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There is growing evidence that the p53 tumor suppressor protein not only can function to activate gene
transcription but also to repress the expression of specific genes. Although recent studies have implicated the
transcriptional repression function of p53 in the pathway of apoptosis, the molecular basis of this activity
remains poorly understood. This study takes a first step toward elucidating this mechanism. We report that
trichostatin A (TSA), an inhibitor of histone deacetylases (HDACs), abrogates the ability of p53 to repress the
transcription of two genes that it negatively regulates, Map4 and stathmin. Consistent with this finding, we

report that p53 physically associates in vivo with HDACs. This interaction is not direct but, rather, is
mediated by the corepressor mSin3a. Both wild-type p53 and mSin3a, but not mutant p53, can be found bound
to the Map4 promoter at times when this promoter preferentially associates with deacetylated histones in
vivo. Significantly, inhibition of p53-mediated transcriptional repression with TSA markedly inhibits
apoptosis induction by p53. These data offer the first mechanistic insights for p53-mediated transcriptional
repression and underscore the importance of this activity for apoptosis induction by this protein.
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The p53 tumor suppressor gene continues to hold dis-
tinction as the most frequently mutated gene in human
cancer. The accumulated data suggest that the high fre-
quency of p53 mutations in cancer reflects the ability of
this protein to induce programmed cell death, or apop-
tosis. p53 is a transcription factor that can be activated
by stimuli such as DNA damage, hypoxia, or viral and
cellular oncogenes. Following such stimuli, p53 func-
tions to up-regulate a set of p53-response genes and
down-regulate another set of genes (for review, see White
1996; Ko and Prives 1996; Levine 1997). The transacti-
vation activity of p53 is significantly better understood.
However, data have accumulated indicating that p53 can
induce apoptosis independent of its function as a trans-
activator. For example, p53 can induce apoptosis in the
presence of inhibitors of new RNA or protein synthesis
(Caelles et al. 1994; Wagner et al. 1994). Synthetic mu-
tants of p53 that are defective in transactivation have
been shown to induce apoptosis when overexpressed in
tumor cells (Haupt et al. 1995). Additionally, in the
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spleen of mice, p53-dependent apoptosis has been shown
to occur in the absence of transactivation of endogenous
or transgenic p53-response genes (MacCallum et al.
1996; Gottlieb et al. 1997).

Several studies have implicated a role for transcrip-
tional repression in p53-dependent apoptosis. For ex-
ample, there are at least three proteins that can inhibit
p53-dependent apoptosis; these are BCL2, its adenoviral
homolog E1B-19K, and the Wilms’ tumor suppressor
gene WT-1. Each of these proteins has been shown to
inhibit p53-mediated transcriptional repression, whereas
transactivation and G, arrest remain unaffected (Shen
and Shenk 1994; Maheswaran et al. 1995; Sabbatini et al.
1995; Murphy et al. 1996). Certain human tumor-derived
mutant forms of p53 that are incapable of inducing apop-
tosis have been found to be defective at transrepression
but not transactivation (Ryan and Vousden 1998). Simi-
larly, deletion of the proline-rich region of p53 renders it
defective at apoptosis induction and transrepression, but
not transactivation (Walker and Levine 1996; Sakamuro
et al. 1997; Venot et al. 1998). Notably, during p53-de-
pendent apoptosis induced by hypoxia, p53 does not
transactivate p53-response genes like bax and p21/waf1
but continues to function as a transcriptional repressor
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(Koumenis et al. in prep.). Our studies have focused on
the transrepression activity of p53, both in the context of
identifying p53-repressed genes and in elucidating the
mechanism of this activity.

Previously we identified Map4 as a p53-repressed gene
(Murphy et al. 1996). Map4 mRNA is down-regulated at
the level of transcriptional initiation in a p53-dependent
manner in multiple cell lines (Murphy et al. 1996; Zhang
et al. 1998, 1999). In contrast, this gene is not down-
regulated during apoptosis or growth arrest that is in-
duced independent of p53 (Murphy et al. 1996). We have
found that the Map4 promoter can confer transcriptional
repression by p53 to a heterologous gene; this repression
occurs even when this gene is stably transfected into
cells (W.H. Hoffman and M. Murphy, in prep.). Other
genes found to be negatively regulated following p53 in-
duction include DNA topoisomerase Ila, DP-1, weel,
presenilin-1, and others (Wang et al. 1997; Go-
palkrishnan et al. 1998; Leach et al. 1998; Roperch et al.
1998). Overexpression of Map4 and presenilin-1 proteins
markedly inhibits apoptosis (Murphy et al. 1996; Ro-
perch et al. 1998), underscoring the physiological rel-
evance of p53-mediated repression to the process of
apoptosis. We recently identified the gene stathmin (on-
coprotein 18), as one that, like Map4, is transcriptionally
repressed by p53 (Ahn et al. 1999). Interestingly, like
Map4, the Stathmin protein product influences microtu-
bule polymerization dynamics.

In this study we have used the Map4 and stathmin
genes as tools to probe the mechanism of transcriptional
repression by wild-type p53. Recently, the work of sev-
eral groups has established an evolutionarily conserved
role for histone deacetylases (HDACs) in the mechanism
of repression by transcription factors, such as Mad/Max,
Rb, and the nuclear hormone receptors (Hassig et al.
1997; Laherty et al. 1997; Nagy et al. 1997; Luo et al.
1998). In this study we show that inhibition of HDAC
activity abrogates the ability of p53 to repress the expres-
sion of endogenous p53-target genes like Map4 and
stathmin. We report the identification of p53 in com-
plexes with the corepressor mSin3a, along with HDAC.
Only wild-type p53, and not transrepression-inactive
mutant forms of this protein, can be found bound to the
promoter of Map4 in vivo. Additionally, mSin3a binds to
the Map4 promoter only in the presence of wild-type
p53, and when these proteins are bound, the endogenous
Map4 promoter shows decreased association with acety-
lated histone H3. The combined data place p53 in a bona
fide transcriptional repression complex and provide the
first indication that p53 may use an evolutionarily con-
served mechanism for transcriptional repression—selec-
tive targeting of mSin3a, coupled with a HDAC, to the
regulatory regions of specific p53-repressed genes.

Results

Trichostatin A inhibits p53-mediated repression
of endogenous target genes

To address the possibility that transcriptional repression
of Map4 and other p53-repressed genes involves a re-
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cruitment of histone deacetylases to these promoters, we
tested the ability of trichostatin A (TSA) to inhibit re-
pression of these genes following p53 induction. TSA is
a potent and specific inhibitor of HDAC activity and is
active in nanomolar concentrations (Yoshida et al. 1990).
Initially for these analyses we utilized the murine cell
line Val5, which harbors a temperature-sensitive p53
protein (Martinez et al. 1991; Wu et al. 1993). p53 exists
in a mutant (inactive) conformation in this cell line at
39°C; temperature shift to 32°C results in wild-type p53
conformation and activity. Val5 cells were grown at
39°C, or temperature-shifted to 32°C, in the presence or
absence of 100 nm TSA; similar concentrations of TSA
have been shown to alleviate transcriptional repression
of Mad/Max and Rb-repressed genes (Laherty et al. 1997;
Luo et al. 1998). Induction of wild-type p53 following
temperature shift of Val5 cells to 32°C resulted in an
approximately threefold reduction of Map4 mRNA, con-
sistent with our previous reports (Fig. 1, lane 2). In the
presence of TSA, however, this repression was inhibited,
and Map4 RNA levels maintained [(B0% of starting lev-
els (lane 3). In contrast, neither GAPDH nor B-actin lev-
els were altered by temperature shift, or by incubation
with TSA (Fig. 1). Flow cytometric analyses indicated
that TSA treatment did not alter the cell cycle distribu-
tion of Val5 cells cultured at 32°C (data not shown).
To extend these observations, the human tumor-de-
rived cell lines MCF7 (breast carcinoma) and A2780
(ovarian carcinoma) were analyzed following treatment
with adriamycin to activate the endogenous, wild-type
p53 protein. Because of difficulties detecting human
Map4 message, we analyzed the mRNA levels of stath-
min (also called oncoprotein 18). Recently, we identified
stathmin as a p53-repressed gene (Ahn et al. 1999). As
shown in Figure 1B, a time course of treatment of MCF-7
cells with the DNA-damaging agent adriamycin (doxo-
rubicin, DOX) results in [B0% reduction of stathmin
RNA levels after 8 hr and 75% reduction after 24 hr (Fig.
1B). We chose to focus further on the 12-hr time point of
adriamycin treatment, where 50% repression of Stath-
min was evident (Fig. 1C, lane 3), to limit the toxicity
sometimes associated with TSA (Yoshida et al. 1990).
Significantly, although incubation with TSA alone had
undetectable effects on Stathmin levels (lane 2), TSA
was able to completely abrogate the reduction of stath-
min levels following adriamycin treatment (lane 4). The
results of three independent experiments are plotted in
Figure 1D; these data indicate that the repression of
Stathmin expression evident after 12 hr of adriamycin
treatment is completely abrogated by incubation with
TSA. In contrast, neither the post-translational stabili-
zation of p53 by DOX nor the induction of the p53 re-
sponse genes mdm?2 and p21/waf1 were affected by TSA
(Fig. 1C,E). Likewise, neither TSA nor adriamycin had
any effect on Stathmin levels in the H1299 human lung
adenocarcinoma, which is null for p53 protein (data not
shown). Therefore, TSA specifically inhibits the repres-
sion of stathmin following p53 induction. We have per-
formed identical experiments in A2780 cells (ovarian
carcinoma, wild-type p53). In these studies, adriamycin
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Figure 1. Transcriptional repression of Map4 A Vals
and Stathmin by p53 is inhibited by the E N .
HDAC inhibitor TSA. (A) Northern analysis ps3) ps3) +TSA

of Map4 mRNA levels in Val5 cells at 39°C
(lane 1, mutant p53) and following tempera-
ture shift to 32°C for 12 hr [wild-type (wt) p53,
G, arrest] in the absence (lane 2) and presence
(lane 3) of 100 nm TSA. The decrease of Map4
mRNA is largely alleviated by incubation
with TSA during temperature shift and p53
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of Stathmin by DOX treatment is effectivelyabrogated by TSA treatment at 100 nm (lane 4). In contrast, TSA treatment does not affect
p53-mediated transactivation of the p53 response gene p21/wafl. (D) The averaged data from three independent Northern analyses,
described above, using probes of comparable specific activity and following normalization to the levels of GAPDH. The error bars mark
standard deviations. (E) Western analysis of p53 and MDM2 protein levels in MCF-7 cells treated with adriamycin (+ DOX, lane 2) or
adriamycin and TSA (+ DOX + TSA, lane 3). These data indicate that TSA does not affect the post-translational stabilization of p53
following DOX treatment nor does it inhibit the induction of MDM2 protein. Equal microgram amounts of protein were loaded in each
lane, and the blot was Coomassie-stained following protein detection to verify equal loading.

treatment led to [50% repression of stathmin expression
after 12 hr; coincubation with TSA was able to abrogate
completely this repression (data not shown). The com-
bined data indicate that HDAC activity may be an inte-
gral component of the p53-dependent repression of Map4
and stathmin.

p53 associates with HDAC-1 and mSin3a in vivo

To address the possibility that p53 utilizes HDACs to
repress transcription, we tested immunocomplexes from
MCF-7 cells for the presence of a complex containing
HDAC and p53. Immunoprecipitation (IP) of MCF-7 ex-
tract with antisera specific to HDAC-1 (Santa Cruz Bio-
technology) consistently revealed the presence of p53 in
these immunocomplexes, as ascertained by Western
analysis (Fig. 2, lane 4). These complexes persisted under
stringent washing conditions (RIPA buffer washes; see
Materials and Methods) and were not present using con-
trol antisera (rabbit IgG, lane 1). However, in vitro bind-
ing reactions indicated that p53 was unable to bind to
HDAC-1 directly (data not shown; see, e.g., Fig. 5, lane 8,
below). Therefore, we tested the possibility that p53 uti-
lizes a corepressor protein, like mSin3a, SMRT, or NCoR
to couple it to HDAC. Immunoprecipitation of MCF-7
lysate using two different antibodies to mSin3a repro-
ducibly demonstrated the presence of p53 in mSin3a
complexes (Fig. 2, lanes 2,3). In contrast, we found no
evidence for an interaction between p53 and the core-
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pressor SMRT (data not shown). Significantly, both
HDAC-1 and mSin3a were present in immunocom-
plexes generated using p53 antisera (p53 polyclonal, Fig.
2B, lane 6, and mAb 421, data not shown). These data are
a strong indication that a complex among p53, mSin3a,
and HDAC-1 exists in vivo.

Next, we analyzed the p53-mSin3a interaction follow-
ing post-translational stabilization of p53 mediated by
DNA-damaging agents. We found that the amount of p53
in mSin3a complexes was approximately fivefold greater
following treatment of MCF-7 cells with doxorubicin
(Fig. 2B, lane 9). The significance of this increased asso-
ciation was unclear, however, given that p53 levels are
also increased under conditions of DNA damage. To ad-
dress the question of whether the avidity or affinity of
p53 for mSin3a increases following DNA damage, we
compared the amount of p53-mSin3a complexes follow-
ing DNA damage (UV irradiation, 4 J/m?) to that follow-
ing treatment of cells with the calpain I inhibitor ALLN.
This inhibitor has been shown to stabilize p53 protein
significantly but not activate it for DNA binding (Kub-
butat and Vousden 1997). As depicted in Figure 2C, treat-
ment of MCF-7 cells with 4 J/m? of UV radiation results
in a four- to fivefold increase in p53 protein levels (Fig.
2C, lane 5) and a concomitant increase in p53 associated
with mSin3a (lane 2). Because of the stringent washing
conditions we perform on these immunoprecipitations,
this increased p53-mSin3a complex is not entirely re-
flective of the overall p53 increase. Treatment of cells
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Figure 2. Wild-type p53 associates with HDAC1 and
mSin3a in vivo. (A) IP-Western analysis of MCF-7 cell
extract with antisera specific for rabbit IgG (Sigma,
negative control), mSin3a (AK11 and K20 antibodies,
Santa Cruz Biotechnology) and HDACI1 (C19, Santa

MCEF7 MCE-7 IP Cruz Biotechnology), followed by Western analysis for
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Sinsa IgG AK-11 K-20 C-19 S0ug P53 S0ug -+ DOX6hrs. both HDACI (lane 4) and mSin3a (lanes 2,3,8) immu-
in. . Western i i

(K-20) *- - mSin3a - nocomplexes. (B) IP with polyclonal antisera to p53

P53

(DO-1) — o e

1 23 4 5 6 7 8 9

MCEF-7

C

IP Sin3 (AK-11)  100ug Lysate

ALLN 2 hrs.
UV 24 hrs.

+ +
Western .
(DO-1) m -
1 2 3 4 5 6

+ +

with ALLN led to an approximately fourfold increase in
p53 protein but an undetectable increase in the p53-
mSin3a complex (lane 3). These data have been repro-
ducible with both UV and adriamycin treatment, and
support the conclusion that agents of DNA damage
cause an increased affinity and/or avidity of p53 for
mSin3a.

mSin3a binds both wild-type and mutant p53 proteins

Several proteins that interact with wild-type p53 also
interact with tumor-derived missense mutant alleles of
this protein; these proteins include MDM2, Taf;;31, and
the large T antigen of SV40 virus (Levine 1997). To de-
termine if mSin3a complexes with both mutant and
wild-type conformations of p53 protein, we performed
IP-Western analyses in Val5 cells. Immunoprecipitation
of Val5 cells grown at 39°C (mutant p53) with two dif-
ferent Sin3a antisera, or antisera specific to HDACI, re-
vealed the reproducible presence of mutant p53 in all
three immunocomplexes (Fig. 3A, lanes 3,5,7). The pres-
ence of wild-type p53 in these complexes is also clearly
detectable, even following washes of the immune com-
plex in RIPA buffer (Fig. 3A, lanes 4,6,8). Similar results
were obtained following IP with p53 antisera (mAb 421,
detects both wild-type and mutant conformation) fol-
lowed by Western analysis for mSin3a (Fig. 3B), support-
ing the finding that mSin3a can interact with both wild-
type and mutant p53 protein. Consistent with this, we
have found that the human tumor-derived p53 mutant
R175H is able to interact with mSin3a in vitro (data not
shown). These data indicate that like other p53-binding
proteins such as MDM2, Taf;31, and SV40 large T anti-
gen, mSin3a can interact with both mutant and wild-

type p53.

B o

DO-1

(p53 FL1-393, Santa Cruz Biotechnology) reveals the
presence of both mSin3a and HDACI1 in a complex
with this protein (lane 6). The amount of p53 present in
mSin3a complexes increases approximately fivefold
following post-translational stabilization of p53 protein
mediated by 6 hr treatment in DOX (lane 9). (C) IP of
MCEF-7 cell lysate from untreated cells (lanes 1,4), cells
treated with 4 J/m? UV irradiation (lanes 2,5), and cells
treated with ALLN (lanes 3,6). In lanes 1-3, lysate was
immunoprecipitated with antisera for mSin3a (AK-11,
Santa Cruz Biotechnology) and Western blotted with
DO-1 (Calbiochem). Lanes 4-6 represent Western blots
of straight lysate from the indicated samples.

Wild-type but not mutant p53 associates with mSin3a
at the Map4 promoter

Although it is clear from these studies that p53 associ-
ates in vivo in a complex containing mSin3a and HDAC
and that HDACs play a role in p53-mediated repression,
it became important to assess the overall contribution of
this complex to the repression of genes like Map4.
Therefore, we performed chromatin immunoprecipita-
tions (ChIPs) of the Map4 promoter using antisera spe-
cific for p53, mSin3a, and acetylated histone H3 (as per
Boyd et al. 1998). Initially these studies were performed
in the cell line Val5, described above (Wu et al. 1993).
Immunoprecipitation of DNA using polyclonal antisera
generated against full-length p53 or mSin3a was per-
formed on formaldehyde-cross-linked extract from cells
grown at 39°C (mutant p53) and 32°C (wild-type p53).
Following reversal of cross-links and proteinase K diges-
tion, a fragment corresponding to nucleotides -70 to
+350 of the Map4 promoter was amplified by PCR (see
Materials and Methods). These studies revealed that this
fragment of the Map4 promoter is reproducibly present
in a complex with p53 and mSin3a. However, this bind-
ing is detectable only when p53 is wild type and not
when this protein exists in a mutant conformation (Fig.
4, cf. lanes 3 and 4 with 7 and 8). These data indicate that
although mutant p53 can interact with mSin3a, only
wild-type p53 and mSin3a are present at the promoter of
Map4 in vivo. Therefore, like the p53 coactivator Taf;31
(Lu and Levine 1995), the mSin3a corepressor associates
with both mutant and wild-type forms of p53 protein,
but only the latter interaction is accompanied by DNA
binding and is therefore functionally consequential.

We extended these studies to include an analysis of the
acetylation status of nucleosomes at the Map4 promoter
in Val5 cells. Immunoprecipitation of Val5 cells using
antisera specific for acetylated histone H3 (Upstate Bio-
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Figure 3. mSin3a interacts with both mutant and wild-type
conformations of p53 protein. IP~-Western analysis of Val5 cell
extract (temperature-sensitive p53 protein) at 39°C (mutant
p53) and following temperature shift to 32°C for 24 hr (wild-
type p53). (A) Both wild-type and mutant forms of p53 protein
are present in mSin3a immunocomplexes (top, lanes 3-6), and
in HDAC1 immunocomplexes (lanes 7,8). No p53 is immuno-
precipitated with irrelevant antisera (rabbit IgG, lanes 1,2). Fifty
micrograms of total protein from each sample is loaded as a
control (lanes 9,10). (B) (Top) mSin3a is present in p53 immu-
nocomplexes precipitated by mAb 421, which detects both mu-
tant and wild-type p53, (bottom), even following extensive
washes in RIPA buffer (see Materials and Methods). Western
analysis of the bottom panel was performed using polyclonal
antisera raised against full-length p53 (FL-393, Santa Cruz Bio-
technology).

technology, Inc.) revealed that the Map4 promoter was
preferentially associated with acetylated histone H3
when p53 was in the mutant conformation (39°C, Fig.
4B). Temperature shift and wild-type p53 induction
caused a significant decrease in the association of this
promoter with acetylated histone H3 (Fig. 4B, 32°C). The
simplest interpretation of these data is that histones at
the Map4 promoter are deacetylated in the presence of
wild-type p53. As a positive control for these studies, we
analyzed by ChIPs assay the interaction of wild-type p53
with the mdm?2 promoter. Here, only p53 in the wild-
type conformation was able to immunoprecipitate the
mdm?2 promoter (Fig. 4C, lane 5). Antisera to mSin3a
was unable to immunoprecipitate the mdm?2 promoter
at either temperature (Fig. 4C, lanes 3,6). The mSin3a
interaction thus appears specific to the promoter of the
p53-repressed gene Map4.

Like human tumor-derived mutants of p53, the syn-
thetic p53 double mutant at amino acids 22 and 23 (Lin
et al. 1994) is also unable to repress transcription of
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genes like Map4 (Sang et al. 1994; Murphy et al. 1996).
Interestingly, like mutant conformations of p53, we
found that the 22/23 mutant of p53 was unable to im-
munoprecipitate with the Map4 promoter, under condi-
tions where wild-type p53 was able to bind (Fig. 4D,
lanes 2,6). Following transfection of p53 into H1299 cells
(p53 null), antisera to mSin3a was likewise able to im-
munoprecipitate the Map4 promoter only in the pres-
ence of wild-type p53 and not the 22/23 mutant (Fig. 4D,
lanes 3,7). These data indicate that there is a consistent
correlation between repression-defective p53 mutants
(valine 135 and 22/23) and an inability to assemble with
mSin3a at the Map4 promoter.

p53 and mSin3a binding domains

To identify protein domains required for the p53-mSin3a
interaction, we performed in vitro binding assays using
GST fusion proteins of p53 and mSin3a. We first tested
for the ability of a GST fusion protein of full-length p53
for the ability to associate with in vitro-translated, [*°S-
|methionine-labeled mSin3a. As shown in Figure 5A,
GST p53 (amino acids 1-393) but not GST alone was able
to interact with radiolabeled mSin3a following precipi-
tation of the complex using glutathione-Sepharose and
extensive washing (lanes 1,2). In contrast, neither GST
nor GST-p53 showed an interaction with HDACI (Fig.
5A, lanes 7-9). These results suggest that p53 recruits
HDACI1 through a physical association with mSin3a, in
a manner similar to that reported for the Mad/Max het-
erodimer (Laherty et al. 1997). Next, we wished to deter-
mine which region(s) of p53 mediate the association
with mSin3a. Similar in vitro binding assays were per-
formed using GST fusion proteins comprised of trun-
cated versions of p53 (corresponding to amino acids
1-160, 160-320, and 311-393). Interestingly, two distinct
regions of the p53 protein, amino acids 1-160 (Fig. 5A,
lane 3) and amino acids 311-393 (lane 5) were both found
to interact with mSin3a. Therefore, like SMRT, p53 ap-
pears to possess two discrete regions that interact with
mSin3a (Nagy et al. 1996). It is of note that these same
two mSin3a-binding domains of p53 (1-160 and 311-393)
overlap with two regions shown previously to function
as autonomous transrepression domains (Sang et al.
1994; Horikoshi et al. 1995).

To more finely map the amino-terminal region of p53
necessary for the interaction with mSin3a, we extended
these studies to include mutants of p53 for which the
tetramerization domain of p53 has been replaced with
that of GCN4 (Waterman et al. 1996). These studies were
necessary because our data indicate that the carboxy-
terminal mSin3a interaction domain of p53 overlaps
with the tetramerization domain of p53 (amino acids
320-360; M. Murphy et al., unpubl.). Deletion of this
domain from p53 (necessary to map the amino-terminal
interaction domain), however, significantly inhibited the
ability of the amino-terminal domain of p53 to interact
with mSin3a (data not shown). Therefore, in vitro bind-
ing assays were performed using p53 synthetic mutants
containing the GCN4 tetramerization domain (TZ) in
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Figure 4. Wild-type p53 and mSin3a interact with the Map4 promoter in vivo, resulting in decreased association of this promoter with
acetylated histones. (A) ChIPs assay of the Map4 promoter (nucleotides -70 to +350, where +1 represents that start site of transcription)
in Val5 cells cultured at 39°C (mutant p53) or 32°C (wild-type p53). IP of formaldehyde-cross-linked lysate was performed using 10 pg
of anti-p53 or anti-mSin3a, followed by PCR using oligonucleotides specific for the Map4 promoter. As negative controls, lysis buffer
alone was added to an anti-p53 IP (lanes 6,10), or lysate was incubated without antibody (lanes 5,9). The doublet band represents an
occasional internal priming event seen with the Map4 reverse primer. For total input chromatin, 1 pl of a 1:300 dilution of DNA was
used for the PCR. (B) ChIPs analysis of the Map4 promoter in Val5 cells using antisera specific for acetylated histone H3 (Upstate
Biotechnology, Inc.). Following immunoprecipitation of Val5 extract and PCR of eluted chromatin, the agarose gel was blotted and
hybridized to the full-length Map4 promoter. As negative controls, no antisera or 5 pg of anti-acetylated histone H3 was used for the
IP of extract and binding buffer alone, respectively. (C) Wild-type p53, but not mutant p53 or mSin3a, associates with the mdm?2
promoter in vivo. Immunoprecipitated chromatin from the experiment in A was used for PCR of the murine mdm?2 promoter, using
oligonucleotides that flank the p53-binding sites in this promoter. Prior to PCR for 25 cycles, immunoprecipitated chromatin was
diluted 1:1000. For total input chromatin, 1 ul of a 1:300 dilution was used. (D) ChIPs assays were performed as above using extract
from H1299 cells (human lung adenocarcinoma, p53 null) transfected with either human wild-type p53 (lanes 5-7) or human p53
containing mutations of amino acids 22 and 23 (lanes 1-3). Ten micrograms of polyclonal antisera to p53 or mSin3a (Santa Cruz
Biotechnology), or no antibody, was used for immunoprecipitations, followed by PCR of the Map4 promoter. Western analysis
indicated that equivalent levels of wild-type p53 and the 22/23 mutant were expressed in the transfected cells.

place of the p53 oligomerization domain. These studies 297-386 (PAH 2), 297-529 (PAH2-3) and 297-965

indicated that both full-length p53 containing the GCN
tetramerization domain and a deletion mutant in which
the first 40 amino acids of p53 are deleted (A1-40;,TZ)
were capable of interacting with mSin3a (Fig. 5B, lane 6;
data not shown). In contrast, deletion of amino acids
1-100 of p53 rendered the TZ mutant unable to bind
(A1-100;TZ, Fig. 5B, lane 8). A conservative interpreta-
tion of these data is that amino acids 40-160 of p53 are
necessary for the amino-terminal interaction with
mSin3a. A summary of results from in vitro binding as-
says is included in Figure 5C.

To localize the region in mSin3a mediating the asso-
ciation with p53, similar in vitro interaction experi-
ments were performed with GST p53 and truncated ver-
sions of mSin3a corresponding to amino acids 112-192
(paired amphipathic helix 1, PAH1), 112-386 (PAH1-2),

(PAH2-4). As shown in Figure 5D, neither PAH1 nor
PAH2 (lanes 6,9) was observed to interact with GST p53.
In contrast, both PAH2-3 and PAH2-4 (lanes 15,18) as-
sociated with GST p53 in a manner similar to that of the
full-length mSin3a protein (lane 3). Further delineation
of the p53 binding site of mSin3a revealed that this bind-
ing domain is actually located between the second and
third PAH domains of mSin3a (amino acids 392-475)
(Fig. 5E, lane 4). The specificity of this interaction is
supported by a failure of the 392-475 mutant of mSin3a
to associate with the corepressor SMRT (data not
shown), which has been shown to require the PAH4 do-
main to bind mSin3a (Nagy et al. 1997). These results
indicate that p53 interacts with mSin3a in a region that
does not include a PAH domain but, rather, is located in
between PAH domains 2 and 3 (amino acids 392-475).
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Figure 5. p53 interacts with mSin3a in vitro. (A) GST fusion proteins of p53, which include the p53 amino acids listed, were assayed
for binding to the in vitro-translated radiolabeled proteins listed above each panel. Input lanes include 50% of the radiolabeled input
protein, unless noted otherwise. Arrows mark the major in vitro-translated product. These data indicate that p53 amino acids 1-160
(lane 3) and 311-393 (lane 5) interact with mSin3a in this assay. Negative controls include GST alone (lanes 1,7), and in vitro-translated
HDACI (lanes 7,8). (B) Binding assays of in vitro-translated mSin3a (100% input in bottom panel) with in vitro-translated synthetic
p53 mutants (25% of input in top panel). Although deletion of amino acids 360-393 of p53 does not inhibit interaction with mSin3a
(middle panel, lane 2), deletion of amino acids 320-393 (the oligomerization domain, lane 3) abolished binding. Replacement of the p53
oligomerization domain with a modified leucine zipper tetramerization domain from GCN4 (TZ) allows for mSin3a binding (data not
shown), and deletion of p53 amino acids 1-40 does not inhibit this binding (A1-40;TZ, lane 6). In contrast, deletion of amino acids
1-100 (A1-100;TZ) inhibits the ability of p53 to complex with mSin3a (middle panel, lane 8). As negative controls, luciferase showed
undetectable binding to either mSin3a or p53, and mSin3a antiserum was unable to immunoprecipitate the p53 mutants incubated
alone (bottom panel). (C) Summary of data obtained from in vitro binding assays; the combined data indicate that p53 amino acids
40-160 comprise the amino-terminal binding domain for mSin3a; amino acids 320-360 comprise the carboxy-terminal binding
domain. (D) Binding of GST alone or a GST fusion protein encoding full-length p53 (GST-p53) with in vitro-translated radiolabeled
full-length mSin3a, or mSin3a deletion mutants containing the paired amphipathic helical (PAH) domains listed above each panel. The
mSin3a construct encoding PAH domains 2-3 constitutes the minimal p53 binding region. (E) A GST fusion protein containing mSin3a
amino acids 392-475, which comprises the domain in between PAH domains 2 and 3, is sufficient to bind to in vitro-translated p53.

TSA inhibits p53-mediated apoptosis a temperature-sensitive protein, as well as a constitu-

tively expressed c-myc proto-oncogene; the characteris-
To assess the contribution of p53-mediated repression to tics of this line, and its ability to undergo apoptosis at
apoptosis, we utilized the cell line Vm10. This murine 32°C, have been described (Chen et al. 1996). Tempera-
cell line contains a stably transfected p53 gene encoding ture shift and wild-type p53 induction of these cells re-
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Figure 6. p53-induced apoptosis in the Vm10 cell line is inhib-
ited by TSA. Caspase-3 activity was analyzed in the Vm10 cell
extracts indicated; cells were cultured at 39°C (mutant p53) or
32°C [wild-type (wt) p53, apoptosis] in the presence or absence
of 100 nm TSA for 24 hr. As positive controls, Vm10 cells were
cultured at 39°C in the presence of 100 nm staurosporine (Cal-
biochem), TNFa (10 ng/ml, RD Systems) plus cycloheximide
(CHX, 40 pg/ml), or dilution vehicle alone (DMSO, 39°C). The
activity of caspase-3 is measured as the ability of cell extract to
catalyze the cleavage of AMC-DEVD and release the AMC fluo-
rochrome. Readings were performed in duplicate; in the case of
temperature-shifted cells, the data plotted are the average re-
sults of three independent experiments, with standard devia-
tions plotted on the error bars. For staurosporine and TNFa-
treated cells, the data plotted are the averages of two indepen-
dent experiments. As a negative control, an inhibitor specific for
caspase-3 (Ac-DEVD-CHO) was also added to the cell extract
(light stippled bars).

sults in a significant increase in caspase-3-dependent
AMC-DEVD hydrolysis, a readout for apoptosis, as mea-
sured in a spectrofluorometric assay (see Fig. 6). In con-
trast, lysate from cells cultured at 39°C, or following
addition of the caspase-3 inhibitor Ac-DEVD-CHO,
showed negligible AMC cleavage (Fig. 6). Culture of
Vm10 cells at 32°C (wild-type p53) in the presence of 100
nM TSA resulted in a greater than fourfold inhibition of
caspase-3-dependent AMC hydrolysis. The remaining
caspase-3 activity was not significantly different from
Vm10 cells cultured at 39°C (mutant p53) and treated
with TSA, indicating that this residual activity stems
from toxicity associated with TSA treatment, rather
than from p53 induction. We have also performed flow
cytometry of Vm10 cells cultured at 39°C and 32°C in
the presence and absence of TSA and found that 100 nm
TSA reduces the sub-G; population of Vm10 cells cul-
tured at 32°C (wild-type p53; data not shown). TSA treat-
ment was unable to inhibit apoptosis significantly (quan-
titated as caspase 3-dependent proteolysis of AMC-
DEVD) induced in Vm10 cells cultured at 39°C (mutant
p53), and treated with either staurosporine or tumor ne-
crosis factor o( TNFq; Figure 6). Therefore, the ability of
TSA to inhibit apoptosis is specific for p53-dependent
apoptosis.

Transcriptional repression by p53

The p53/mSin3a complex persists following
DNA damage

Next we analyzed the time course of the p53-mSin3a
interaction following exposure of cells to the DNA-dam-
aging agent DOX. Both p53-mSin3a and p53-p300 com-
plexes were monitored by IP~-Western analysis in a time
course following adriamycin treatment of MCE-7 cells.
As a control, p53 was immunoprecipitated using poly-
clonal antisera generated against full-length p53 (Santa
Cruz Biotechnology). p53 levels were also assessed at
each time point by Western analyses (data not shown).
As depicted in Figure 7, DOX treatment of MCF-7 cells
resulted in a significant increase in total p53 protein af-
ter 4 and 8 hr of treatment; this level decreased some-
what after 12 hr (Fig. 7, lanes 1-4). IP with two different
antisera to mSin3a revealed a similar increase in the
amount of p53 coimmunoprecipitating with mSin3a an-
tisera at 4, 8, and 12 hr after DOX treatment (Fig. 7, lanes
5-8; data not shown). The p53-p300 complex was con-
sistently more difficult to detect, and typically was pre-
sent only transiently, at 4 hr after DOX treatment (Fig. 7,
lane 10). These results were consistent in over six inde-
pendent experiments, using two different antibodies to
p300, both of which immunoprecipitated similar
amounts of p300 (data not shown). These data indicate
that the time course of p53 association with mSin3a and
p300 may be distinct following DNA damage; this might
reflect the ability of p300 to serve as a template for the
degradation of p53, mediated by MDM2 (Grossman et al.
1998).

Discussion

It has been clear for some time that wild-type p53 can
repress gene transcription (Ko and Prives 1996, Murphy
and Levine 1998). Attempts to understand this activity
have been complicated by the ability of p53 to repress
gene transcription in a non-sequence-specific manner,
particularly in reporter assays using transient transfec-
tions where p53 and target promoters are greatly overex-
pressed. Therefore, the relevance of transcriptional re-

MCEF-7
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Figure 7. p53-mSin3a complexes exist for extended periods of
time following DNA damage. IP of MCF7 cells treated with 0.5
pug/ml DOX for the indicated time points with antibodies to p53
(rabbit polyclonal to p53, p53, FL393, Santa Cruz Biotechnol-
ogy), mSin3a (AK11, Santa Cruz Biotechnology), and p300 (N15,
Santa Cruz Biotechnology), followed by Western analysis for
p53 (DO-1, Calbiochem). The depicted data are representative of
six independent experiments and were reproducible with two
different antibodies to p300, which detected similar amounts of
total p300 protein (see Materials and Methods).
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pression by p53, and elucidation of the underlying
mechanism, has awaited the reliable identification of en-
dogenous p53-repressed genes. Several groups have re-
cently reported the existence of genes whose endogenous
expression is decreased following wild-type p53 induc-
tion; these include the stathmin (Ahn et al. 1999) and
Map4 genes (Murphy et al. 1996). Nuclear run-on analy-
ses indicate that Map4 is repressed at the level of tran-
scriptional initiation following p53 induction (Murphy
et al. 1996). How p53 can repress the expression of genes
like Map4 has been unclear to date. Our data place p53 in
a complex with a known corepressor and HDAC-binding
protein, mSin3a, at the promoter of the Map4 gene. A
decreased association of the Map4 promoter with acety-
lated histones accompanies the p53-mSin3a interaction.
Mutant p53 proteins defective at transcriptional repres-
sion (valine 135 and human 22/23) are likewise defective
at associating with mSin3a at the Map4 promoter. These
data constitute a powerful argument that sequence-spe-
cific binding is necessary for p53-mediated repression,
and further that the p53-mSin3a-HDAC]1 complex has a
role in transcriptional repression of gene expression me-
diated by p53.

How p53 is targeted to the promoters of p53-repressed
genes is currently an active area of study by several
groups. We have cloned and characterized the Map4 pro-
moter and shown that a specific fragment of this pro-
moter interacts with wild-type p53, but not mutant
forms of this protein, in a sequence-specific manner
(W.H. Hoffman and M. Murphy, in prep.). Notably, how-
ever, this promoter lacks a canonical p53-response ele-
ment, so this binding activity apparently involves a
novel DNA-binding site. Additionally, although p53 im-
munopurified from mammalian nuclear extract is ca-
pable of interacting with the Map4 promoter, p53 protein
purified from baculovirus p53-infected insect cells is not
(W.H. Hoffman and M. Murphy, in prep.). It is possible
that at least one other protein, not present in insect cells,
is required to target p53 to the promoter of Map4 and
perhaps to other repressed promoters as well. Recently,
two groups have identified DNA-binding elements in-
volved in p53-mediated transcriptional repression. One
group found that a p53 half-site (two palindromic
pentamers of consensus 5'-PuPuPuCA/TT/AGPyPyPy-
3') allows p53 to repress the hepatitis B virus (HBV) en-
hancer (Ori et al. 1998). Similarly, Lee and colleagues
(1999) found that a perfect half site, possibly coupled
with an imperfect pentamer, competes with HNF-3 and
represses the a-fetoprotein gene. As the Map4 promoter
contains neither a perfect nor an imperfect pentamer
site, it is likely that an entirely novel binding element
for repression exists for this promoter. However, the
mechanism of repression (coupling of mSin3a and HDAC)
may well be conserved for all three of these promoters.

Our in vitro data indicate that there is most likely a
direct interaction between p53 and mSin3a. However, as
these studies used in vitro-translated proteins, we can-
not exclude the formal possibility that a protein present
in reticulocyte lysate mediates this interaction. We have
mapped the domain necessary for the p53-mSin3a inter-
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action to two regions of p53 protein, from amino acids
40-160 and 320-360 (human p53). Notably, these two
domains of p53 overlap with those previously implicated
in transcriptional repression by p53 (Sang et al. 1994,
Horikoshi et al. 1995). We have also shown that nano-
molar concentrations of TSA can effectively inhibit p53-
dependent apoptosis, but do not detectably affect p53-
dependent transactivation nor apoptosis induced by
staurosporine or TNFa. These data argue for a role of
p53-dependent transrepression in apoptosis induction by
this protein, and are consistent with reports that MDM?2,
protein which inhibits transrepression by p53 (Chen et
al. 1995), also inhibits p53-dependent apoptosis in the
Vm10 cell line (Chen et al. 1996). These data are further
supported by a recent report from Koumenis et al.
(manuscript submitted). In this study these investigators
found that during p53 induction mediated by hypoxia,
p53 functions as a transcriptional repressor of genes like
Map4 and stathmin but does not detectably activate the
expression of genes like bax and p21/waf1. Furthermore,
uncoupling of the mSin3a-HDAC1 complex markedly
inhibits apoptosis induced by p53 in hypoxic cells (Kou-
menis et al., in prep.).

The p53-HDAC interaction may have further func-
tional significance. Recently it was demonstrated that
p53 interacts with the coactivator p300, as well as the
closely related protein CBP (Avantaggiati et al. 1997; Lill
et al. 1997). Both of these proteins have histone acetyl-
transferase (HAT) activity and also interact with another
HAT protein, pCAF-1 (Blanco et al. 1998). The p53-p300
interaction has been shown to be critical for both trans-
activation (Avantaggiatti et al. 1997; Lill et al. 1997) and
apoptosis induction (Avantaggiatti et al. 1997) by p53.
Additionally, however, p53 was shown to be a substrate
for acetylation by this protein (Gu and Roeder 1997).
Acetylation of p53 on lysine 382 has been demonstrated
to relieve part of the negative regulation of p53 conferred
by the carboxyl terminus of this protein (Gu and Roeder
1997; Sakaguchi et al. 1998) and may represent an im-
portant post-translational modification of p53 following
DNA damage (Giaccia and Kastan 1998). Our data indi-
cate that in addition to associating with HATs, p53 also
associates with HDACs. These data raise the formal pos-
sibility that in addition to contributing to transrepres-
sion of genes like stathmin and Map4, the HDAC-
mSin3a-p53 association may also result in the deacety-
lation of p53 and have a role in the regulation of this
protein. This hypothesis awaits further testing. The data
presented here support the hypothesis that mSin3a plays
arole in p53-mediated transcriptional repression by teth-
ering p53 in a repressor complex with HDACs. How the
formation of this complex is regulated and targeted to
the selected promoters of p53-repressed genes remain the
next questions to be addressed.

Materials and methods

Cell culture

MCEF-7 cells were maintained in RPMI-1640 supplemented with
10% fetal bovine serum (FBS) and 100 U/ml penicillin and



streptomycin. The A2780 ovarian carcinoma cell line, kindly
provided by Tom Hamilton (Fox Chase Cancer Center), was
maintained in RPMI-1640 supplemented with 10% FBS, 100
U/ml penicillin and streptomycin, 0.3 mg/ml glutamine, and
0.25 U/ml porcine insulin. The Val5 and Vm10 murine embryo
fibroblast cell lines were maintained as described (Wu et al.
1993; Chen et al. 1996). All cells were grown at 37°C (unless
noted otherwise) in a 5% CO, humidified atmosphere.

Cell treatment/p53 induction

Subconfluent cultures of MCF-7 and A2780 cells were treated
with 100 nm TSA (Sigma) for 2 hr, followed by incubation with
0.5 pg/ml DOX (Sigma) for the indicated time points. Val5 cells
grown at 39°C were treated with 100 nm TSA for 2 hr, followed
by temperature shift to 32°C for 12 hr. p53 induction was moni-
tored by Western analysis of 100 pg of protein as described (Mur-
phy et al. 1996), using 0.1 ng/ml DO-1 (Ab-6, Calbiochem) or
421 (Ab-1, Calbiochem). MDM2 induction was monitored using
mADb 2A10, kindly provided by Arnold Levine (Rockefeller Uni-
versity, New York, NY). For UV treatments, cells were irradi-
ated with 4 J/m? of UV-C with a Spectroline X series UV lamp,
and output was monitored with a traceable UV light meter
(Fisher Scientific). For ALLN treatment, MCF-7 cells were
treated with 50 um ALLN (Sigma) made in DMSO (Sigma) or
with DMSO alone for 2 hr prior to harvesting.

Northern analysis

Total RNA was isolated from cells using CsCl purification
(Murphy et al. 1996) or using Trizol, as per the manufacturer
(GIBCO/BRL). Northern analyses were performed as described
(Murphy et al. 1996). Probes for Northern blots were radiola-
beled using random primers (Prime-It-II, Stratagene) and
[«-32P]dCTP (NEN). Autoradiographs were quantitated using
NIH image software. The average values from three indepen-
dent experiments were plotted onto bar graphs following nor-
malization to GAPDH.

Immunoprecipitation and Western analysis

Subconfluent cultures of cells were harvested and lysed in NP-
40 buffer supplemented with protease inhibitors (1 mm PMSF,
10 pg/ml pepstatin A, 10 pg/ml aprotinin, and 5 ng/ml leupep-
tin). Protein concentrations were determined by the method of
Bradford (Bio-Rad). Equal microgram amounts of protein (be-
tween 2.0 and 3.0 mg) were immunoprecipitated with 1 pg of
each antibody, except for Val5 immunoprecipitations, which
used 1000 pg of protein, as described (Murphy et al. 1996). For
p300, antibody N15 (Santa Cruz Biotechnology) and AB-1 (Cal-
biochem) yielded similar results. Each IP was washed twice in
NP-40 buffer (Wu et al. 1993) followed by two washes in RIPA
buffer (50 mm Tris at pH 7.4, 150 mm NaCl, 1% Triton X-100,
0.1% SDS, 1% Na deoxycholate). IPs were run on 7.5%-10%
SDS—polyacrylamide gels and transferred overnight onto Im-
muno-Blot PVDF membrane (Bio-Rad). Western blots were
blocked and incubated in antibody in PBS/0.2% Tween-20/5%
nonfat dry milk. Blots were incubated with 1 ng/ml antibody for
1 hr at room temperature, followed by washing in PBS/0.2%
Tween-20 and incubation in peroxidase-conjugated secondary
antibody (Jackson ImmunoResearch Laboratories), as well as
chemiluminescence detection (NEN).

ChIPs

ChIPs assays were performed essentially as described (Boyd et
al. 1998), except that lysate from 1 x 107 cells was diluted eight-
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fold in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2
mMm EDTA, 16.7 mm Tris at pH 8.1, 167 mm NaCl), and bound
complexes were collected with protein A-agarose containing
salmon sperm DNA and BSA (Upstate Biotechnology, Inc.). For
ChIPs assays using antisera specific to acetylated histone H3,
the acetyl-histone H3 ChIP assay protocol was performed ex-
actly as specified by the manufacturer (Upstate Biotechnology,
Inc.). PCR of the Map4 promoter was performed on immuno-
precipitated chromatin using oligonucleotides 5’-AGGTGGC-
CGCTTCCTCGTCG-3' (forward) and 5'-CTTCTCAACTTG-
GTCCAGC-3' (reverse), as described (Boyd et al. 1998). PCR of
the mdm?2 promoter was performed using the oligonucleotides
5-CGGGTCGCGCTGGCTCGTTG-3" and 5-ATGCATT-
TACGAAGGAGACA-3'. To ensure that PCR was in the linear
range, 1:300 (Map4) and 1:1000 (mdm?2) dilutions of DNA were
amplified for a maximum of 30 cycles. For transfection experi-
ments, asynchronously growing H1299 cells (human lung ad-
enocarcinoma, p53-null) were transfected using lipofectin
(GIBCO/BRL) with plasmids encoding the murine Map4 pro-
moter in pGL2-basic (10 pg) plus 2 ug of either pRe/CMV hu-
man wild-type p53, or pRc/CMV human p53 22/23 (courtesy of
Jiayuh Lin and Arnold Levine). Thirty-six hours following trans-
fection, lysate from 10 cross-linked cells was immunoprecipi-
tated with antisera to p53 (rabbit polyclonal, Santa Cruz Bio-
technology) or mSin3a (AK-11, Santa Cruz Biotechnology) using
the method outlined above, and PCR was performed as above. In
some cases, PCR products were run on 2% agarose, blotted by
the method of Southern, and hybridized with the full-length
Map4 promoter. Equivalent expression of the wild-type p53 and
22/23 mutant in transfections was monitored by Western
analysis of transfected cells.

In vitro interaction assays

GST fusion proteins were prepared from Escherichia coli cells
as described (Murphy et al. 1996). One microgram of GST or
fusion protein was bound to glutathione-Sepharose beads and
incubated with 10 ul of [**SJmethionine-labeled, in vitro-trans-
lated proteins generated in a coupled transcription/translation
system (TNT, Promega). Binding occurred in 300 ul of binding
buffer (20 mm HEPES at pH 7.9, 150 mm KCI, 1 mm EDTA, 4 mm
MgCl,, 1 mm DTT, 0.02% NP-40, 10% glycerol) supplemented
with protease inhibitors. Proteins were bound for 30 min at 4°C
and bound complexes were washed three times in wash buffer
with constant vortexing (20 mm HEPES at pH 7.9, 150 mm KCl,
1 mm EDTA, 4 mm MgCl,, 1 mm DTT, 0.1% NP-40, 10% glyc-
erol). Bound proteins were eluted in 1x Laemmli sample buffer
and separated by 7.5% or 10% SDS-PAGE. For interaction as-
says using only in vitro-translated proteins, 15 ul of radiolabeled
mSin3a was added to 15 pl of nonlabeled protein in 300 ul of
NP-40 buffer. After 30 min at 4°C, 0.2 ng of rabbit polyclonal
antisera to p53 or mSin3a (Santa Cruz Biotechnology) and 30 pl
of 50% (vol/vol) protein A-Sepharose were added and incubated
for 30 min longer at 4°C. Bound complexes were washed twice
in NP-40 buffer, once in RIPA buffer, and resolved by SDS-
PAGE.

Construction of p53 deletion mutants

Deletion mutants containing the GCN4 tetramerization
domain were generated by PCR of the plasmid
pGEMhp53TZ334NR (kindly provided by Thanos Halazonetis)
using forward oligonucleotides initiating at amino acid 40 or
amino acid 100. In all cases, sequence analysis of the cloned
PCR products revealed wild-type p53 sequence.
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Apoptosis assays

Apoptosis was quantitated using the AMC-caspase assay spe-
cific for caspase-3 (Pharmingen). Vm10 cells were grown at 39°C
or temperature-shifted to 32°C for 24 hr in the presence or ab-
sence of 100 nm TSA. Vm10 cells at 39°C were treated with
staurosporine (Calbiochem) at 100 nmMm, dilution vehicle
(DMSO), or TNFa plus cycloheximide (10 ng/ml TNFa, RD
Systems, plus 40 pg/ml cycloheximide, Sigma). Cells were har-
vested and lysed, and lysate was monitored for the caspase-3-
dependent hydrolysis of the fluorogenic substrate Ac-DEVD-
AMC, according to protocols derived from the manufacturer
(Pharmingen). As a control for nonspecific proteolysis, lysates
from 39°C and 32°C were also assayed in the presence of the
caspase-3 inhibitor Ac-DEVD-CHO (N-acetyl-Asp-Glu-Val-
Asp-aldehyde, Pharmingen). Fluorescence emissions were quan-
tified on a spectrofluorometer (VersaFluor Cuvette Fluorom-
eter) with excitation wavelength of 360 nm and emission of 460
nm. The data represent duplicate readings of the averaged val-
ues from two (TNFa and staurosporine) or three (temperature
shift) independent experiments.
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