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While the transactivation function of the tumor suppressor p53 is well understood, less is known about the
transrepression functions of this protein. We have previously shown that p53 interacts with the corepressor
protein mSin3a (hereafter designated Sin3) in vivo and that this interaction is critical for the ability of p53 to
repress gene expression. In the present study, we demonstrate that expression of Sin3 results in posttransla-
tional stabilization of both exogenous and endogenous p53, due to an inhibition of proteasome-mediated
degradation of this protein. Stabilization of p53 by Sin3 requires the Sin3-binding domain, determined here to
map to the proline-rich region of p53, from amino acids 61 to 75. The correlation between Sin3 binding and
stabilization supports the hypothesis that this domain of p53 may normally be subject to a destabilizing
influence. The finding that a synthetic mutant of p53 lacking the Sin3-binding domain has an increased
half-life in cells, compared to wild-type p53, supports this premise. Interestingly, unlike retinoblastoma tumor
suppressor protein, MDMX, and p14ARF, Sin3 stabilizes p53 in an MDM2-independent manner. The ability of
Sin3 to stabilize p53 is consistent with the model whereby these two proteins must exist on a promoter for
extended periods, in order for repression to be an effective mechanism of gene regulation. This model is
consistent with our data indicating that, unlike the p300-p53 complex, the p53-Sin3 complex is immunologi-
cally detectable for prolonged periods following exposure of cells to agents of DNA damage.

The p53 tumor suppressor protein is widely believed to mon-
itor the cellular stress response to genotoxic damage, as well as
unfavorable environmental conditions such as hypoxia, inade-
quate growth factor levels, and unscheduled cellular division
(31). In response to these stimuli, p53 becomes posttransla-
tionally stabilized and activated as a transcription factor (for
review, see references 15, 27, and 31). The cellular outcome of
this response is p53-mediated growth arrest at the G1 and
G2/M checkpoints or induction of programmed cell death (ap-
optosis). In part, cell type and environmental signals mediate
the decision between growth arrest and apoptosis, but the level
of p53 induced in the cell also plays a role (9). Given the
significance of the outcome of unregulated amounts of p53
protein in a cell (growth arrest or cell death), elucidation of the
parameters that control p53 levels in vivo continues to be an
important area of study.

In normal cells p53 protein has a very short half-life (5 to 20
min), and there is good evidence that it is subject to ubiquitin-
mediated degradation via the 26S proteasome (32, 44). Cells
with a temperature-sensitive E1 enzyme show high levels of
p53 at the restrictive temperature (10), and ubiquitin conju-
gates of p53 are evident in many cell types (32). There exist
several proteins that control the level of p53 in the cell; not
surprisingly, the functions of many of these are altered in
human cancer. Perhaps chief in importance among these pro-

teins is MDM2. MDM2 binds to p53 and enhances its ubiq-
uitin-mediated degradation by acting directly as an E3 ubiq-
uitin ligase; this activity requires MDM2’s nuclear export
function (18, 21, 22, 29, 39, 48). This appears to occur only for
the p53 oligomer, as the p53 monomer is unable to interact
with MDM2 (33). Nontetrameric p53 also requires its own
nuclear export sequence, which is deeply imbedded in the
oligomerization domain and consequently masked on the
monomer (14, 45). These data implicate the existence of mul-
tiple mechanisms controlling p53 stability.

Inhibition of normal MDM2 function, by antibody binding
(which breaks the p53-MDM2 complex), by expression of an-
tisense RNA to MDM2, or by the drug leptomycin B (which
inhibits nucleocytoplasmic shuttling), leads to accumulated
p53 in the cell and subsequent apoptosis (6, 8, 12). Addition-
ally, much of the posttranslational stabilization of p53 follow-
ing exposure to DNA-damaging agents results from inhibition
of the MDM2-p53 interaction. This interaction is weakened by
phosphorylation of p53 at serine 20 following genotoxic stress
(7, 38, 43), as well as by phosphorylation of MDM2 by kinases
of the ATM family (26, 37). Similarly, there are at least three
cellular proteins that stabilize p53 by antagonizing MDM2
function. The p14ARF tumor suppressor protein directly antag-
onizes the ability of MDM2 to degrade p53 by relocalizing the
p14ARF-MDM2-p53 complex in a manner that interferes with
degradation of p53 (25, 52) and by inhibiting MDM2’s ubiq-
uitin ligase activity (22). The retinoblastoma tumor suppressor
protein (pRB) and the MDM2 homologue MDMX have also
been shown to stabilize p53; like p14ARF, these proteins ac-
complish this by inhibiting the function of MDM2 (23, 42).
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Additionally, however, control of p53 stability by mechanisms
that are independent of MDM2, by calpain 1, Jun N-terminal
kinase (JNK), and b-catenin, has also been observed (11, 13,
28).

We previously described the interaction of p53 with the
corepressor protein mSin3a (hereafter designated Sin3); this
interaction is necessary for the ability of p53 to repress tran-
scription (36). Sin3 is a ubiquitous nuclear corepressor protein
that is utilized by many other transcriptional repressors (for a
review, see reference 3). When analyzing the ability of p53 to
cooperate with Sin3 to repress gene expression, we noted a
consistent increase in both endogenous and exogenous p53 in
cells in which Sin3 is introduced. We report here that interac-
tion with Sin3 stabilizes p53 protein by inhibiting proteasome-
mediated degradation of this protein. This stabilization re-
quires the Sin3-binding domain of p53 (amino acids 61 to 75)
and specifically requires the proline residue at amino acid 71 of
p53. Interestingly, we show that unlike pRB, MDMX, and
p14ARF, Sin3 can stabilize p53 in MDM2-null cells. The com-
bined data suggest that the Sin3-binding domain of p53, which
maps within the proline-rich region of p53, may normally be
subject to interaction with a destabilizing protein. Interaction
with Sin3 would be predicted to inhibit this destabilization,
thereby facilitating the existence of the p53-Sin3 repression
complex on the promoters of p53-repressed genes.

MATERIALS AND METHODS

Cell culture. The H1299 human lung adenocarcinoma cell line was maintained
in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine
serum (FBS) and 100 U of penicillin-streptomycin/ml. MCF-7 human breast
carcinoma cells were maintained in RPMI 1640 medium supplemented with 10%
FBS and 100 U of penicillin-streptomycin/ml. 174-1 cells are murine embryo
fibroblasts that are null for both p53 and MDM2 and were provided courtesy of
Gigi Lozano, M. D. Anderson Cancer Center. These cells were maintained in
Dulbecco’s modified Eagle medium supplemented with 10% FBS and 100 U of
penicillin-streptomycin/ml. All cells were grown at 37°C in a 5% CO2 humidified
atmosphere.

Plasmid constructs and transfections. Kevin Ryan and Karen Vousden (Na-
tional Cancer Institute) kindly provided the Tyr175 mutant of p53. The deletion
mutants of p53 (D1–40TZ, D44–61TZ, D61–75TZ, and D1–100TZ) were gener-
ated by PCR of the parent plasmid p53TZ (kindly provided by Thanos Hala-
zonetis, The Wistar Institute) and subcloned into the vector pCR3.1 (Invitro-
gen), and the correct sequence was confirmed by sequence analysis. The p53
point mutants P71R and P80L were generated in this vector with the Quick-
Change site-directed mutagenesis protocol (Stratagene). All p53 constructs uti-
lized in this study were of human origin and were driven by the same cytomeg-
alovirus immediate-early promoter. The human wild-type (wt) p53 construct was
cloned in pRc/CMV and was courtesy of Arnold Levine (Rockefeller University).
The human p14ARF construct was generated by reverse transcription-PCR of
mRNA from human thymus, sequenced, and cloned into CMV-neo-Bam3. The
human Mdm2 cDNA in CMV-neo-Bam3, pCHDM1A, was provided by Jian-
dong Chen (H. Lee Moffitt Cancer Center, University of South Florida). The
p53-inducible plasmid construct SpVII contains a p53 consensus site (59 GGG
CGTGCGCCGACATGCCC 39) linked to the minimal promoter construct E1B-
TATA, courtesy of James Manfredi, Mount Sinai School of Medicine.

For transfections, H1299 cells were seeded at 2 3 106 cells per 10-cm dish,
allowed to recover overnight, and transfected for 24 h with calcium phosphate or
FuGene, according to protocols provided by the manufacturer (Gibco/BRL and
Roche Molecular Systems, respectively). MCF-7 and 174-1 cells were transfected
for 24 h with Lipofectin or FuGene, with protocols provided by the manufacturer
(Gibco/BRL and Roche Molecular Systems, respectively). A total of 0.5 to 1 mg
of p53 plasmid was transfected with 7.5 to 8 mg of Sin3 (pCMX-mSin3a, kindly
provided by Ron Evans, The Salk Institute) or p14ARF, 4 mg of MDM2, and 1 mg
of CMV-b-galactosidase as a control for transfection efficiency. For treatment
with proteasome inhibitors, transfected cells were treated with 200 mM MG132
(Calbiochem), 45 mM ALLN (N-acetyl-Leu-Leu-norleucinal; Sigma), 25 mm

lactacystin (Calbiochem), or dilution vehicle alone (dimethyl sulfoxide [DMSO])
for 2 h.

Immunoprecipitation (IP) and Western analysis. Western analysis was per-
formed essentially as previously described (36). Briefly, subconfluent cells were
harvested and lysed in radioimmunoprecipitation assay buffer (50 mM Tris at pH
7.4, 150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], and
1% sodium deoxycholate) supplemented with protease inhibitors (1 mM phe-
nylmethylsulfonyl fluoride, 10 mg of pepstatin/ml, 10 mg of aprotinin/ml, and 5 mg
of leupeptin/ml). Protein concentrations were determined with the Bio-Rad DC

Protein assay. Equal amounts of protein (between 50 and 120 mg) were run on
SDS–10 or 12% polyacrylamide gel electrophoresis (PAGE) gels and transferred
overnight onto polyvinylidene difluoride membranes (Bio-Rad). Western blots
were incubated in antibody in 5% nonfat dry milk in phosphate-buffered saline
(PBS) supplemented with 0.2% Tween 20. Blots were incubated with primary
antibody (in parentheses) at the following dilutions: p53 (Ab-6; Calbiochem),
1:1,000; actin (Santa Cruz), 1:400; actin (AC-15; Sigma), 1:5,000; and MDM2
(Ab-1; Calbiochem), 1:1,000. Blots were washed with 5% nonfat dry milk in PBS
supplemented with 0.2% Tween 20, incubated in horseradish peroxidase-linked
secondary antibody (Jackson ImmunoResearch Laboratories), and developed via
the chemiluminescence protocol provided by the manufacturer (NEN). Autora-
diographs were quantitated with NIH Image software.

For IP-Western analyses, cells were lysed in NP-40 lysis buffer and equal
amounts of protein (1,000 to 2,000 mg) were immunoprecipitated with antisera to
Sin3 (AK-11; Santa Cruz Biotechnology). Each IP mixture was washed twice in
NP-40 buffer, followed by four to six washes in radioimmunoprecipitation assay
buffer. IPs were run on SDS–7.5 or 10% PAGE gels and transferred overnight
onto Immuno-Blot polyvinylidene difluoride membranes (Bio-Rad). Blots were
incubated with 1 mg of antibody (Ab-6; Calbiochem)/ml for 1 h at room tem-
perature, followed by washing with PBS–0.2% Tween 20, incubation in peroxi-
dase-conjugated secondary antibody (Jackson ImmunoResearch Laboratories),
and chemiluminescence detection (NEN). Autoradiographs were quantitated
with NIH Image software.

Pulse-chase analysis and half-life experiments. For half-life experiments,
H1299 cells were transfected with 0.25 mg of p53 or the D61–75 mutant for 24 h
with FuGene, as per protocols derived from the manufacturer (Roche Molecular
Systems). Cells were then radiolabeled for 14 h with [35S]methionine (35S-
EXPRESS; NEN) and chased with cold 2 mM L-methionine for the time points
indicated. Equal counts per minute of the lysates were immunoprecipitated with
anti-p53 polyclonal antisera (Santa Cruz Biotechnology), and SDS-PAGE gels
were fluorographed (Enhance; NEN) and exposed to film overnight. For cyclo-
heximide experiments, cells were incubated with 40 mg of cycloheximide/ml for
the indicated time points, and equal amounts of lysate, in micrograms, were
subjected to Western analyses. Autoradiographs were quantitated with NIH
Image software.

Immunofluorescence. MCF-7 cells were seeded at 25% confluence on cover-
slips in six-well tissue culture plates and allowed to recover overnight. Cells were
transfected with 0.5 mg of pCMX-mSin3a or 0.5 mg of p14ARF and 2 mg of
pEGFP with Lipofectin, via the protocol derived from the manufacturer (Gibco/
BRL). Twenty-four hours later, cells were fixed in 4% paraformaldehyde solu-
tion for 10 min at room temperature, followed by a 10-min incubation with 0.2%
Triton X-100 diluted in PBS. Immunofluorescence was performed with p53
rabbit polyclonal antisera (Santa Cruz Biotechnology) at 1 mg/ml and rhodam-
ine-X-conjugated secondary antibody (Jackson ImmunoResearch Laboratories).
Green fluorescent protein (GFP) was visualized at an excitation wavelength of
490 nm with an emission wavelength of 505 nm, while the p53-rhodamine X was
observed at an excitation wavelength of 555 nm with an emission wavelength of
605 nm. Images were acquired and analyzed with Isee software (Innovision) and
a Quantix 12-bit cooled charged-coupled device camera (Photometrics).

Northern analysis and luciferase assays. Total RNA was isolated from cells by
CsCl purification (35) or with TRIzol, as per the manufacturer (Gibco/BRL).
Northern analyses were performed as described (35). Probes for Northern anal-
yses were radiolabeled with random primers (Prime-It-II; Stratagene) and
[a-32P]dCTP (NEN). Autoradiographs were quantitated with NIH Image soft-
ware. The data depicted are representative of at least three independent exper-
iments. For luciferase assays, H1299 cells were seeded in six-well plates at 2 3
105 cells/well and allowed to settle overnight. Cells were transfected with 1.25 mg
of firefly luciferase reporter construct SpVII (containing a consensus p53 binding
site in the minimal promoter vector pE1B-TATA, courtesy of James Manfredi,
Mount Sinai School of Medicine), along with the indicated amounts of p53
expression plasmid (in pRc/CMV) and 100 ng of the transfection control pEGFP
(Clontech). Transfections were performed using FuGene, according to protocols
derived from the manufacturer (Roche). After 24 to 36 h, the cells were har-
vested and lysed, and luciferase assays were performed as per the protocol
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derived from the manufacturer (Promega) with a Monolight 2010 luminometer
(Analytical Luminescence Laboratory).

RESULTS

Sin3 stabilizes p53 and protects p53 from MDM2-mediated
degradation. We previously reported that p53 protein interacts
directly with the corepressor protein Sin3. The p53-Sin3 inter-
action results in the recruitment of histone deacetylases to the
promoters of p53-repressed genes like Map4. This recruitment
leads to subsequent deacetylation of the histones associated
with these promoters (36). In an effort to examine the ability of
Sin3 to cooperate with p53 in the repression of transcription,
we noted that transfection with Sin3, but not vector alone, led
to consistent increases in p53 protein levels. These data led us
to test the possibility that Sin3 expression and/or binding in-
fluences p53 stability.

To investigate the ability of Sin3 to alter p53 protein levels,
H1299 cells (p53-null human lung adenocarcinoma cells) were
transfected with wt p53 in the presence of parental vector
alone (pRc/CMV), Sin3, or the positive regulator of p53 sta-
bility, p14ARF. p14ARF stabilizes p53 by inhibiting MDM2
function (25, 46, 52). Western analysis of transfected cells
revealed that wt p53 was expressed at four- to fivefold-higher
levels when cells were transfected with Sin3 (Fig. 1A, lane 2).
This was comparable to the level of p53 induced by p14ARF

transfection (lane 3). In contrast, transfection with Sin3 did not
lead to increased levels of a cotransfected b-galactosidase
gene, glutathione S-transferase (data not shown), or MDM2
(Fig. 1B, lane 3); the latter is, like p53, a short-lived protein
that is degraded by the proteasome. Increased p53 levels fol-
lowing cotransfection with Sin3 occurred in several different

p53-null cell lines, with independent plasmid preparations of
p53 and Sin3 (data not shown). Northern analysis of RNA
isolated from transfected cells revealed no increase in p53
transcript levels, indicating that the effect of Sin3 on p53 was
posttranscriptional (data not shown).

To address the possibility that Sin3 transfection counteracts
MDM2-mediated degradation of p53, H1299 cells were trans-
fected with wt p53 in the presence or absence of MDM2 or of
MDM2 and Sin3 combined. As depicted in Fig. 1C, cotrans-
fection of wt p53 with its negative regulator MDM2 markedly
decreased the amount of detectable p53 protein, consistent
with published results (18, 29). Significantly, cotransfection of
Sin3 was able to abrogate this effect, and p53 returned to its
original levels (Fig. 1C, lane 3). In general, the level of co-
transfected MDM2 remained largely unchanged, though in
some cases it appeared to increase with increased p53 levels
(Fig. 1C and data not shown). These data indicate that Sin3
expression can increase p53 levels and that this activity is
sufficient to modulate the effect of MDM2 on p53 stability. It
should be noted, however, that these data do not indicate that
Sin3 and MDM2 are directly antagonistic, as these proteins
may be affecting separate pools of p53. This possibility is ad-
dressed further below.

Sin3 inhibits proteasome-mediated degradation of p53. p53
protein is rapidly turned over in unstressed cells, primarily due
to proteasome-mediated degradation, although the protease
calpain 1 also plays a role in p53 degradation (28). To address
the possibility that Sin3 inhibits proteasome-mediated degra-
dation of p53, H1299 cells were transiently transfected with
combinations of expression constructs for p53, Sin3, and
p14ARF. Twenty-four hours after transfection, cells were

FIG. 1. Sin3 stabilizes p53 and protects it from MDM2-mediated degradation. (A) Western analysis of p53 (Ab-6; Calbiochem) in lysates made
from H1299 cells transiently transfected with wt p53 in the presence of parental vector alone (pRc/CMV) (lane 1), pCMX-Sin3 (lane 2), or p14ARF

(lane 3). Equivalent protein loading between lanes was confirmed by Western analysis of b-actin levels. (B) Western analysis of MDM2 (Ab-1;
Calbiochem) in H1299 cells transfected with parental vector alone (pRc/CMV) (lane 1) or a cytomegalovirus (CMV)-driven MDM2 expression
construct, in the presence (lane 3) and absence (lane 2) of an equal amount, in micrograms, of cotransfected Sin3. Equivalent protein loading was
confirmed by Western analysis of b-actin. (C) Western analysis of MDM2 and p53 in H1299 cells transfected with wt p53 in the presence of MDM2
(lane 2) or MDM2 and Sin3 (lane 3). While transfection with MDM2 leads to significant decreases in p53 steady-state levels (lane 2), this effect
is reversed by transfection with Sin3 (lane 3). Equal levels of protein loading were confirmed by Western analysis of b-actin levels; the occasional
differences in p53 levels relative to b-actin represent the use of different p53 antisera (Ab-6 or p53 fl1-393 [Santa Cruz Biotechnology]) as well as
different actin antisera (AC-15 [Sigma] versus antiactin polyclonal Santa Cruz [Biotechnology]). While these antisera occasionally revealed
different levels of p53 and/or actin, the trends in p53 stabilization in the presence of Sin3 were consistent.
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treated with the proteasome inhibitor MG132 or dilution ve-
hicle alone (DMSO) for 2 h. The finding that MG132 could not
further increase the level of Sin3-stabilized p53 would support
the conclusion that these two agents act on the same pathway
by inhibiting proteasome-mediated degradation of p53.

As shown in Fig. 2, MG132 treatment led to a threefold
increase in transfected p53 (Fig. 2A, compare lanes 1 and 4).

Consistent with previous findings (46), p53 was stabilized by
p14ARF, and this stabilization was not enhanced by MG132
(Fig. 2A, lanes 3 and 6). Significantly, MG132 was likewise
unable to function additively with Sin3 to increase the level of
p53 in Sin3-transfected cells, indicating that the stabilization of
p53 by both Sin3 and MG132 occurs via inhibition of protea-
some-mediated degradation (Fig. 2A, lanes 2 and 5). Results
identical to these were obtained using the proteasome inhibi-
tor lactacystin (data not shown). In contrast, the calpain 1
inhibitor ALLN was able to further increase the level of Sin3-
stabilized p53 (Fig. 2B). Treatment of transfected cells with the
calpain 1 inhibitor ALLN at concentrations previously re-
ported to inhibit calpain-mediated degradation of p53 (28) led
to a fivefold increase in p53 protein (Fig. 2B, lane 3). Notably,
when combined with Sin3 transfection, ALLN and Sin3 func-
tioned in an additive manner, leading to a 10-fold increase in
p53 levels (Fig. 2B, lane 4). The combined data support the
hypothesis that Sin3 expression leads to stabilization of p53
protein and that this stabilization is due to inhibition of pro-
teasome-mediated degradation of p53.

Stabilization of p53 by Sin3 requires the Sin3-binding do-
main of p53 (amino acids 61 to 75). The accumulated data
support the notion that Sin3 expression can influence the deg-
radation of p53. However, it remained formally possible that
Sin3 expression influenced p53 levels indirectly, by inducing a
stress response. In order to distinguish between direct and
indirect effects of Sin3 on p53 levels, the requirement for an
interaction between Sin3 and p53 for stabilization was deter-
mined. Specifically, deletion constructs of p53 lacking the Sin3-
binding domain were generated and tested for their ability to
be stabilized by Sin3. We previously mapped the Sin3-binding
domain of p53 to amino acids 40 to 100 of p53 (36). In the
present study, we generated a series of synthetic p53 mutants
with internal deletions encompassing this domain; these in-
clude internal deletions of amino acids 44 to 61 (D44–61), 61 to
75 (D61–75), and 81 to 96 (D81–96), as well as the extensive
deletion of amino acids 1 to 100 (D1–100). Because Sin3 also
interacts weakly but consistently with the oligomerization do-
main of p53 (36), these deletion mutants were created with an
artificial tetramerization domain (TZ) from Saccharomyces
cerevisiae GCN4 (51). This artificial TZ still allows p53 to
oligomerize, transactivate, suppress cell growth, and be ubiqui-
tinated normally (33, 51).

Transfection of H1299 cells with either wt p53 or the full-
length p53TZ construct (containing an artificial oligomeriza-
tion domain) resulted in a three- to fourfold increase in both
proteins in the presence of Sin3, as assessed by Western anal-
ysis (Fig. 3A, lanes 1 to 4). In contrast, the D1–100TZ mutant,
which we have previously shown fails to interact with Sin3 (36),
was unaffected by Sin3 expression (Fig. 3A, lanes 5 and 6).
Deletion of amino acids 44 to 61 of p53 (D44–61TZ) failed to
affect Sin3 stabilization (Fig. 3B, lanes 1 and 2) or binding
(lanes 3 and 4). Two other deletion mutants of p53, D61–75TZ
and D81–96TZ, were also analyzed for their ability to be sta-
bilized (Fig. 3C) and interact (Fig. 3D) with Sin3. As depicted
in Fig. 3, the D81–96TZ mutant can bind (Fig. 3D, lanes 5 and
6) and be stabilized by (Fig. 3C, lanes 5 and 6) Sin3, to a level
comparable to that of the full-length p53TZ control (Fig. 3A).
In contrast, the D61–75TZ mutant was consistently unable to
bind (Fig. 3D, lanes 3 and 4) or be stabilized by (Fig. 3C, lanes

FIG. 2. Sin3 inhibits proteasome-mediated degradation of p53. (A)
Western analysis of p53 levels in H1299 cells transfected with wt p53 in
the presence of cotransfected Sin3 (lanes 2 and 5) or p14ARF (lanes 3
and 6). Lanes 4 to 6 include a 2-h posttransfection incubation with a
200 mM concentration of the proteasome inhibitor MG132, while lanes
1 to 3 are treated with dilution vehicle (DMSO). While MG132 is able
to stabilize transfected p53 approximately threefold (compare lanes 1
and 4), it has an insignificant effect on the level of p53 stabilized by
Sin3 (compare lanes 2 and 5), indicating that Sin3 and MG132 likely
function through redundant pathways (inhibition of proteasome-me-
diated degradation). (B) The calpain 1 inhibitor ALLN is able to
further stabilize Sin3-stabilized p53 (compare lanes 2 and 4). Both Sin3
transfection and ALLN treatment (45 mM) result in fivefold increases
in p53 levels; the two agents together function additively (lane 4).
Equal protein loading was confirmed by Western analysis for b-actin.
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3 and 4) Sin3. These data narrow down the region of interac-
tion between p53 and Sin3 to amino acids 61 to 75 of p53.
Further, they indicate that this minimal interaction domain is
required for stabilization of p53 by Sin3.

A deletion mutant of p53 lacking the Sin3-binding domain
(p53D61–75) has an increased half-life in vivo. The above data
support the hypothesis that interaction with Sin3 may protect
p53 from degradation. A corollary to this hypothesis would be
that the Sin3-binding domain of p53, from amino acids 61 to
75, is normally subject to a destabilizing influence and that Sin3
abrogates this influence by interacting with this domain. In
order to test this hypothesis, we measured the half-life of wt
p53 and the D61–75 deletion mutant in transfected cells.
H1299 cells were transfected with wt p53 or the D61–75 mu-
tant, and transfected cells were radiolabeled with [35S]methi-
onine and chased with cold methionine for 24 h. Cells were
harvested and subjected to IP with polyclonal antisera to p53.
As indicated in Fig. 4A, both wt p53 and the D61–75 mutant
show similar first-order decay kinetics, but the D61–75 mutant
demonstrates a longer half-life. In this study, the half-life of wt
p53 was estimated to be approximately 2 h, consistent with
published results of this kind (17), while the D61–75 mutant

had an estimated half-life of approximately 6 h. Similar half-
life experiments, using cycloheximide to block de novo protein
synthesis in transfected cells, likewise revealed a consistent
increase in the half-life of the D61–75 mutant, relative to that
of wt p53 (Fig. 4B). These data support the hypothesis that
amino acids 61 to 75 of p53 may normally be subject to a
destabilizing influence.

We next sought to test if the p53 mutant lacking the Sin3-
binding domain (D61–75) retained some of the functions of wt
p53, specifically transactivation and degradation by MDM2. As
depicted in Fig. 4C, the D61–75 mutant of p53 retained the
ability to transactivate the endogenous p21 (waf1) gene when
transfected into p53-null H1299 cells, to a level comparable to
that of wt p53 (Fig. 4C). Additionally, this mutant likewise was
degraded by MDM2 to a level comparable to that of wt p53
(Fig. 4D). Therefore, deletion of the Sin3-binding domain
from amino acids 61 to 75 does not denature or otherwise
inactivate p53.

The P71R mutant of p53 fails to bind to Sin3 or be stabilized
by this protein. In order to extend the mapping of the Sin3-p53
interaction domain, we created point mutations in several of
the conserved amino acids in the Sin3-binding region of p53.

FIG. 3. Stabilization of p53 by Sin3 requires the Sin3-binding domain of p53 (amino acids 61 to 75). (A) Western analysis of H1299 cells
transiently transfected with wt p53 (lanes 1 and 2), the p53TZ construct encoding wt p53 but containing an artificial TZ (lanes 3 and 4), and a
deletion mutant of this protein that lacks amino acids 1 to 100 and fails to interact with Sin3 (D1–100TZ) (lanes 5 and 6). Odd-numbered lanes
are cotransfected with parental vector, and even-numbered lanes are cotransfected with an equal amount of Sin3 expression construct. (B) Western
analysis of a p53 deletion mutant with amino acids 44 to 61 deleted (D44–61TZ). This mutant is stabilized by exogenous Sin3 (lanes 1 and 2) and
binds to Sin3 in transfected H1299 cells that are immunoprecipitated with antiserum to Sin3 (AK-11) and immunoblotted with p53 antiserum
(Ab-6; Calbiochem) (lanes 3 and 4). (C) Western analysis of H1299 cells transfected with the p53TZ cDNA or with internal deletions created in
the p53TZ backbone (D61–75TZ) (lanes 3 and 4) and D81–96TZ (lanes 5 and 6). Odd-numbered lanes are cotransfected with parental vector, and
even-numbered lanes are cotransfected with Sin3 expression construct. Only the D61–75 mutant fails to be stabilized by exogenous Sin3 (lane 4).
(D) IP-Western analysis of the interaction of Sin3 in vivo with deletion mutants of p53, including the p53 mutant that fails to be stabilized by Sin3
(D61–75TZ) (lanes 3 and 4). Odd-numbered lanes are cotransfected with parental vector, and even-numbered lanes are cotransfected with Sin3
expression construct.
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Three of these point mutants, encoding leucine at amino acid
80 (P80L) and glycine at amino acid 62 or 63 (E62G or A63G,
respectively), were able to be stabilized and bind to Sin3 (Fig.
5A and data not shown). One point mutant, however, encoding
arginine instead of proline at amino acid 71 (P71R), consis-
tently demonstrated impaired binding to Sin3 in vivo (Fig. 5A)
and failed to be stabilized by exogenous Sin3 (Fig. 5B, lanes 4
to 6). Identical results were obtained when leucine was substi-
tuted for proline at amino acid 71 (P71L) (data not shown).
The proline to arginine substitution at amino acid 71 did not
affect the ability of p53 to function as a transactivator, as the
P71R mutant transactivated the p53-responsive luciferase con-
struct SpVII to levels equivalent to those of wt p53 (Fig. 5C).
As a control for these studies, Western analysis indicated that

both forms of p53 were expressed at equivalent levels in these
transfected cells (Fig. 5D).

Stabilization of p53 by Sin3 does not require MDM2. The
MDM2 binding domain of p53 has been mapped to amino
acids 17 to 23; this domain is believed to form an induced-fit
amphipathic helix that fits into a hydrophobic pocket at the
amino terminus of MDM2 (30). The juxtaposition of this re-
gion to the Sin3-binding domain at residues 61 to 75 raised the
possibility that Sin3 stabilizes p53 by sterically hindering
MDM2 from binding and degrading p53. A testable prediction
from this hypothesis would be that Sin3 is unable to stabilize
p53 in MDM2-null cells. To address this issue, murine embryo
fibroblasts generated from mice nullizygous for both p53 and
MDM2 (174-1 cells) were transfected with p53 along with

FIG. 4. A p53 deletion mutant lacking the Sin3-binding domain (D61–75) shows enhanced stability in vivo. (A) Pulse-chase analysis of
35S-methionine radiolabeled H1299 cells transfected with wt p53 or the p53 mutant lacking the Sin3-binding domain (D61–75). Cells were
radiolabeled with [35S]methionine and chased for the indicated time points with excess unlabeled methionine. Equal counts per minute of lysate
were immunoprecipitated with polyclonal antisera to p53 (Santa Cruz Biotechnology), as indicated in Materials and Methods. The asterisk (*)
indicates b-actin, which is frequently nonspecifically immunoprecipitated by polyclonal antisera to p53. The graph depicts densitometric analysis
of this representative experiment, which indicates that wt p53 has a 2-h half-life, while the D61–75 mutant has an approximately 6-h half-life. (B)
Western analysis of the half-life of wt p53 (lanes 1 to 4) and the D61–75 mutant (lanes 5 to 8) following transfection of H1299 cells for 24 h and
treatment with 40 mg of cycloheximide/ml for the times indicated to halt new protein synthesis. The data shown are representative of at least three
independent experiments; b-actin is shown to control for protein loading. (C) Northern analysis of H1299 cells transiently transfected with 0, 1,
and 5 mg of the wt p53TZ cDNA or the D61–75 deletion mutant (D61–75TZ). Thirty-six hours following transfection, cells were harvested and
analyzed by Northern analysis for the level of endogenous p21, which was up-regulated equally well by both forms of p53. A picture of the ethidium
bromide-stained gel used as a control for RNA loading and integrity is included. (D) Western analysis of p53 levels in cells transfected with parental
vector alone (odd-numbered lanes) or vector expressing MDM2 (even-numbered lanes). Both wt p53 (lanes 1 and 2) and the D61–75 mutant (lanes
3 and 4) are effectively degraded by MDM2.
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parental vector alone, Sin3, or p14ARF. Western analysis re-
vealed that Sin3 transfection led to increased p53 levels in
these cells, while p14ARF had no effect (Fig. 6A, lanes 2 and 3).
Therefore, unlike p14ARF, MDMX, and pRB, Sin3 does not
appear to stabilize p53 by binding or inhibiting MDM2. Con-
sistent with these data, we have found by IP-Western analysis
that a complex between p53, MDM2, and Sin3 is immunolog-
ically detectable in MCF-7 cells (data not shown).

It became of interest to test the ability of Sin3 to stabilize
human tumor-derived mutant forms of p53, which we have
previously shown are capable of interacting with Sin3 (36).
Using transient transfection and Western blot analyses, we

found that cotransfection of Sin3 with the DNA-binding do-
main mutant R175Y of p53 led to slight but consistent in-
creases in the steady-state level of this protein (Fig. 6B, lanes
4 and 5). In contrast, p14ARF was incapable of stabilizing this
p53 mutant, consistent with the inability of the R175Y mutant
to transactivate the endogenous mdm2 gene, which is neces-
sary for stabilization by p14ARF (Fig. 6B, lane 6). These data
(Fig. 6) support the premise that stabilization of p53 by Sin3
occurs independently of MDM2 function.

Sin3 stabilizes endogenous p53. To assess the ability of Sin3
to affect the localization and stabilization of endogenous p53,
the human breast carcinoma cell line MCF-7 was utilized. This

FIG. 5. A point mutant of p53 containing arginine instead of proline at amino acid 71 (P71R) fails to interact with Sin3 in vivo or to be stabilized
by exogenous Sin3. This mutant shows transactivation potential, however, that is indistinguishable from wt p53. (A) Transfection of H1299 cells
with wt p53 or point mutants containing leucine at amino acid 80 (P80L) or arginine at amino acid 71 (P71R) followed by IP with Sin3 antiserum
(AK-11; Santa Cruz Biotechnology) and immunoblotting with p53 antiserum (Ab-6; Calbiochem). The data indicate that the P71R mutant shows
impaired interaction with Sin3 in transfected cells. (B) Transfection of H1299 cells with 50 ng of p53 or the P71R mutant, along with increasing
concentrations of Sin3 expression plasmid (0.5 and 2.5 mg, lanes 2, 3, 5, and 6). Immunoblot analysis of p53 levels indicates that p53 is stabilized
by Sin3 in a dose-dependent manner but that neither dose of Sin3 is capable of stabilizing the P71R mutant, which shows a defective interaction
with Sin3. A b-actin control is included for protein loading. (C) Luciferase activity of the p53-inducible luciferase vector SpVII (a minimal
promoter containing the E1B TATA box and a single p53 consensus element) transiently transfected into H1299 cells in the presence of parental
vector (pRc/CMV) or increasing concentrations of wt p53 (25 and 100 ng) or the P71R point mutant of p53. The data depicted represent the fold
increase in luciferase activity obtained after transfection, averaged from five independent experiments. Error bars depict the standard error of the
mean for the five experiments. (D) Western analysis depicting comparable p53 levels expressed in the transfected cells analyzed in the results shown
in panel C. A total of 1.25 mg of the SpVII luciferase reporter construct was cotransfected with either vector alone or increasing concentrations
of wt p53 (25 and 100 ng), P71R (25 and 100 ng), and 100 ng of pEGFP (transfection control) in six-well plates and analyzed for p53 levels by
Western analysis. Western analysis of the GFP levels between samples is used to show relatively equal transfection efficiencies, and equivalent
protein loading is depicted by Western analysis for b-actin.
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cell line contains wt p53, but much of this protein is poorly
detectable by immunofluorescence, possibly because this pro-
tein is sequestered in the cytoplasm (4, 8). MCF-7 cells were
transfected with Sin3 or p14ARF; as a marker for transfected
cells, cells were cotransfected with an expression construct
encoding GFP. Following transfection, cells were assayed by
confocal microscopy for the presence of GFP (a marker for
transfected cells), as well as for p53 immunostaining. In each of
three experiments, over 100 GFP-positive cells were scored for
the presence of strong p53 immunostaining, which would be
indicative of p53 stabilization.

Control MCF-7 cells transfected with GFP alone showed
strong immunostaining for p53 in 27% of cells (Fig. 7A, panel
A3); this is comparable to the percentage with untransfected
cells and is consistent with previously published reports about
this cell line (4). Cotransfection with Sin3 resulted in a signif-
icant increase in the number of GFP-positive cells showing
strong p53 immunostaining (from 27% for GFP alone to 65%

in Sin3-transfected cells) (Fig. 7A, panels B2 and B3), consis-
tent with the endogenous p53 protein being stabilized. Trans-
fection with the positive control p14ARF resulted in a similar
increase in cells with strong immunostaining for p53 (from
27% for GFP alone to 74% in p14ARF-transfected cells) (Fig.
7A, panels C2 and C3). These results, which were obtained in
three independent experiments scored blindly, were statisti-
cally significant (P , 0.004 and P , 0.003 for Sin3 and p14ARF,
respectively) (Fig. 7B). Notably, Western analysis of duplicate
plates of transfected cells confirmed these results, indicating
that the endogenous p53 protein level in this cell line was
increased 2.5- to 3-fold following transfection with Sin3 (Fig.
7C, lane 2) but not GFP alone (lane 1). Similar results were
obtained with the human melanoma cell line CaCl (wt p53)
(data not shown).

The Sin3-p53 complex appears for prolonged periods after
DNA damage. Taken together, the above data indicate that
Sin3 stabilizes p53 and that this stabilization requires an inter-
action between these two proteins. These data raise the inter-
esting hypothesis that repression complexes containing p53
and Sin3 exist more stably in the cell than transactivation
complexes containing p53 and p300, which are targeted by
MDM2 for degradation (16). As an examination of this hy-
pothesis, we analyzed the abundance of p53-Sin3 immunocom-
plexes in cells following genotoxic stress and compared this to
p53-p300 complexes. For these studies, p53, Sin3, and p300
were immunoprecipitated from MCF-7 cells treated with g
irradiation, the DNA-damaging agent doxorubicin (adriamy-
cin), and UV radiation; treated cells were harvested after 0, 4,
8, and 24 h. These immunoprecipitates were analyzed by West-
ern analysis for the presence of p53. As expected, these studies
revealed that stabilization of p53 protein occurred as early as
4 h in response to all genotoxic stresses tested (Fig. 8A, lane 2).
The Sin3-p53 immunocomplex appeared at the earliest time
point (4 h) and persisted in abundance throughout the time
course, though with slightly different kinetics for the three
genotoxic stresses. Notably, the formation and persistence of
this complex paralleled the down-regulation of stathmin, a
p53-repressed gene (1) (Fig. 8B).

The p300-p53 complex was much less detectable than the
Sin3-p53 complex, possibly because p300 targets p53 for
MDM2-mediated degradation (16). Further, in the case of
doxorubicin-treated cells, this complex consistently appeared
to be transient, peaking at 4 or 8 h and becoming undetectable
by 24 h (Fig. 8A). A similarly transient nature was observed for
the MDM2-p53 complex (data not shown). Identical results
were obtained with three different antibodies to Sin3 and p300
(data not shown). These in vivo data support the physiological
relevance of our finding that interaction with Sin3 leads to
stabilization of p53. These data also indicate that different
pools of p53 may have different half-lives in the cell and that
regulation of p53 stability may have a direct impact on p53
function (for example, transactivation versus transrepression).

DISCUSSION

In the present study, we demonstrate that ectopic expression
of the corepressor protein Sin3 leads to stabilization of both
transfected and endogenous p53. That this effect is a direct
impact of interaction of Sin3 with p53 is supported by our

FIG. 6. Stabilization of p53 by Sin3 occurs in an MDM2-indepen-
dent manner. (A) Western analysis of 174-1 cells (p53 2/2 MDM22/2

transfected with wt p53 in the presence of parental vector alone (lane
1), Sin3 expression construct (lane 2), or p14ARF (lane 3). (B) Western
analysis of H1299 cells transfected with wt p53 (lanes 1 to 3) or the
tumor-derived mutant R175Y (lanes 4 to 6) in the presence of vector
alone (lanes 1 and 4), Sin3 expression construct (lanes 2 and 5), and
p14ARF (lanes 3 and 6). Equal protein loading among the lanes was
confirmed by Western analysis for b-actin.
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finding that a 15-amino-acid deletion mutant of p53 that is
incapable of interacting with Sin3 also fails to be stabilized by
this protein. Similarly, mutation of proline 71 of p53 to argi-
nine or leucine significantly impairs Sin3 binding and Sin3-

mediated stabilization. These data support a tight correlation
between Sin3 binding and stabilization of p53. Our data also
indicate that stabilization by Sin3 is likely the result of inhibi-
tion of proteasome-mediated degradation of p53. Interestingly,

FIG. 7. Sin3 stabilizes endogenous p53 in MCF-7 cells. (A) Immunofluorescence of MCF-7 cells transfected with a GFP expression construct
(pEGFP), analyzed by differential interference contrast (A1 and C1), for GFP fluorescence (A2 and C2) and for p53 staining (A3 and C3) with
polyclonal antisera to p53. GFP-positive cells were scored as transfected cells, and cells with high levels of p53 immunostaining were scored as
positive for p53. In three independent blinded studies, over 100 GFP-positive cells were scored for strong p53 immunostaining; the combined
results from these experiments are presented in panel B. (B) The averaged data from three independent experiments indicate that transfection with
Sin3 and p14ARF leads to significant increases in the number of transfected cells with strong immunopositivity for p53. While 27% of cells
transfected with GFP alone show strong immunostaining for p53, 65 and 74% of cells transfected with Sin3 and p14ARF, respectively, showed
increased p53 immunostaining. The asterisks indicate a statistically significant difference between the indicated treatment and control (P , 0.005,
Student’s t test). The error bars indicate the standard error of the mean for the combined three experiments. (C) Western analysis of the levels
of endogenous p53 in the samples prepared in the results shown in panel A. These data indicate that transfection with Sin3 and transfection with
p14ARF both significantly stabilize endogenous p53, compared to transfection with equal amounts, in micrograms, of GFP vector alone. Equal
protein loading was confirmed by Western analysis for b-actin.
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unlike p14ARF, MDMX, and pRB, Sin3 does not require the
presence of MDM2 for this effect. Therefore, these findings
point to the existence of a potentially novel pathway for p53
stabilization that does not involve inhibition of MDM2 func-
tion.

At least two proteins are implicated in p53 degradation in a
manner that is independent of MDM2. These are the human
papillomavirus type 16 or 18 (HPV-16 or -18) E6 protein
(coupled with the accessory protein E6-AP) and JNK. As the
E6–E6-AP complex and JNK both target p53 for degradation
in an MDM2-independent manner (2, 12, 13), it is formally
possible that Sin3 stabilizes p53 by inhibiting the action of
these proteins. We have found that Sin3 also stabilizes the
D92–112 mutant of p53 (J. T. Zilfou and M. Murphy, unpub-
lished data); this deletion overlaps with the JNK binding site,
indicating that it is unlikely that Sin3 stabilizes p53 by inhibit-
ing JNK binding and/or destabilization. The contribution of
the E6/E6-AP pathway to p53 degradation in normal (non-
HPV-infected) cells remains controversial. Two groups found
no evidence for a role for E6-AP protein in p53 degradation in
normal cells (5, 47). In contrast, the E6-AP knockout mouse
shows increased p53 levels in certain cell types, indicating that
this degradative pathway may play a cell-type-specific role in
p53 degradation in normal cells (24). It is notable that we have
mapped the Sin3-binding domain of p53 to a region that is
required for degradation by the HPV-16–HPV-18 E6 protein
(34). The possibility that Sin3 interferes with E6–E6-AP-me-
diated degradation of p53 is currently being tested in the lab-
oratory.

The combined data implicate the Sin3-binding domain of
p53, from amino acids 61 to 75, as a region that normally
confers destabilization to this protein. This region of p53 has
been previously implicated as a destabilization domain for this
protein; specifically, removal of amino acids 62 to 96 has been

shown to stabilize p53 in certain cell types (19). Interestingly,
this region also overlaps with the proline-rich domain of p53
(amino acids 64 to 91), which is absolutely essential for apo-
ptosis induction by this protein (40, 49, 50). A smaller deletion
in this region, retaining only the Sin3-binding domain (amino
acids 62 to 73), also retains the ability to induce apoptosis (53)
and points to the importance of the p53-Sin3 interaction for
the ability of p53 to induce apoptosis. Significantly, the proline-
rich domain has also been shown to be necessary for transcrip-
tional repression by p53 (49, 50). Therefore, Sin3 is not only
one of the first proteins found to interact with the proline-rich
domain of p53, it is also the first protein implicated in tran-
scriptional repression found to interact there.

It should be noted that our data do not imply that interac-
tion with Sin3 is the exclusive, or even the major, mechanism
whereby p53 is stabilized following DNA damage. In fact, our
data indicate that the amount of p53 associated with Sin3
following DNA damage is rather small, approaching only 10%
of total p53 (Fig. 8 and data not shown). Additionally, data
from several other groups support the notion that decreased
association with MDM2 is the major mechanism whereby p53
is stabilized in the cell in response to genotoxic stress (6–8, 26,
38). Therefore, the ability of Sin3 to stabilize p53 is relevant
only for that pool of p53 that is bound to Sin3; this stabilization
may even occur exclusively at the promoters of p53-repressed
genes.

The identification of Sin3 as a stabilizer of p53 appears
logical when the mechanism of action of the p53-Sin3 complex
is taken into consideration. Transactivation of target genes by
p53 can proceed effectively in a transient manner; this transient
nature may even be facilitated by the coactivator p300, which
serves as a scaffold for MDM2-mediated degradation of p53
(16). In contrast, it could be argued that transcriptional repres-
sion is effective only if repression complexes exist stably on the

FIG. 8. The p53-Sin3 complex is immunologically detectable for prolonged periods following genotoxic stress, compared to the p53-p300
complex. (A) IP-Western analysis of MCF-7 cells treated with 4 Gy of irradiation (IR), 0.5 mg of adriamycin (ADR)/ml, or 4 J of UV radiation/m2.
Cells were harvested at the indicated time points following treatment (0, 4, 8, and 24 h), and lysates were immunoprecipitated with polyclonal
antisera to p53, Sin3 (AK-11; Santa Cruz Biotechnology), and p300 (Ab-1; Calbiochem), followed by Western analysis for p53 with a mouse
monoclonal antibody (Ab-6; Calbiochem). Longer exposures for the p300 IPs are shown on the right, and shorter p53 exposures are shown on the
left. The data depicted are representative of three independent experiments. (B) Northern analysis of the p53-repressed gene stathmin in cells
treated identically to those shown in panel A. For all stresses tested, down-regulation of stathmin is evident by 8 h and increases at 24 h,
concomitant with the appearance of the p53-Sin3 complex. The glyceraldehyde-3-phosphate dehydrogenase housekeeping gene (GAPDH) is
included as a control for RNA loading and integrity.
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promoters of repressed genes for prolonged periods of time.
By protecting p53 from degradation, the corepressor Sin3
therefore would be predicted to enhance the efficacy of p53 as
a transcriptional repressor (Fig. 9). In an analogous manner,
E2F-1 and c-Myc, both of which are unstable transcriptional
activators, have been shown to be protected from proteasome-
mediated degradation by their respective transcriptional re-
pression partners, pRB and miz-1 (20, 41). Our in vivo data,
indicating that the p53-Sin3 complex exists for sustained peri-
ods following exposure to DNA damage, support this hypoth-
esis. In sum, the data presented in this paper support a novel
mechanism for the control of p53 stability and activity and
point to a physiologically relevant mechanism for the control of
p53 degradation, mediated by the Sin3-binding domain of p53.
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