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Human SIR2 deacetylates p53 and antagonizes
PML/p53-induced cellular senescence
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The yeast Sir2 protein mediates chromatin silencing
through an intrinsic NAD-dependent histone deacetyl-
ase activity. Sir2 is a conserved protein and was
recently shown to regulate lifespan extension both in
budding yeast and worms. Here, we show that SIRT1,
the human Sir2 homolog, is recruited to the promyelo-
cytic leukemia protein (PML) nuclear bodies of
mammalian cells upon overexpression of either PML
or oncogenic Ras (Ha-rasV12). SIRT1 binds and
deacetylates p53, a component of PML nuclear bodies,
and it can repress p53-mediated transactivation.
Moreover, we show that SIRT1 and p53 co-localize in
nuclear bodies upon PML upregulation. When over-
expressed in primary mouse embryo fibroblasts
(MEFs), SIRT1 antagonizes PML-induced acetylation
of p53 and rescues PML-mediated premature cellular
senescence. Taken together, our data establish the
SIRT1 deacetylase as a novel negative regulator of p53
function capable of modulating cellular senescence.
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Introduction

It is becoming increasingly clear that the post-translational
modifications of histones, within the context of chromatin,
regulate gene expression. It has been proposed that these
histone modifications constitute an epigenetic code, which
can be interpreted in terms of chromatin structural changes
leading to subsequent genome regulation (Strahl and Allis,
2000; Jenuwein and Allis, 2001). An example of such a
signal is the acetylation of specific lysine residues in the
conserved histone tails, which can be reversed by histone
deacetylases (HDACs) (reviewed in Kouzarides, 1999).
To date, three classes of HDACs have been discovered in
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eukaryotes, known as class I and Il HDACS, and the silent
information regulator 2 (Sir2) family (for reviews see Gray
and Ekstrom, 2001; Khochbin et al., 2001).

Sir2 is an evolutionarily conserved protein, present in
Archaea, Eubacteria through to humans (Brachmann et al.,
1995; Frye, 1999, 2000). Originally discovered in budding
yeast, ySir2 is a structural component of silent chromatin
and is required for transcriptional silencing of the silent
mating-type loci, telomeres and rDNA repeats (reviewed
in Guarente, 1999; Gartenberg, 2000). Additionally, yeast
Sir2 functions in double-stranded DNA repair, regulation
of mitotic and meiotic cell cycle progression, suppres-
sion of IDNA homologous recombination, chromosome
stability and modulation of lifespan (Brachmann et al.,
1995; Cockell and Gasser, 1999; Guarente, 1999; Haber,
1999; Kaeberlein et al., 1999; Lin et al., 2000).

Recent studies have shown that ySir2 and its homologs
possess NAD-dependent HDAC activity (Imai et al., 2000;
Landry et al., 2000; Smith et al., 2000). Indeed, Sir2-like
enzymes catalyze a unique reaction in which NAD
cleavage is tightly coupled to histone deacetylation, thus
distinguishing them from the previously characterized
class I and II HDACSs (Tanner et al., 2000; Tanny and
Moazed, 2001). The hallmark of the Sir2 family is a
conserved globular core domain of ~250 amino acids,
which harbors the catalytic activity and the three-
dimensional structure of which has been elucidated
(Finnin et al., 2001; Min et al., 2001). Mutations of
conserved residues within this region lead to a loss of
function in vitro and in vivo (Frye, 1999; Sherman et al.,
1999; Tanny et al., 1999; Imai et al., 2000).

So far, little is known concerning the function of Sir2
homologs in organisms other than yeast. A recent
study has shown that, like its yeast counterpart, Sir2
modulates lifespan in Caenorhabditis elegans, raising the
exciting possibility that these enzymes link longevity,
metabolism and chromatin silencing in many eukaryotic
organisms (Guarente, 2000; Guarente and Kenyon, 2000;
Tissenbaum and Guarente, 2001). As for the seven human
homologs of Sir2, named SIRT1-7, no precise function
has been described so far (Frye, 1999, 2000). However, a
previous study showed that the core region of SIRT2 can
function in transcriptional silencing when substituting that
of ySir2 (Sherman et al., 1999). The cytoplasmic local-
ization of certain members, as well as the conservation of
the Sir2 family in prokaryotes, which on the whole do not
possess histones, strongly suggests that other physio-
logical substrates must exist (Afshar and Murnane, 1999;
Perrod et al., 2001). Furthermore, a recent study shows
that recombinant murine Sir2a deacetylates TAF;68, a
subunit of TIF-Ib/SL1, and decreases RNA polymerase I
transcription in vitro (Muth et al., 2001).

The nuclear bodies (NBs), often termed promyelocytic
leukemia protein (PML) NBs, are discrete nuclear
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substructures and represent the natural accumulation sites
of PML (reviewed in Matera, 1999; Seeler and Dejean,
1999; Zhong et al., 2000b). A cell typically contains 10-30
NBs per nucleus, although their number and size vary
during the cell cycle (Everett et al., 1999; McNeil et al.,
2000). NBs are dynamic structures, which are altered or
disrupted in certain human diseases and in response to
different cellular stresses. It is becoming increasingly
apparent that NBs play a role in transcriptional regulation.
Although many components of the NB have been iden-
tified to date, PML is the defining component and is
essential for its proper formation (Ishov et al., 1999;
Zhong et al., 2000a).

The PML protein was originally identified as part of the
oncogenic fusion protein PML-retinoic acid receptor o
(RAR®) produced by the chromosomal translocation
t(15;17) associated with acute promyelocytic leukemia
(APL; reviewed in Melnick and Licht, 1999). Alternative
splice variants exist, resulting in seven PML isoforms,
named PML I-VII, which all contain an identical
N-terminal region but differ in their C-terminal sequences
(reviewed in Jensen et al., 2001). Although little is known
to date concerning the specific roles of the PML variants,
PML appears to have multiple functions: first, PML acts as
a growth and tumor suppressor (Mu et al., 1994); secondly,
PML is a mediator of multiple apoptotic signals (Quignon
etal., 1998; Wang et al., 1998); and finally, PML acts both
as a co-activator and co-repressor of various transcription
factors, some of which localize to the NBs (Alcalay e al.,
1998; Doucas et al., 1999; Fogal et al., 2000).

To date, several components of the NBs have been
identified, and these include SUMO-1, Sp100, Sp140,
CREB binding protein (CBP), BLM, Daxx, pRB, p53 and
spectrin. Of particular interest is the tumor suppressor p53,
which has been shown to physically interact with PML.
p53 plays a key role in the control of cell growth, apoptosis
and DNA repair, and is activated in response to many
forms of stress (reviewed in Vogelstein et al., 2000; Ryan
et al., 2001). The rapid induction of p53 is achieved
through post-translational modifications leading to its
stabilization and activation. In particular, acetylation of
lysine residues in the C-terminus of p53 by P/CAF in vitro,
and CBP/p300 in vitro and in vivo, has been reported
(Sakaguchi et al., 1998; Liu et al., 1999; Ito et al., 2001).
These acetyltransferases co-activate p53-mediated tran-
scription in transient expression assays, and acetylation of
p53 increases its DNA-binding activity in vitro
(Avantaggiati et al., 1997; Gu and Roeder, 1997;
Scolnick et al., 1997). More recently, acetylation has
been linked to p53 stability and to the recruitment of co-
activators (Barlev et al., 2001; Ito et al., 2001). In primary
cells, p5S3 induces cellular senescence in response to
oncogenic signals, and new evidence indicates that PML
regulates this p53-dependent process (reviewed in Itahana
et al., 2001; Pearson and Pelicci, 2001). Indeed, upon
overexpression of a specific PML isoform, PML 1V, p53
and CBP are recruited to the NBs, which favors the
formation of a stable tricomplex with PML. It has been
suggested that this results in increased p53 acetylation at
lysine 382, enhancement of p53 activity and the induction
of premature cellular senescence. Intriguingly, acetylation
of lysine 382 occurs in serially passaged replicative
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senescent cells and is essential for optimal activation of
p53 by PML (Pearson et al., 2000).

In this study, we investigated the function of SIRT1, the
closest human homolog of ySir2. We show that SIRT1 is
an active NAD-dependent HDAC that localizes to the NBs
upon PML IV or oncogenic Ras overexpression and is able
to physically interact with PML. SIRT1 binds p53 and
promotes p53 deacetylation both in vitro and in vivo.
Furthermore, SIRT1 represses pS53-mediated transacti-
vation in transient expression assays. Finally, SIRT1 co-
localizes with p53 to the NBs upon PML IV upregulation,
and antagonizes PML IV-induced cellular senescence, a
process that is dependent on p53.

Results

SIRT1 is an active nuclear NAD-dependent HDAC
Of all human Sir2 proteins, SIRT1 shows the closest
amino acid sequence homology to ySir2 (Frye, 1999). In
order to investigate the function of SIRT1, we first set out
to show that it possesses NAD-dependent HDAC activity,
as reported for other members of the family. The full-
length wild-type SIRT1 cDNA was cloned into a bacterial
expression vector. In parallel, we constructed a point
mutation in the SIRT1 cDNA coding sequence that
converts a conserved histidine at position 363 to a tyrosine
(hereafter designated SIRT1H363Y). The equivalent ySir2
mutant H364Y fails to support silencing in vivo and
possesses impaired NAD-dependent HDAC activity
in vitro (Tanny et al., 1999; Imai et al., 2000). Both
wild-type and mutant SIRT1 proteins were expressed in
Escherichia coli, purified and assayed for deacetylase
activity. As shown in Figure 1A, the wild-type recom-
binant SIRT1 possesses strong NAD-dependent HDAC
activity, whereas the activity of the SIRT1H363Y mutant
is abrogated (compare columns 2 and 3). As reported
previously for other Sir2 family members, the deacetylase
activity associated with SIRT1 is not sensitive to
trichostatin A (TSA), a potent inhibitor of class I and II
HDACs (Figure 1B, compare columns 2 and 3). Recent
reports, however, have demonstrated that the Sir2 family
of enzymes catalyze a deacetylation reaction tightly
coupled to NAD hydrolysis, resulting in the formation of
nicotinamide and an acetyl-ADP-ribose product (Tanner
et al., 2000; Sauve et al., 2001; Tanny and Moazed, 2001).
We therefore hypothesized that the presence of excess
nicotinamide in the deacetylase reaction would inhibit
SIRTI’s activity. Indeed, as shown in Figure 1B, the
addition of nicotinamide significantly compromises the
NAD-dependent deacetylase activity of SIRTI.

Having established that SIRT1 is an active enzyme, we
next investigated the intracellular localization of SIRT1 in
a human transformed cell line. For this purpose, we raised
a polyclonal antibody against the C-terminal moiety of
SIRT1. The antibody is specific for SIRT1 and does not
cross-react with any other human SIRT (data not shown).
Indirect immunofluorescence studies on HeLa cells,
followed by confocal microscopy analysis, revealed a
diffuse and relatively homogeneous nuclear SIRT1 distri-
bution (Figure 1C, a and c). This is consistent with a
previous study reporting a potential nuclear localization
signal at the N-terminus of SIRT1 (Frye, 1999).
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Fig. 1. SIRT1 is an active nuclear NAD-dependent HDAC. (A) Equivalent amounts of wild-type His-SIRT1 or mutant His-SIRT1H363Y were tested
for HDAC activity in the presence (full column) or absence (open column) of 1 mM NAD*. Histone deacetylase activity is given as radioactivity
(c.p.m.) of [*H]acetate released from an acetylated histone H4 peptide. Control assays containing only acetylated H4 peptide without any recombinant
protein were performed. (B) NAD-dependent HDAC assay performed essentially as above in which GST-SIRT1 was tested for activity in the absence
(2) or presence of either 2 UM TSA (3) or 5 mM nicotinamide (4). All reactions contain identical amounts of GST-SIRT1. (C) Asynchronous HeLa
cells were analyzed for endogenous SIRT1 expression using an anti-SIRT1 antibody followed by incubation with an Alexa 488-conjugated secondary
antibody (green). Nuclear DNA was stained with propidium iodide (red). Note the high level of propidium iodide staining in the nucleoli.

SIRT1 interacts with PML and is recruited

to the NBs

Previously, PML has been reported to interact with
chromatin regulators such as the acetyltransferase CBP,
as well as with class | HDACs (Doucas et al., 1999; Khan
et al.,2001; Wu et al., 2001). Together with the emerging
role of the PML NB in transcriptional regulation, we
wondered whether SIRT1 could interact with PML. We
chose to study the PML IV isoform, which has previously
been shown to interact with HDACs, as well as being
implicated in the regulation of p53 activity and induction
of premature senescence (Ferbeyre et al., 2000; Fogal
et al., 2000; Pearson et al., 2000; Wu et al., 2001). In vitro,
we observed a weak but specific interaction between
glutathione S-transferase (GST)-SIRT1 and in vitro
translated PML IV (data not shown). This suggests that
post-translational modifications and/or associated factors
mediating an indirect interaction may be required. Of
particular relevance is the fact that PML is modified by
SUMO-1, a small ubiquitin-related peptide, and this
sumoylation event is necessary for the proper formation
of PML NBs and the recruitment of NB-associated
proteins, highlighting the importance of this modification
in PML function (reviewed in Seeler and Dejean, 2001).

We next investigated whether SIRT1 and PML interact
in vivo by performing co-immunoprecipitation experi-
ments. HeLa cells were transfected with either an expres-
sion vector for Gal4PML IV or a control empty vector.
Cell lysates were immunoprecipitated with anti-Gal4
antibody and the bound protein complexes were analyzed
by western blotting using the anti-SIRT1 antibody. As
shown in Figure 2A, endogenous SIRT1 interacts specif-
ically with overexpressed PML IV (compare lanes 3 and
4). In a similar experiment, extracts from HeLa cells
treated with arsenic trioxide (As,O3) were immunopre-
cipitated with either PGM-3, an antibody that recognizes
an N-terminal epitope common to all PML isoforms, or an
irrelevant antibody. Brief As,O; treatments are known to
enhance PML protein levels and sumoylation, and this
subsequently leads to increased targeting of PML to the
NBs and to enlarged NBs (data not shown; Zhu et al.,
1997; Muller et al., 1998; Lallemand-Breitenbach et al.,
2001). Figure 2B shows that endogenous PML and SIRT1
are able to interact specifically (compare lanes 2 and 3).

The next issue we addressed was whether SIRT1 could
be recruited to NBs by PML, as has been reported
previously for other PML interactors (Ishov et al., 1999;
Fogal et al., 2000; Boisvert et al., 2001). For this purpose,
we constructed a PINCO-SIRT1 vector, which gives rise
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to retroviruses expressing a green fluorescent protein
(GFP)-tagged SIRT1 protein. Primary mouse embryo
fibroblasts (MEFs) were infected with SIRT1-expressing
retroviruses and GFP fluorescence was monitored 4 days
after infection. As expected, SIRT1 shows a uniform
nuclear localization (Figure 2C, panel 2). However, no
visible co-localization was observed between PML and
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SIRT1 (Figure 2C, panel 3). Next, MEFs were co-infected
with PINCO-SIRT1 and pBABE-PML IV retroviruses.
pBABE-PML 1V is a retroviral expression vector for
PML IV with a puromycin selectable marker. Following
selection, cells were analyzed for GFP fluorescence and
PML localization. Strikingly, when co-expressed with
PML 1V, SIRTI1 shows a broad nuclear distribution with
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distinct speckles (Figure 2C, panel 5). These speckles
correspond perfectly to the PML NBs, as demonstrated
when both stainings are merged (Figure 2C, panel 6).

Next, we investigated the localization of endogenous
SIRTI, or its murine counterpart mSIR2q, under similar
conditions of PML IV upregulation. PML IV was over-
expressed in both primary human diploid fibroblasts
(WI38) and MEFs. Cells were then stained with anti-
SIRT1 serum, which -cross-reacts with endogenous
mSIR20. (data not shown), and PML staining was
monitored in parallel either by GFP fluorescence or with
an anti-PML antibody. Figure 2C (panels 7 and 10) shows
the typically enlarged NBs that form upon PML IV
overexpression (Ferbeyre et al., 2000; Pearson et al.,
2000). Observation of endogenous SIRT1 nuclear distri-
bution, or respectively mSIR2a., together with the PML
signal shows that both proteins co-localize at the enlarged
NBs (Figure 2C, panels 9 and 12). The enrichment of
SIRT1/mSIR2a in the NBs is significant, as it does not
occur in mock-transfected/infected cells (Figure 2C,
13—15; data not shown). Staining with antibodies specific
for other endogenous nuclear factors indicates that the vast
majority are not recruited to the NBs upon PML IV
overexpression (M.Faretta and S.Minucci, unpublished
data), therefore demonstrating that PML IV does not cause
the non-specific accumulation of endogenous nuclear
proteins in the NBs. These results show that PML IV
mediates partial relocalization of both endogenous and
overexpressed SIRT1 to NBs. Interestingly, the residual
SIRT1/mSIR2a staining observed in the nucleoplasm may
suggest possible functions outside the NBs.

Expression of oncogenic Ras (Ha-rasV12) in primary
fibroblasts is known to result in increased PML levels,
concomitant with the enlargement and accumulation of
NBs, similar to what occurs upon PML IV overexpression
(Ferbeyre et al., 2000; Pearson et al., 2000). We therefore
investigated endogenous mSIR2o. and PML localization
during activated Ras expression in MEFs. In infected
pBABERasV12 cells, PML NBs show an increase in size
and number compared with mock-infected cells, as shown
previously (Figure 2D, panel 1 compared with 4).
Strikingly, mSIR2a is seen to localize to some of these
enlarged NBs (Figure 2D, panels 2 and 3), while no
apparent co-localization of mSIR2o. and PML is observed
in mock-infected cells (panels 5 and 6). Importantly, these
results demonstrate that oncogenic Ras, an upstream
regulator of PML, is able to partially relocalize endo-
genous mSIR2a to the NBs.

SIRT1-mediated p53 deacetylation

PML, SIRT1 and p53 co-localize in the NBs

Given the recent findings that mSIR2o can act on non-
histone substrates, we speculated that one of the NB
components could be a SIRTI substrate (Muth et al.,
2001). An obvious candidate was the tumor suppressor
pS3 whose function is regulated by post-translational
modifications such as acetylation. Moreover, p53 is also
recruited to the NBs by PML IV (Fogal et al., 2000). We
therefore addressed whether PML, SIRT1 and p53 co-
localized in the NBs. PML IV was expressed in U20S
cells and triple immunostaining was performed (Figure 3).
As expected, PML IV and endogenous SIRT1 co-localize,
as do PML IV and endogenous p53 (Figure 3, panels 6 and
7). Importantly, p53 and SIRT1 co-localize (Figure 3, panel
5) and the merge of the triple staining shows that they
co-localize with PML in the NBs (panel 4). The triple
co-localization is schematically represented in the graph in
panel 8. Non-transfected U20S cells show diffuse nuclear
staining for endogenous p53 and SIRTI, and do not
indicate any apparent co-localization between the two
latter proteins and PML (panels 9-16). Thus, PML IV is
able to recruit both endogenous SIRT1 and p53 simul-
taneously to the NBs.

SIRT1 binds p53 in vitro and in vivo

Next, we tested whether SIRT1 can bind p53 in vitro. We
performed pull-down assays with either full-length
GST-p53 or a series of GST-p53 fusions expressing
only the N-terminal, middle or C-terminal regions of the
protein, and in vitro translated SIRT1. We observed
specific binding of SIRT1 to full-length p53 as well as to
GST-p53(290-393), while weaker binding was seen with
GST-p53(90-290) and no binding occurred with the
N-terminal p53 fusion (Figure 4A). These results indicate
that the C-terminal portion of p53, containing the
acetylation sites reported so far, is sufficient to bind
SIRTT.

Next, we investigated whether SIRT1 and p53 interact
in vivo. Whole-cell extracts from 293T cells were
immunoprecipitated with the anti-SIRT1 antibody or
with the pre-immune serum. As shown in Figure 4B, p53
is specifically immunoprecipitated with the anti-SIRT1
antibody but not with the pre-immune serum (lanes 2 and
3). Interestingly, when similar experiments were per-
formed with lysates from UV-irradiated HCT116 cells, the
endogenous interaction between p53 and SIRT1 was
increased compared with non-treated cells (Figure 4C,
lanes 4-6). Similar results were obtained with UV-

Fig. 2. SIRTI interacts with PML and is recruited to the PML NBs. (A) Endogenous SIRT1 co-immunoprecipitates with PML IV. HeLa cells were
transfected with either pcDNA3Gal4PML IV or empty pcDNA3Gal4, and the cell lysates were immunoprecipitated (IP) with anti-Gal4 antibody. The
complexes were resolved by SDS-PAGE and analyzed by western blotting with anti-SIRT1 and anti-Gal4 antibodies as indicated. Endogenous SIRT1
and Gal4PML 1V are indicated by arrows. (B) Endogenous SIRT1 and PML interact. HeLa cells were treated with 1 pM As,Oj3 for 4 h and whole-cell
extracts (WCE) were immunoprecipitated with anti-PML or an irrelevant antibody. The complexes were resolved by SDS-PAGE and analyzed by
western blotting with anti-SIRT1 antibody. Endogenous SIRT1 is indicated by an arrow. (C) Overexpression of PML IV in MEFs or WI38 cells results
in the accumulation of both endogenous and GFP-SIRT1 in the NBs. MEFs were infected with PINCO-SIRT1 (panels 1-3) or PINCO-SIRT1 and
pBABE-PML 1V (panels 4-6). PML was detected with an anti-PML antibody followed by incubation with a Cy3-conjugated secondary antibody (red),
while GFP-SIRT1 was revealed by the intrinsic green fluorescence of GFP. Merging of two colours results in yellow signal corresponding to co-
localized proteins. MEFs were transfected with pcDNA3GFPPML IV (panels 7-9). WI38 cells were infected with pPBABE-PML IV (panels 10-12) or
pBABE (panels 13-15). Endogenous SIRT1 or mSir2o. staining was revealed with anti-SIRT1 antibody followed by incubation with a Cy3-
conjugated secondary antibody (red), while PML staining was monitored either by GFP fluorescence or with an anti-PML antibody followed by
incubation with an Alexa 488-conjugated secondary antibody (green). (D) Expression of oncogenic Ras in MEFs recruits mSir2o to the NBs. MEFs
were infected with pPBABE-RasV12 (panels 1-3) or pPBABE (panels 4-6). Endogenous PML and mSir2o stainings were performed as in (C).
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PML IV U20S transfection

U20S untreated

Fig. 3. PML, SIRT1 and p53 co-localize in the NBs. U20S cells were either transfected with pcDNA3-PML IV (panels 1-7) or un-treated (panels
9-15). PML staining with mouse monoclonal PGM3 is shown in blue (AMCA), endogenous p53 staining with goat polyclonal anti-p53 in red (Cy3)
and endogenous SIRT1 staining with rabbit anti-sirt] in green (Alexa 488). Co-localization is shown in yellow (p53 and SIRT1), light blue (PML and
SIRT1), violet (PML and p53) and white (triple co-localization). Panels 8 and 16 show the normalized intensity profiles along the lines showed in the
insert respectively: p53 (red line), SIRT1 (green line) and PML (blue line). Blue peaks identify PML accumulation in the NBs. Peak distribution in

panel 8 supports triple co-localization of p53, SIRT1 and PML.

irradiated 293T cells (data not shown). In conclusion,
these results show that SIRT1 interacts with pS3 in vivo
and that, importantly, this interaction is increased under
conditions that activate p53.

SIRT1-mediated deacetylation of p53 occurs

in vitro and in vivo

Having established that SIRT1 and p53 interact, a crucial
issue to address was whether p53 could be a substrate
for SIRT1. For this purpose we acetylated GST—p53
in vitro using recombinant p300 in the presence of
['“ClacetylCoA. Following this acetylation step, active
SIRT1 was added to half the reactions in the presence or
absence of NAD*. All deacetylation reactions were
performed in the presence of TSA. The samples were
resolved on a gel and the acetylation status of p53 was
monitored by autoradiography. As shown in Figure 5A
(lane 2), GST—p53 is efficiently acetylated by recombinant
p300. Comparison of lanes 3 and 4 shows a significant
reduction of p53 acetylation signal only when SIRTI is
added in the presence of NAD*. The decrease in the
acetylated signal is greater than is apparent in lane 4 if
a correction is made for the slightly higher amount of
GST-p53 used in that reaction, as shown by Ponceau
staining in the bottom panel. Together, these results
indicate that recombinant SIRT1 can deacetylate p53 in
an NAD-dependent and TSA-insensitive manner. The
p53 deacetylation reaction, however, is not complete
(Figure 5A, lane 4). In vitro, p300 has been reported to
acetylate lysines 373 and 382 (Sakaguchi et al., 1998; Liu
et al., 1999). Therefore, SIRT1 might deacetylate one of
these sites preferentially, explaining the residual acetyl-
ated p53 signal observed experimentally. We performed
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an in vitro deacetylation assay on GST—p53 as described
above, followed by western blot analysis using a specific
antibody that recognizes acetyl-lysine 382 of p53.
Strikingly, SIRT1-mediated deacetylation of p53 results
in no detectable signal with the anti-acetyl-lysine 382
antibody (Figure 5B, lane 4), implying that any residual
acetylated pS3 signal present in Figure 5A arises from
acetyl-lysine 373. This suggests that SIRT1 preferentially
recognizes lysine 382 and catalyzes a site-specific
deacetylation reaction.

We next investigated whether SIRT1 mediates deacetyl-
ation of p53 in vivo. A portion of CBP containing the HAT
domain was overexpressed in 293T cells either alone or in
the presence of wild-type or mutant SIRT1. Endogenous
p53 was immunoprecipitated with DO-1 antibody and the
immunocomplexes were analyzed by western blotting
using a specific antibody for acetylated lysine 382 of p53.
As shown in Figure 5C (lane 2), overexpression of CBP
HAT domain induces acetylation of endogenous p53 at
lysine 382. This is consistent with a recent study which
reports that pS3 acetylation in vivo at this site is mediated
by the p300/CBP acetyltransferases (Ito et al., 2001). Over-
expression of SIRT1 effectively reduces CBP-dependent
p53 acetylation (lane 3). In contrast, overexpression of an
inactive SIRT1 enzyme does not significantly affect p53
acetylation (lane 4, which should be corrected for the
slightly lower amount of total p53 immunoprecipitated in
that reaction, as shown). The bottom panel shows the
amount of endogenous p53 immunoprecipitated in each
sample. Both wild-type and mutant enzymes are expressed
at similar levels, and SIRT1H363Y was demonstrated to
bind p53 as efficiently as its wild-type counterpart (data not
shown).



—
s 2 &
'S [=]
2 28 2
8 28 2
b & = 2 &
B F E FE F F
£ i 2] 7] w i'r]
(=1 (1 £t (L] (L] o
1 2 1 4 5 &
ovT N
S5IRT1
< o
B & &

¢

¥

WCE € €

pS3-—» le= == .|+ WB: DO

SIRT1 —» |- . WB : aSIRT1
1 I
7]
\.";‘
C ~

& ¢¢~*~‘§

WCE g" {"

UV - 5sh 20h - 5h 20h -

WL [t || wB:osrT

P WE : DO-1 short exposure
i

bow o awew...|. WB:DO-1 medium exposure
s @l | . WE :DO-1 long exposure
12 3 45 6 7

Fig. 4. SIRT1 interacts with p53 in vitro and in vivo. (A) Pull-down
experiment performed with in vitro translated (IVT) SIRT1 and
GST-p53 (lane 3) or different GST—p53 fusions expressing different
portions of the protein as indicated (lanes 4-6). Complexes were re-
solved by SDS-PAGE and visualized by autoradiography. IVT SIRT1
is indicated by an arrow. The exposure time of the input lane is half
that of the binding reactions. (B and C) Whole-irradiated cells (20J/m?2
for 5 or 20 h) were immunoprecipitated (IP) with either anti-SIRT1 or
pre-immune sera, and the immunocomplexes analyzed by western
blotting with anti-p53 (DO-1) antibody. Different exposures are shown
in (C) in order to visualize p53 immunoprecipitated in the various
samples. The asterisks indicate the Ig heavy chain.

In order to investigate SIRT1-mediated p53 deacetyl-
ation within a physiological p53 activation pathway, 293T
cells were transfected with SIRT1, UV irradiated, and the
acetylation status of endogenous p53 monitored with a p53
antibody recognizing lysine 382. As shown in Figure 5D,
overexpression of SIRT1 leads to a major reduction in
pS3 acetylation following UV treatment. However, the
ultimate proof that SIRT1 regulates pS3 acetylation levels
in vivo necessitates inhibition of the endogenous enzyme
followed by the analysis of p53 acetylation status. We
therefore took advantage of the fact that nicotinamide
compromised the activity of SIRT1 in vitro (see
Figure 1B). MCF7 cells were treated with UV in the
presence or absence of nicotinamide. The acetylation
status of p53 was analyzed (Figure 5E). As expected, UV
irradiation activated p53 and induced p53 acetylation
(lane 2). However, cells grown in the presence of

SIRT1-mediated p53 deacetylation

nicotinamide, following DNA damage, have greatly
enhanced p53 acetylation levels (compare lanes 2 and 3).
Treatment of non-UV-irradiated cells with nicotinamide
does not result in any detectable p53 acetylation (data not
shown), thus suggesting that the increase in p53 acetyl-
ation observed is caused by the inhibition of endogenous
SIRT1. Similar results were obtained in HCT116 cells
treated with etoposide, a chemical DNA-damaging agent
(data not shown). Collectively, these results strongly
support the notion that SIRT1 can mediate deacetylation
of p53 at lysine 382 in vivo within the context of a
physiological p53 activation pathway, and this regulation
depends on its intact NAD-deacetylase activity.

Finally, we monitored SIRT1-mediated deacetylation of
p53 in vivo by immunofluorescence. For this purpose,
immortalized MEFs were transfected with p53- and
GFP-SIRT1-expression plasmids. Cells were then stained
with both anti-p53 and anti-acetylated p53 antibodies,
while SIRT1 expression was followed by GFP. Both total
and acetylated p53 signals show a uniform nuclear
distribution (Figure S5F, panels 1 and 2). This indicates
that overexpression of pS5S3 promotes its acetylation.
However, in a cell co-expressing GFP-SIRTI, the p53
acetylation signal is significantly decreased compared with
anon-SIRT1-expressing cell (Figure SF, compare panels 2
and 3). A small population of cells was analyzed and the
mean fluorescence signals for total and acetylated p53
were quantified in both SIRTI-positive and -negative
cells. The graph in Figure 5F (panel 4) shows that the level
of acetylated p53 detected by immunofluorescence in
SIRT1-expressing cells is >2-fold lower than in SIRT1-
negative cells. This decrease of acetylated p53 is not
caused by variations in the total p53 levels, as these are
equivalent in both cell populations. These results demon-
strate that SIRT 1-induced deacetylation of p53 also occurs
in primary fibroblasts.

SIRT1 represses p53-dependent transactivation

We next asked whether SIRT1 would control the tran-
scriptional activation capacity of p53, given that it can
deacetylate p53 both in vitro and in vivo. To study the
effect of SIRT1 on p53 activity, we carried out transient
transfection assays with a p53-responsive reporter, PGluc,
which contains two consensus pS53 response elements
cloned upstream of the luciferase reporter (Ouchi et al.,
1998). Assays were performed in a fibroblast cell line
derived from MEFs with combinations of p53, SIRT1 and
SIRT1H363Y expression vectors. Expression of p53 alone
caused a >20-fold activation of the reporter gene (Figure 6,
compare lanes 1 and 2). However, co-expression of p53
with SIRT1 results in a near complete loss of p53 trans-
criptional activity (lane 3). This inhibition of p53
transactivation is greatly alleviated when p53 is co-
expressed with SIRTIH363Y (lane 4). Expression of
either SIRT1 or SIRT1H363Y alone does not affect the
basal level of transactivation of the reporter gene (lanes 5
and 6). These results show that SIRT1 is able to inhibit
p53-dependent transcription in a manner dependent on its
deacetylase domain.

Next, we analyzed the ability of SIRT1 to repress p53-
dependent transactivation on a natural genomic promoter,
namely the p53-responsive mdm2 promoter. 293T cells
were co-transfected with a reporter plasmid, mdm?2-luc,
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Fig. 5. SIRT1 can deacetylate p53 in vitro and in vivo. (A) Equivalent amounts of GST (lane 1) or GST-p53 (lanes 2—4) were acetylated in vitro by
bacterially expressed p300 in the presence of ['“ClacetylCoA. Recombinant SIRT1 was then added to the reactions in the presence (lane 4) or absence
of 1 mM NAD* (lane 3). Two micromolar TSA was added to all reactions. The samples were resolved by SDS-PAGE and acetylated p53 was visual-
ized by autoradiography. Ponceau staining shows the total levels of GST—p53 used in the reactions. (B) An in vitro deacetylation reaction with
GST-p53 and SIRT1 was performed as in (A), followed by western blot analysis with a specific antibody for acetylated lysine 382 (atAcK382p53).
Acetylated GST—p53 is shown with an arrow. (C) 293T cells were co-transfected with combinations of the expression plasmids pcDNA3.1SIRTI,
pcDNA3.1SIRT1H363Y and pcDNA3GAL4CBP(1099-1758) as indicated, or with empty vector controls (lane 1). Twenty-four hours post-trans-
fection, whole-cell lysates were immunoprecipitated with DO-1 antibody and the complexes were analyzed by SDS-PAGE. The acetylation status of
endogenous p53 was visualized using a specific antibody for acetylated lysine 382 (xAcK382p53). The bottom panel shows the total amount of p53
immunoprecipitated in each sample. (D) 293T cells were transfected with either pcDNA3.1SIRT1 (lane 3) or with empty vector control (lanes 1 and
2). Twenty-four hours post-transfection, cells were UV-irradiated (150 J/m?, lanes 2 and 3) and after 5 h, whole-cell extracts were prepared from con-
trol and UV-treated cells. Immunoprecipitations and western blotting were performed as in (C). (E) MCF7 cells were UV-irradiated (50 J/m2, lanes 2
and 3), and when indicated, nicotinamide was added to the media immediately following irradiation. Whole-cell extracts were prepared from control
and UV-treated cells after 20 h. Immunoprecipitations and western blotting were performed as in (C). (F) SIRT1 overexpression in MEFs inhibits p53
acetylation. Immortalized MEFs were transfected with PINCO-SIRT1 and pcDNA3-p53. p53 overexpression was analyzed by DO-1 staining followed
by Alexa 350-conjugated secondary antibody (blue, panel 1) while GFP fluorescence revealed GFP-SIRT1 staining (panel 3). Acetylated p53 was
analyzed with anti-acetylated p53 antibody followed by Cy3-conjugated secondary antibody (red, panel 2). Mean fluorescence value of p53 and acetyl-
p53 signals were measured in cells expressing low (gfpSIRT1-) and medium to high (gfpSIRT1+) GFPSIRTI levels (panel 4; Student’s r-test,
p = 0.002). The graph shows the normalized mean fluoresence intensities.

which contains the mdm2 promoter cloned upstream of the ~60% (Figure 6B, compare lanes 1, 2 and 3). Co-
luciferase gene, and combinations of p53, SIRT1 and expression of the catalytically inactive SIRT1 with p53
SIRT1H363Y expression vectors (Figure 6B). Expression inhibited p53 transactivation by only ~25% (lane 4). These
of p53 alone resulted in a 6-fold activation of the reporter results show that SIRT1 has the ability also to repress p53-
plasmid, while co-expression of p53 with SIRT1 only dependent transcription in the context of a natural
activated the reporter gene ~2-fold, thus a reduction of promoter.
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Fig. 6. SIRT1 represses p53-mediated transactivation. (A) A luciferase
reporter assay was performed in a fibroblast cell line derived from
MEFs. Cells were transfected with 2 pug of PGluc (lanes 1-6) and
2.5 ug of pHKp53 (lanes 2-4), 1.5 ug of pcDNA3.1SIRT1 (lanes 3 and
5) or 1.5 pug of pcDNA3.1SIRT1H363Y (lanes 4 and 6). Relative luci-
ferase units shown are the mean value of triplicates. (B) 293T cells
were transfected with 0.1 pg of mdm2-luc (lanes 1-6) and 0.025 pg of
pHKp53 (lanes 2-4), 0.5 ug of pcDNA3.1SIRT1 (lanes 3 and 5) or
0.5 ug of pcDNA3.1SIRTIH363Y (lanes 4 and 6). Relative luciferase
units shown are the mean value of triplicates.

SIRT1 rescues PML-induced cellular senescence

A connection between PML IV overexpression, recruit-
ment of p53 to NBs, increased p53 acetylation and
induction of premature cellular senescence has been
suggested previously by Pearson et al. (2000). Given
that SIRT1 can deacetylate p53, repress its transactivation
capacity, and co-localizes with p53 and PML in the NBs,
we asked whether SIRT1 can suppress PML IV-induced
senescence. For this purpose, primary MEFs were infected
with the relevant retroviruses expressing either GFP—
SIRT1 or GFP-SIRT1H363Y in concert with PML IV. We
have already shown that GFP-SIRT]1 is recruited to the
NBs under these conditions (see Figure 2C, panels 3-6).
Infections with empty vectors were performed as controls.
Cells were selected then counted over the subsequent
8 days. The growth curves are shown in Figure 7A.
Expression of wild type SIRT1 or its mutant counterpart
alone does not alter the growth pattern of the primary
fibroblasts. As described previously, overexpression of
PML IV in primary cells leads to immediate growth arrest,

SIRT1-mediated p53 deacetylation

a hallmark of cellular senescence (Ferbeyre et al., 2000;
Pearson et al., 2000). However, when SIRT1 is expressed
along with PML 1V, a near complete rescue of PML-
induced growth arrest is seen. In contrast, this growth
arrest was only partially relieved by co-expression of the
catalytically inactive SIRT1H363Y. These results indicate
that SIRT1 can antagonize PML I'V-induced growth arrest.

In a similar series of experiments, WI38 cells were co-
infected with either empty pBABE or pBABE-SIRT1
together with empty PINCO or PINCO-PML IV retro-
viruses. Cells were selected and then assayed for
bromodeoxyuridine (BrdU) incorporation, which reflects
the number of cells in S phase, and for acidic
B-galactosidase (SA-P gal) activity, two markers com-
monly used in the analysis of senescent cells. Results are
shown in Figure 7B. As observed for the growth curves,
expression of SIRT1 alone does not significantly affect the
percentage of cells in S phase or the percentage of
SA-B gal-positive cells when compared with control
infected cells. However, expression of PML IV results in
a striking decrease of BrdU-positive cells and a huge
increase in SA-P gal active cells, as reported previously
(Ferbeyre et al., 2000; Pearson et al., 2000). Double-
infected PML IV-SIRTI1 cells exhibit a significant
increase in the percentage of cells in S phase as compared
with PML-infected cells, in addition to a marked decrease
in the percentage of SA-B gal-positive cells. Taken
together with the growth assay, these data indicate that
overexpression of SIRT1 in primary cells can reverse
PML IV-induced cellular senescence, and its intact
deacetylase activity appears to be required for this process.

Given that PML IV-induced senescence is concomitant
with increased p53 activation and acetylation at lysine
382, similar to what is observed during replicative
senescence, we addressed the acetylation status of p53 in
double-infected PML IV-SIRT1 cells. For this purpose,
MEFs were co-infected with the relevant retroviruses,
lysates were prepared from selected cells and p53 was
immunoprecipitated. The acetylation status of p53 was
assessed by western blotting using a specific antibody for
acetylated lysine 382 and is shown in Figure 7C. No
acetylation of endogenous p53 is observed in mock-
infected and overexpressing SIRT1 cells (Figure 7C,
lanes 1 and 2). As reported previously, PML IV expression
in primary fibroblasts induces acetylation of endogenous
pS53 at lysine 382 (lane 3; Pearson et al., 2000). Strikingly,
this acetylation signal is completely lost in double-infected
PML IV-SIRT1 cells (lane 4). The total amount of
endogenous p53 immunoprecipitated in each sample is
equivalent and is shown in the lower panel. These results
show that the antagonizing effect that SIRT1 exerts on
PML-induced senescence is accompanied at the molecular
level by a lack of p53 acetylation. This suggests that the
growth-promoting activity of SIRT1 is mediated by p53
and is exerted, directly or indirectly, by the modulation of
pS3 acetylation levels.

Discussion

In this study, we have provided evidence for a function of
SIRTI, the human Sir2 homolog. We show that the NAD-
dependent deacetylase SIRT1 is recruited to the PML NBs
together with its substrate p53. Furthermore, we demon-
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Fig. 7. SIRT1 antagonizes PML-induced cellular senescence. (A) Overexpression of SIRT1 in primary MEFs rescues PML IV-induced cell growth
arrest. Wild-type MEFs were infected with the indicated retroviruses. Infected cells were selected, inoculated at 5 X 10* cells per well and counted for
the subsequent 8 days. Day 0 is the first day after selection. The cell number at each time point shown on the growth curves represents the mean value
of duplicate wells. (B) SIRT1 rescues a PML-induced senescent phenotype. WI38 cells were infected with the indicated retroviruses. Cells were
selected, cultured for 8 days and then examined for GFP positivity, BrdU incorporation and acidic B-galactosidase activity. The BrdU-positive cells
and B-galactosidase positive cells are shown as a percentage of GFP-positive cells. (C) SIRT1 inhibits PML-induced p53 acetylation. MEFs were
infected with the indicated retroviruses. Following selection, cells were cultured for 4 days, lysates were prepared and p53 was immunoprecipitated
with a rabbit polyclonal anti-p53 antibody. The acetylation status of endogenous p53 was visualized using a specific antibody for acetylated lysine 382
(0AcK382p53), while total pS3 was revealed with an anti-p53 antibody (Ab-7). p5S3—/— cells are included as a negative control for the p53 immuno-

precipitation.

strate that SIRT1 can downregulate a p53-dependent
process, namely the induction of cellular senescence,
giving strength to a physiologically relevant role of SIRT1
in the p53 regulatory network.

Functional significance of SIRT1 and

PML interaction

We report that SIRTI, a diffuse nuclear enzyme, is
partially relocalized to the NBs upon PML IV upregulation
or oncogenic Ras expression, an upstream element of the
PML pathway. Previously, class I HDACs have been
shown to accumulate in specific nuclear subdomains that
are distinct from PML NBs (Downes et al., 2000). This is,
therefore, the first demonstration that a deacetylase is
recruited to the NB compartment. What function does
SIRT1 exert there? The co-localization of SIRT1 and its
substrate p53 within NBs suggests that the latter may
function as nuclear organizing centers, which enable a
given protein to have access to another, and/or provide a
sufficiently high local concentration for NB-associated
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proteins to be active. However, other non-mutually
exclusive hypotheses can be put forward. Indeed, the
interaction of SIRT1 with PML may modulate PML
function, or vice versa. Supporting this idea, PML has
recently been shown to interact with multiple co-
repressors and class I HDACs, and these interactions are
required for the transcriptional repression function of PML
(Khan et al., 2001; Wu et al., 2001). Therefore, the
deacetylase activity of SIRT1 may be recruited by PML to
contribute to PML-mediated transcriptional repression
independently of the action of SIRT1 on p53.

SIRT1 adds to the growing list of co-activators, co-
repressors and chromatin-associated proteins shown to be
recruited to the NBs, thus giving strength to the emerging
role of these nuclear speckles in the control of transcrip-
tion. Furthermore, the previously reported organization of
class I HDAC complexes into discrete subnuclear
domains, together with the recruitment of multiple co-
activators, co-repressors and chromatin regulators to the
NB, indicate that the nucleus is highly compartmentalized



and that the distinct subdomains must coordinate a variety
of cellular processes (Hodges et al., 1998; Downes et al.,
2000; Zhong et al., 2000b).

SIRT1: a novel negative regulator of p53 function
A major finding in this study is the demonstration that the
acetylated form of the tumor suppressor p53 is a physio-
logical substrate for SIRT1. Recently, acetylation of lysine
residues in the C-terminus of p53 has been shown to occur
in response to a wide variety of stresses and is invariably
coupled to p53 activation (reviewed in Appella and
Anderson, 2001; Ito et al., 2001). Moreover, p53 acetyl-
ation has been linked to p53 protein stability as well as
optimal p53 transactivation in response to certain cellular
stresses, and appears to be a tightly regulated event
(Pearson et al., 2000; Ito et al., 2001). Indeed, two recent
studies have reported p53 deacetylases: the first demon-
strates that MDM2, a well established negative regulator
of p53, can suppress p300/CBP-mediated p53 acetylation
in vivo in a TSA-sensitive manner (Ito et al., 2001); the
second report shows that a HDAC]1-containing complex
can bind and deacetylate p53, and that this interaction
modulates p53-mediated cell growth arrest and apoptosis
(Luo et al., 2000).

We now add an extra level of complexity to the
regulation of p53 function by presenting evidence that
SIRT1, an NAD-dependent deacetylase, is able to de-
acetylate p53 and modulate a p53-dependent process
in vivo. Given the importance of acetylation in p53
function, it is not surprising to discover multiple enzymes
capable of regulating this event. The most challenging
issue now will be to understand the differential roles, if
any, of the three p53 deacetylases and to investigate
whether they perform redundant functions in vivo or, on
the contrary, whether they are involved in specific p53
regulatory pathways. A relatively simple explanation for
the existence of multiple p53 deacetylases would stem
from the catalysis of acetyl-lysine-specific deacetylation
reactions. Our results indicate that such a specificity may
occur in the SIRTI1-mediated deacetylation of p53 and
would be directed against lysine 382. This has been proven
further by an HPLC analysis in a recent report by Vaziri
et al. (2001). Therefore, the NAD-dependent deacetylation
of SIRT1 may work in conjunction with class I and II
HDAC:s to finely coordinate the regulation of p53.

Recent studies demonstrated that p300/CBP-mediated
co-activation of p53 gene expression occurs both through
p53-targeted nucleosomal acetylation at the promoter level
and through p53 acetylation per se, which itself enhances
the association with co-activator complexes (Barlev
et al., 2001; Espinosa and Emerson, 2001). Therefore, in
addition to a direct deacetylation of p53 leading to
inefficient co-activator binding, SIRT1 may mediate its
repressive function through its recruitment to p53 target
promoters, leading to transcriptionally silenced hypo-
acetylated nucleosomes. Supporting this hypothesis,
SIRT1 has been found associated with the p21 promoter,
a p53 target gene, in chromatin immunoprecipitation
assays (N.Barlev and S.Berger, personal communication).
However, future work will determine whether this is the
case.

SIRT1-mediated p53 deacetylation
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Fig. 8. Proposed model for the rescue of PML-induced premature sen-
escence by SIRT1 overexpression. Upregulation of PML promotes acet-
ylation of p53 by CBP and enhances its activity, leading to the
expression of p53 target genes and the onset of senescence. We propose
that SIRT1 expression antagonizes PML-induced acetylation of p53,
thus modulating its activity and exerting a negative action on the induc-
tion of senescence.

SIRT1 modulates PML-induced cellular senescence
This study strongly supports a role for SIRTI1 in the
regulation of premature cellular senescence, a proposed
tumor-protection mechanism induced in response to
certain cellular stresses (reviewed in Campisi, 2001).
Our results indicate that SIRT1 antagonizes the induction
of senescence, and this is concomitant with a lack of p53
acetylation. We propose a potential model for the induc-
tion of premature cellular senescence in response to
PML 1V upregulation (Figure 8). In this model, induction
of PML promotes acetylation of p53 at lysine 382 by CBP
and enhances its activity, thus resulting in p53 target gene
expression and the onset of senescence. We propose that
SIRT1 counteracts CBP-mediated acetylation, one pos-
sible explanation being the direct binding and deacetyl-
ation of p53, resulting in reduced p53 activity and target
gene expression, allowing cells to continue growing.
However, the exact mechanism of SIRTI1’s action still
remains to be elucidated and one cannot formally exclude
at this stage indirect mechanisms acting on genes or as yet
undiscovered substrates other than p53.

In view of the recent findings that Sir2 modulates
lifespan extension in yeast and worms, the discovery that a
human Sir2 homolog is involved in cellular senescence is
intriguing. Indeed, a loose link exists between organismal
ageing and cellular senescence, namely cells taken from
older organisms become senescent in culture after fewer
serial passages than those taken from younger organisms
(Campisi, 1996). Recently, this connection has been
reinforced by the finding that p53, a key player in cellular
senescence, is also involved in organismal ageing (Tyner
et al., 2002). Therefore, both the Sir2 family and p53
appear to be implicated in ageing at the cellular level
(senescence) and at the whole-organism level. An exciting
possibility is the involvement of SIRT1/mSIR2o in
organismal ageing in mammals. Intriguingly, a previous
report demonstrating that TSA treatment of primary
human cells induced a senescence-like state suggests that
other class I or I HDACs may also be involved in this
process (Ogryzko et al., 1996). However, the data
presented here clearly indicate that the NAD-dependent
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deacetylase SIRTI1 regulates premature cellular senes-
cence induced by the tumor suppressors PML and p53.

Finally, two groups have recently published similar
findings in which they show that SIRT1 can bind and
deacetylate p53 in vivo, and furthermore, that SIRTI
modulates p53-dependent apoptosis in response to oxid-
ative stress and DNA damage (Luo et al., 2001; Vaziri
et al., 2001). Taken together with our results, it appears
that SIRT1 is implicated in multiple stress-activated
regulatory pathways that relay to p53.

Materials and methods

Recombinant DNA

Full-length SIRT1 cDNA (DDBJ/EMBL/GenBank accession No. NM-
012238) was cloned by PCR from the human testis Marathon cDNA
library. SIRT1H363Y mutant was generated by site-directed muta-
genesis. Both wild-type and mutant cDNAs were cloned into pcr4TOPO
(Invitrogen), then subcloned into pGEX2TK (Pharmacia) for bacterial
GST fusion expression, pet30a (Novagen) for expression of His-tagged
proteins, pcDNA3.1B (Invitrogen) for myc-tagged mammalian expres-
sion, PINCO (Grignani et al., 1998) and pBABE (Morgenstern and Land,
1990) for retroviral mediated gene transfer. A SIRT1 HindIII-Notl
fragment from SIRT1pcr4dTOPO was subcloned into pET28 (Novagen)
for expression of Hisg-SIRT1(506-747) fusion protein. PINCO-PML 1V,
pBABE-PML 1V, pBABERasV12 (Pearson et al., 2000), pcDNA3-
GAL4CBP(1099-1758) (Martinez-Balbas et al., 1998), pcDNA3-
GFPPML IV, pcDNA3GALAPML IV and pcDNA3PML IV (Clontech)
have been described elsewhere. pGEX2TK plasmids containing the p53
truncations, pHK-p53 and pcDNA3p53 for mammalian expression were
constructed by PCR. All constructs were verified by DNA sequencing.

NAD-dependent HDAC assay

HDAC assays were carried out essentially as described (Brehm et al.,
1998) in 100 pl of NAD-HDAC buffer containing 50 mM Tris—HCl
pH 8.8, 4 mM MgCl,, 0.2 mM dithiothreitol (DTT) with 150 000 c.p.m.
of a tritium-labeled acetylated H4 peptide. One millimolar NAD* (Sigma)
was added to reactions when indicated. For inhibition experiments, 2 uM
TSA (Wako Bioproducts) or 5 mM nicotinamide (Sigma) was added to
reactions. Assays were performed in triplicate.

Protein expression and in vitro binding assays

GST fusion proteins were expressed in E.coli strain XA90 using the
pGEX (Pharmacia) vector system. Purification of GST fusions from crude
bacterial lysates was performed as described previously (Bannister and
Kouzarides, 1996). His-tagged SIRT1 fusions were expressed in E.coli
strain BLR using the pET (Novagen) vector system. Bacteria were lysed
with BPER buffer (Pierce) and the protein was purified from the lysate on
an Ni-NTA-agarose column (Qiagen) according to the manufacturer’s
instructions. In vitro transcription/translation was carried out using the
TNT system (Promega) and binding assays were performed as described
previously (Fuks et al., 2000).

Cell culture, transfections and retroviral infections

HeLa, 293T, HCT116, MCF7, U20S and the spontaneously immortalized
cells derived from MEFs were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% FBS, penicillin, streptomycin and
glutamine (all Gibco-BRL). WI38 cells were maintained in DMEM with
10% North American serum, penicillin, streptomycin and glutamine (all
Gibco-BRL). Cells were grown at 37°C in an atmosphere containing 5%
CO,. Primary MEFs were maintained in DMEM with 10% North
American serum, non-essential amino acids, 50 UM B-mercaptoethanol,
penicillin, streptomycin and glutamine (all Gibco-BRL). Cells were
grown at 37°C in an atmosphere containing 9% CO,. Transfections were
performed with the standard calcium phosphate method, except for the
immunofluorescence studies, where MEFs were transfected with 2 ug of
total DNA using Fugene reagent (Boehringer Mannheim, Germany).
Infections of primary fibroblasts were performed by retroviral mediated
gene transfer using Phoenix packaging cells as described previously
(Serrano et al., 1997). The PINCO vector expresses a GFP visible within
24 h, allowing determination of infection efficiencies. Thirty-six hours
following infection, cells were selected with 3 pg/ml puromycin. Day 0
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was considered 3 days after initiation of chemical selection when all non-
infected cells were dead.

Senescence analysis

In the growth curve experiments, cells were plated at 50 000 cells per
well in duplicate and counted on successive days. B-galactosidase
analysis was carried out essentially as described (Dimri et al., 1995). To
visualize BrdU incorporation, infected cells were plated on coverslips,
incubated for 1 h in the presence of 10 uM BrdU, fixed, and nuclei
incorporating BrdU were visualized by immunostaining using a pure
monoclonal anti-BrdU antibody and a FITC-conjugated secondary
antibody (both from Becton Dickinson, USA).

Immunoprecipitation experiments

HeLa and 293T cells in culture dishes (15 cm diameter) were transfected
with 40 ug of expression vectors. 293T, MCF7 and HCT116 cells were
UV irradiated with 150, 50 and 20 J/m?2, respectively. When indicated,
1 UM As,O3 and 5 mM nicotinamide (all Sigma) were added to the
culture media. Cells were washed in ice-cold PBS and lysed in RIPA
buffer (50 mM Tris pH 8, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.1%
SDS, 0.5% DOC plus protease inhibitors) at 4°C for 30 min. Lysates were
cleared by centrifugation (input samples were taken at this stage), protein
levels were quantified and equal amounts of lysate were incubated with
3 ug of anti-Gal4 mouse monoclonal antibody (RK5C1; Santa Cruz),
anti-p53 mouse monoclonal antibody (DO-1; Santa Cruz), anti-SIRT1
rabbit polyclonal antibody or pre-immune serum, or anti-PML mouse
monoclonal antibody (PGM-3; Santa Cruz) for 2 h. Fifty microliters of a
slurry of protein A/G-Sepharose beads (Pharmacia) were added and
incubation continued for a further 2 h with rotation at 4°C. Precipitates
were washed five times in RIPA and resuspended in loading buffer for
SDS-PAGE analysis. Immunoprecipitation experiments with primary
fibroblasts were carried out 8 days after infection essentially as described
above. Briefly, cells were washed twice in ice-cold PBS before being
lysed in 50 mM Tris—HCI pH 7.8, 150 mM NaCl, 2 mM EDTA, 2 mM
DTT, 1% Triton X-100 plus protease inhibitors, and snap frozen. Equal
amounts of lysate were immunoprecipitated with a rabbit polyclonal anti-
p53 antibody (393fl; Santa Cruz).

Antibodies and western blot analysis

Western blotting was performed according to standard procedures. The
following primary antibodies were used: His-SIRT1(506-747) fusion
protein was used as an antigen to produce a specific rabbit polyclonal anti-
SIRT1 antibody; mouse monoclonal anti-Gal4 (RK5C1; Santa Cruz);
mouse monoclonal anti-p53 (DO-1; Santa Cruz); sheep polyclonal anti-
p53 (Ab-7; Oncogene); rabbit polyclonal anti-acetylK382p53 (kindly
provided by E.Appella). Primary antibodies were revealed by HRP-
conjugated secondary antibodies (Abcam), followed by enhanced
chemiluminesence (Amersham).

Immunofluoresence analysis

Cells were cultured directly on glass coverslips and then fixed with 4%
paraformaldehyde. After washing with PBS, cells were permeabilized
with 0.1% Triton X-100 in PBS for 10 min, blocked and incubated with
primary antibodies. Primary antibodies used were mouse monoclonal
anti-hPML (PGM-3; Santa Cruz), mouse monoclonal anti-p53 (DO-1;
Santa Cruz), rabbit polyclonal anti-acetylated p53 (Ab-1; Oncogene),
rabbit polyclonal anti-SIRT1 and mouse polyclonal anti-murine PML
(Contegno et al., 2002). Cells were then washed three times in PBS and
incubated with goat anti-mouse and/or anti-rabbit Cy3-conjugated
(Amersham), Alexa 488- or Alexa 350-conjugated (Molecular Probes)
secondary antibodies. Simultaneous detection of PML, p53 and SIRT1 in
U20S cells was obtained by using mouse monoclonal anti-hPML
(PGM-3; Santa Cruz), rabbit polyclonal anti-SIRT1 antibody and goat
polyclonal anti-p53 (clone 393; Santa Cruz). AMCA-conjugated donkey
anti-mouse (Jackson Immunoresearch), Cy3-conjugated donkey anti-goat
(Amersham) and Alexa 488-conjugated donkey anti-rabbit (Molecular
Probes) antibodies were employed for the detection step. Coverslips were
mounted in a 90% glycerol solution containing diazabicyclo-(2.2.2)-
octane antifade (Sigma). Coverslips were examined under an AX-70
Provis (Olympus) fluorescence microscope and images collected by a
Hamamatsu c¢5985 b/w camera. Image analysis (line profiling and mean
fluorescence calculations) was performed using NIH Image software
(W .Rasband, NIH).

Gene reporter assays
Immortalized MEFs or 293T cells were transfected at 40-60% confluency
with a total of 10 pug of DNA. The mdm2-luc plasmid was a kind gift from



Dr Xin Lu. Cells were washed 24 h after transfection and incubated for an
additional 24 h before harvesting. Luciferase assays were performed in
triplicate using the luciferase reporter assay system (Promega) according
to the manufacturer’s instructions.

In vitro p53 deacetylation assay

Equal amounts of GST and GST—p53 (2 pg) were first acetylated in vitro
using a His-p300(1071-1715) fusion protein (20 000 c.p.m. activity on
histones) and ['“ClacetylCoA (NEN) in IPH buffer as described
previously by Bannister and Kouzarides (1996). Samples were then
washed, equilibrated in 100 pl of NAD-HDAC buffer and recombinant
active GST-SIRT1 (20 000 c.p.m. deacetylase activity on H4 peptide)
was added to the reactions in the presence or absence of 1 mM NAD*.
Two micromolar TSA was added to all samples. Reactions were
incubated at 37°C for 90 min before being resolved by SDS-PAGE and
blotted on nitrocellulose membrane. Autoradiography was performed at
—70°C overnight.
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