Each bar represents the mean of three independent
experiments 	 the standard error.
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promoter in vivo, chromatin immunoprecipitation assays were
performed. DP16.1/p53ts and DP16.1 cells were maintained at
37°C or shifted to 32°C for 3 h. Chromatin immunoprecipita-
tions were carried out as described elsewhere (5, 21) by using
a polyclonal p53 antibody (FL-393; Santa Cruz). We scanned
the mouse c-myc promoter and 5� region (�3000 to �1200) for
potential p53 binding sites (two repeats of the 10-bp motif,
5�-PuPuPuC(A/T)(A/T)GPyPyPy-3�, separated by 0 to 13 bp;
Pu is a purine and Py is a pyrimidine) (7). Within the consensus
sequence, the C and G residues are considered to be particu-
larly important for p53 binding. There are at least four poten-
tial binding sequences within the region that contain two or
three mismatches that are not at the C and G positions. PCR
primers were designed to flank these sites, and binding was
assessed by the enrichment of PCR signal in the anti-p53
sample compared to the no-antibody and control IgG reaction
mixtures. At 32°C in DP16.1/p53ts cells, p53 consistently
bound to the region around �1706 to �1534, which flanked
one of the p53 consensus sites at �1636 to �1604 (Fig. 6A and
B). This binding was not observed in DP16.1 cells lacking p53
nor in DP16.1/p53ts cells at 37°C. PCR amplification of a

region (�748 to �1079) that flanks another p53 consensus site
(�1009 to �1030) failed to show enrichment in binding signal
in both DP16.1/p53ts and DP16.1 cells. The two other consen-
sus sites were also examined, and weak or no enrichment in
binding signal was observed (data not shown). These results
indicate that p53 binds to the c-myc promoter in vivo and that
this binding is restricted to certain regions of the gene. Further
analysis of the c-myc promoter revealed p53 binding in the
�512 to �259 and �48 to �236 regions, which lack consensus
p53 binding sequences, suggesting that p53 binds through
novel or noncanonical binding sites. In a previous study, p53
was shown to repress Map4 transcription by binding to the
proximal promoter region, which lacks a consensus p53 binding
sequence (31). Because the average size of the sheared chro-
matin was 500 bp in our ChIP assays, we cannot be certain
whether p53 binds to one or both of these regions or whether
it binds to a region close by. The ChIP findings have been
reproduced three times using different cell extracts. Moreover,
the enrichment in PCR signal in the immunoprecipitated sam-
ple over the no-antibody control was retained within a range of
PCR amplification cycles.

FIG. 6. p53 binds to the c-myc gene in vivo. (A) Schematic representation of the murine c-myc promoter and 5� region. The reference point
�1 is placed at the transcription start site of the P2 promoter. Arrows indicate the positions of PCR primers used in panel B. Two consensus p53
binding sites and their positions on the gene are also shown; capital letters indicate the residues that satisfy the consensus p53 binding sequence,
while lowercase letters indicate mismatches. (B) DP16.1/p53ts and DP16.1 cells were maintained at 37°C or 32°C for 3 h. Cells were harvested for
chromatin immunoprecipitation assays as described in Materials and Methods. Samples were immunoprecipitated with no antibody (no ab), a p53
antibody, or rabbit IgG; input controls (1/100 dilution) were also included. PCR analyses on the immunoprecipitated chromatin were carried out
using primers that flank the regions as shown in panel A. Numbers on the left of the figure indicate the regions on the c-myc gene that are flanked
and amplified by the primers. PCR amplification using primers against a p53 binding site at the p21 promoter was also included as a control.
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To assess the regions on the c-myc promoter that are re-
quired for p53-dependent repression, we conducted a series of
luciferase-reporter assays. Luciferase constructs that carry var-
ious segments of the c-myc promoter were transiently trans-
fected along with p53 or empty vector into p53-null H1299
cells. The longest of these constructs extended from �2093 to
�360 and included all the regions that bind p53. We did not
observe p53-dependent repression of any of the luciferase-
reporter constructs despite the ability of p53 to stimulate lu-
ciferase expression from a reporter plasmid containing the p53
binding site from p21WAF1 (data not shown). Our inability to
detect p53-mediated repression of c-myc in a transient re-
porter assay might be explained if repression can only occur
within the context of assembled chromatin.

p53 represses c-myc expression via a histone deacetylation
mechanism. As p53 has been associated with the recruitment

of histone deacetylases to its repressed gene targets (13, 29,
31), a similar repression mechanism may operate at the c-myc
promoter. If so, this could explain the inability of the transient
luciferase assays to detect p53-mediated repression, since lu-
ciferase expression is not occurring within the context of his-
tone assembly. To determine if histone deacetylase activity is
required for c-myc repression by p53, Baf-3 cells were treated
with the histone deacetylase inhibitor trichostatin A (TSA)
prior to �-irradiation. We showed earlier that c-myc repression
in irradiated Baf-3 cells is dependent on p53 (Fig. 1). As shown
in Fig. 7A, TSA fully abrogated the repression of c-myc mRNA
in these cells. To determine if histones at the c-myc promoter
are deacetylated in the presence of activated p53, chromatin
immunoprecipitation assays were performed using an anti-
acetylated histone H4 antibody, and extracts were prepared
from DP16.1/p53ts and DP16.1 cells cultured at 37°C and 32°C

FIG. 7. p53-mediated transcriptional repression of c-myc involves histone deacetylation at the c-myc promoter. (A) Baf-3 cells were treated
with 12.5 nM TSA for 9 h. At 6 h after drug treatment, cells were �-irradiated where indicated. RNA was harvested 3 h later (9 h total TSA
treatment time) and subjected to Northern blot analysis as described in the legend for Fig. 1. (B) Chromatin immunoprecipitations were performed
as described in the legend for Fig. 6. Protein-DNA complexes were immunoprecipitated with no antibody (no ab), an antibody against acetylated
histone H4 proteins (�-AcH4), or rabbit IgG. (C) Chromatin immunoprecipitations with no antibody (no ab), anti-mSin3a, or rabbit IgG in
DP16.1/p53ts and DP16.1 cells.
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(Fig. 7B). p53 activation led to a decrease in the level of
acetylated histone H4 at the �48 to �236 region; this decrease
was not observed in the DP16.1 cells. These results suggest that
histone deacetylation occurs when p53 is activated and bound
to the c-myc promoter. p53 may mediate histone deacetylation
by recruitment of corepressor proteins; Murphy and coworkers
(31) demonstrated that p53 represses the Map4 promoter by
recruiting the corepressor mSin3a, which associates with
HDAC1. Chromatin immunoprecipitations using an anti-
mSin3a antibody indicated that p53 activation in the DP16.1/
p53ts cells led to an increase in mSin3a association with the
�48 to �236 region of the c-myc promoter (Fig. 7C). This
increased association was absent in the DP16.1 cells. Together,
these data support a model in which p53 mediates transcrip-
tional repression of c-myc through a mechanism that involves
binding to the c-myc promoter and promotion of histone
deacetylation. The repression of c-myc transcription by c-myc
autorepression, as well as through Smads in response to trans-
forming growth factor beta, is dependent on p107 (1, 25).
Pocket proteins, such as Rb, p107, and p130, have been shown
to interact with and recruit histone deacetylases to repress
transcription at E2F sites (9, 35). It is unclear if the reduction
in histone acetylation at the c-myc promoter in response to p53
also involves p107. In preliminary experiments using p107�/�

mice, we observed that c-myc was normally repressed in re-
sponse to �-irradiation, suggesting that p107 is not required for
�-induced c-myc repression in at least some tissues (data not
shown).

Our findings indicate that c-myc repression by p53 is re-
quired for p53-dependent cell cycle arrest and differentiation
but not for apoptosis. This raises a question regarding the
importance of c-myc repression for p53-dependent tumor sup-
pression. In some tumor models, p53 loss accelerates tumor
growth through a decrease in tumor cell apoptosis, whereas in
other models, p53 loss increases tumor cell proliferation rates.
In the choroid plexus epithelium, for example, tumor forma-
tion correlates with the loss of apoptosis, rather than an in-
crease in proliferation (44). Similarly, in the E�-myc-induced
lymphomagenesis mouse model, blockage of the apoptotic
pathway by the expression of bcl-2 or dominant-negative
caspase 9 is sufficient to override p53 function in suppressing
tumor development (36). In contrast, p53 loss accelerates tu-
mor formation in Wnt-1 and ras transgenic mouse models,
primarily due to an increase in the rate of tumor cell prolifer-
ation without affecting apoptosis (14, 17). In addition, p21�/�

mice, which lack a G1 checkpoint, are prone to tumorigenesis,
albeit at a slower rate than p53�/� mice (27). It is possible,
therefore, that defective cell cycle control may contribute to
tumor development. Thus, c-myc repression by p53 may be
important for tumor suppression in certain cell types and un-
der certain conditions.

The role of cellular differentiation in tumor suppression is
not well understood, despite the pervasive views that blocked
differentiation underlies many forms of leukemia and that a
poorly differentiated phenotype is characteristic of malignant
cell populations. Some studies have shown that induced differ-
entiation of myeloid leukemic cells converts these malignant
cells to a nonmalignant phenotype (24). In addition, retinoic
acid is used as an effective cancer therapeutic to induce termi-
nal differentiation of human promyelocytic leukemia cells car-

rying the PML/RAR� fusion protein (24). Hence, the repres-
sion of c-myc by p53 may also contribute to its tumor
suppressor function through the promotion of cellular differ-
entiation.
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