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The histone acetyltransferase TIP60, a frequent target of
monoallelic loss in human carcinomas, can acetylate many sub-
strates, including histones and p53, and thus promote apoptosis
following UV radiation. Here we showed that TIP60 is auto-
acetylated in response to UV damage, which is critically impor-
tant forTIP60 activation.Mechanisticallywedemonstrated that
TIP60 autoacetylation leads to the dissociation of TIP60
oligomer and enhances its interaction with substrates. More-
over, we identified SIRT1 that specifically deacetylates TIP60
and negatively regulates TIP60 activity in vivo. Taken together,
our data revealTIP60 autoacetylation as a key step in the control
of its histone acetyltransferase activity and function in response
to DNA damage.

TIP60 is a histone acetyltransferase that serves to integrate
diverse signaling pathways involved in a variety of cellular func-
tions (1–3). It is known that TIP60 can acetylate core histones
and thereby regulate chromatin remodeling and gene tran-
scription (4). TIP60 also has a number of non-histone sub-
strates. For example, suppression of TIP60 results in defective
double-stranded DNA break repair and failure to induce apo-
ptosis following IR or UV radiation (5–7). This function of
TIP60 in DNA damage-induced apoptosis is likely to be medi-
ated through its ability to acetylate substrates, such as p53 and
ATM, following DNA damage (7–9). Given the diverse and
important roles of TIP60 in the cell, it is not surprising that the
TIP60 gene is a frequent target for monoallelic loss in many
human carcinomas, including lymphomas and head-and-neck
and mammary carcinomas (10).
One of the critical substrates of TIP60 involved in its tumor

suppression function is likely to be p53. Posttranslational mod-
ifications, such as phosphorylation and acetylation, of p53 are
important modes to activate p53 activity in response to DNA
damage and other cellular stresses (11). Until now, eight acety-
lation sites of p53 have been identified, and substitution of these
residues completely abolishes p53-dependent cell cycle arrest
and apoptosis (11, 12). Among these acetylation sites, the

CREB-binding protein/p300-mediated p53 acetylation at lysine
164 and the six C-terminal lysine residues enhances p53 activa-
tion and stabilization in response to stress (13). The TIP60 (and
hMOF) mediates p53 acetylation at lysine 120, which locates
within the DNA-binding domain of p53 (8, 9), enhances the
binding of p53 to promoters of pro-apoptotic genes, such as
BAX and PUMA, and therefore plays a critical role in p53medi-
ated apoptosis in response to DNA damage (8, 9).
As an important enzyme involved in multiple cellular pro-

cesses, TIP60 activity should be tightly regulated, since even
2-fold reduction of its activity would result in tumorigenesis
and its excessive activation would result in apoptosis (8–10).
However, it is still unclear as how TIP60 activity is regulated in
vivo, especially in response to DNA damage. In this study, we
showed that TIP60 autoacetylates in response to UV and this
autoacetylation is important forTIP60 activation in response to
DNA damage.

EXPERIMENTAL PROCEDURES

Cell Culture and Plasmids—293T, U2OS and HCT116 cells
were maintained in RPMI 1640 supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin at 37 °C in a
humidified incubator with 5% CO2 (v/v). TIP60, p53 or SIRT1
cDNA was subcloned into pDONR201 entry vector and then
transferred to the destination vectors containing N-terminal
triple-epitope S protein, FLAG, and streptavidin-binding pep-
tide (SFB) tag, Myc-epitope tag, GST tag, or MBP tag using
gateway technology (Invitrogen). All point mutants were gen-
erated by site-directedmutagenesis (Stratagene) and verified by
sequencing. Transfections were performed using Fugene 6 or
Lipofectamine according to manufacturer’s instructions.
Antibodies—Rabbit polyclonal anti-SIRT1 antibody was de-

scribed previously (14). Monoclonal anti-Flag M2 and anti-�-
actin antibodies were purchased from Sigma. Anti-Ac-Lysine
polyclonal antibodywas purchased fromCalbiochem.The anti-
MBP antibody was purchased fromMillipore. TIP60 Antibody
was a kind gift of Dr. Bruno Amati at European Institute of
Oncology. Ac-Lys120-p53 monoclonal antibody was purchased
fromMBL.
Co-immunoprecipitation and Western Blotting—Cells were

lysed with NTEN buffer (20 mM Tris-HCl, pH 8.0, 100 mM

NaCl, 1 mM EDTA, 0.5% Nonidet P-40) containing 20 mM NaF
and 1 �g/ml pepstatin A and aprotonin on ice for 20 min. After
removal of cell debris by centrifugation, the soluble fractions
were collected and incubated with either protein A-agarose
beads coupled with anti-TIP60, SIRT1 antibodies, or S protein-
Sepharose (Amersham Biosciences) for 3 h at 4 °C. The precip-
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itates were then washed four times with NTEN buffer and
boiled in 2� SDS loading buffer. Samples were resolved on
SDS-PAGE and transferred to polyvinylidine difluoride mem-
brane, and immunoblottings were carried out with antibodies
as indicated.
Pull-down Assay—GST2 or MBP fusion proteins were ex-

pressed in Escherichia coli and purified as described previously
(15). GST fusion proteins were immobilized on glutathione-
Sepharose 4B beads and incubated with lysates prepared from
cells transiently transfected with plasmids encoding the indi-
cated constructs. The samples were subjected to SDS-PAGE
and analyzed by Western blotting.
RNA Interference—Briefly, cells were transfected twice at

24-h intervals with the indicated small interfering RNAs
(siRNAs) using oligofectamine (Invitrogen) according to the
manufacturer’s instructions. siRNAs against human SIRT1
used were described previously (14). The TIP60 siRNA
sequence is GGACAGCUCUGAUGGAAUA.
Acetylation and Deacetylation Assays in Vitro—Acetylation

and deacetylation assays in vitro were performed as described
before (14, 16). 200 ng of bacterially expressed MBP-TIP60 or
MBP-TIP60 mutants were separately incubated with the indi-
cated substrates with 5 mM acetyl-CoA in HAT buffer at 30 °C
for the indicated time period. The reaction mixtures were
resolved on SDS-PAGE and analyzed by immunoblotting or
autoradiography.

RESULTS

TIP60 Autoacetylates in Vivo—Intra- or intermolecular
posttranslational modification is a key mechanism for regu-
lating protein trafficking, localization, stability, and activity.
For example, autophosphorylation of ATM is believed to be an
important step during its activation following DNA damage
(17). Likewise, autoacetylation of p300 induces a conforma-
tional change in the catalytic domain of p300, which serves as a
switch that allows the dissociation of p300, enhances TFIID
binding, and activates transcription (18). Moreover, autoubiq-
uitination of MDM2 followed by proteasome-mediated degra-
dation is important at the early stage of DNA damage response
because it permits the initial increase of p53 protein level fol-
lowingDNAdamage (19). Here, we decided to explore whether
a similarmechanism is involved inTIP60 activation in response
to DNA damage.
To determine whether TIP60 could be acetylated in vivo,

293T cellswere transfectedwith plasmids encoding SFB-tagged
TIP60 or control plasmids encoding SFB-tagged DDB2. These
overexpressed proteins were immunoprecipated by S protein-
Sepharose and immunoblotted with anti-FLAG or Ac-lysine
antibodies. As shown in Fig. 1A, SFB-TIP60, but not SFB-
DDB2, could be acetylated in vivo. Further, acetylation of
endogenous TIP60 was detected in extracts prepared from
U2OS cells transfected with control siRNA but not from those
prepared from cells transfected with siRNA specifically target-
ing TIP60 (Fig. 1B), indicating that endogenous TIP60 is acety-

lated in vivo. To determine whether this is due to TIP60 auto-
acetylation, we used wild type or HATmutant (Q377E/G380E)
(7) of TIP60. We first confirmed the HAT domain-inactive
mutant of TIP60 using in vitro acetylation assays. Recombinant
MBP protein and MBP protein fused with wild type or HAT
mutant of TIP60 were purified from E. coli, incubated with
acetyl-CoA, and then immunoblotted with Ac-lysine antibody.
Wild type TIP60, but not its HAT mutant, was strongly acety-
lated (Fig. 1C), suggesting that TIP60 can autoacetylate in vitro.
Similarly, whenwe expressed theseTIP60 constructs in vivo, we
could easily detect acetylation of wild typeTIP60 but not that of
TIP60 HAT mutant (Fig. 1D). Together, these results suggest
that TIP60 can autoacetylate both in vivo and in vitro.
Acetylation Status of TIP60 Correlates with TIP60 Acetylase

Activity—Interestingly, the in vivo acetylation of SFB-tagged
TIP60 is quite low in cells stably expressing this construct (Fig.
2A, left lane). In order to increase its acetylation level, we
treated cells with trichostatin A, which specifically inhibits the
class I and II HDAC family of deacetylase (20), or with nicotin-
amide, an inhibitor of the NAD-dependent SIRT deacetylase
family (16).We found that treatmentwith trichostatinAhadno
apparent effect on the acetylation level of TIP60 (Fig. 2A). How-
ever, TIP60 acetylation level increased significantly in cells
treated with nicotinamide, suggesting that one or more of the
SIRT family deacetylases is responsible for TIP60 deacetylation
(Fig. 2A).
To determine whether acetylation of TIP60 affects its HAT

activity, SFB-TIP60 was purified from untreated or nicotin-
amide-treated U2OS cells, and in vitro acetylation assays were
performed using recombinant GST-p53 as substrate. As shown
in Fig. 2B, TIP60 isolated from nicotinamide-treated cells
acetylated GST-p53 more efficiently at early time points (5 or

2 The abbreviations used are: GST, glutathione S-transferase; MBP, maltose-
binding protein; HAT, histone acetyltransferase; siRNA, small interfering
RNA; SFB, S protein, FLAG, and streptavidin-binding peptide.

FIGURE 1. TIP60 autoacetylates itself in vivo and in vitro. A, ectopically
expressed SFB-TIP60 was acetylated in vivo. 293T cells were transfected with
plasmids encoding SFB-TIP60 or SFB-DDB2. Cell extracts were prepared, and
SFB-tagged proteins were precipitated (IP) using S protein-Sepharose and
immunoblotted (WB) with anti-FLAG and anti-Ac-lysine antibodies. B, endog-
enous TIP60 was acetylated in vivo. Extracts prepared from U2OS cells trans-
fected with control or TIP60 siRNAs were immunoprecipitated using anti-
TIP60 antibody and immunoblotted with anti-Ac-lysine antibody. C, TIP60
could be autoacetylated in vitro. Recombinant MBP-TIP60 was incubated in
HAT buffer with or without acetyl-CoA for 45 min and subjected to immuno-
blotting with anti-Ac-lysine antibody. D, TIP60 HAT mutant (TIP60-MT) failed
to be acetylated in vivo. 293T cells were transfected with plasmids encoding
wild type or HAT mutant (TIP60-MT) of TIP60. Cell extracts were prepared,
immunoprecipitated using S protein Sepharose beads, and blotted with anti-
Ac-lysine antibody and anti-FLAG antibodies.
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10 min) than TIP60 isolated from control cells. This acetylase
activity of TIP60 toward its substrate p53 correlates well with
its own acetylation status, suggesting that acetylated TIP60 is
more active than unacetylated TIP60. However, after 30 min of
incubation, both nicotinamide-treated and untreated TIP60
were acetylated at similar levels due to its autoacetylation in
vitro. As a consequence, their abilities to acetylate GST-p53
were comparable (Fig. 2B, lanes 5 and 6).
We also used calf thymus histones as substrates for these

in vitro assays. Similarly, TIP60 isolated from nicotinamide-
treated cells exhibited enhanced histone acetylation activity,
which correlates well with its acetylation status (Fig. 2C). These
results suggest that the acetylation level of TIP60 is important
for regulating TIP60 activity.

Autoacetylation Activates TIP60
by Dissociating TIP60 Oligomer and
Enhancing Substrate Access—There
are several potential mechanisms
for how autoacetylation could af-
fect recognition of substrates. It
is possible that autoacetylation of
TIP60 could induce a conforma-
tional change in its catalytic do-
main, similar to that reported for
p300 (18), and thus increase its
activity. This may be in part medi-
ated by an enhanced binding of
TIP60 to its substrates. To test this
possibility, we isolated differentially
acetylated TIP60 from control cells
or cells treated with nicotinamide.
As shown in Fig. 2D, acetylated SFB-
TIP60 bound strongly to immobi-
lized GST-p53 but not to GST
alone, whereas weakly acetylated
SFB-TIP60 barely interacted with
GST-p53, indicating that indeed
acetylation of TIP60 promotes the
binding of TIP60 to its substrates.
Another non-exclusive explana-

tion is that autoacetylation may
lead to the dissociation of poten-
tial TIP60 inhibitors and thus
permit TIP60 activation. Such in-
hibitors can be TIP60 itself or
other TIP60-associated proteins.
We first checked whether TIP60
could form oligomers. Myc-tagged
TIP60 was co-immunoprecipitated
with SFB-tagged TIP60, suggesting
that TIP60 was able to interact with
itself in vivo (Fig. 2E). To further
examine whether or not this inter-
action is direct, a pull-down assay
was performed using GST-TIP60
and MBP-TIP60 purified from bac-
teria. As shown in Fig. 2F, GST-
TIP60 specifically associated with

MBP-TIP60 but not MBP, indicating that TIP60 interacts
directly with itself in vitro.
Next we asked whether autoacetylation of TIP60 would

affect its oligomer formation. To examine this possibility, cells
were transfected with plasmids encoding wild type Myc-TIP60
together with plasmids encoding corresponding wild type or
HATmutant of SFB-TIP60. Both wild type andHATmutant of
Myc-tagged TIP60 could be co-immunoprecipitated with their
corresponding SFB-tagged TIP60 partners (Fig. 2G). Interest-
ingly, the association between wild type TIP60s was signifi-
cantly reduced in nicotinamide-treated cells compared with
that observed in control cells (Fig. 2G). This was accompanied
by increased TIP60 acetylation isolated from cells treated with
nicotinamide (Fig. 2G). In comparison, the association between

FIGURE 2. Autoacetylation activates TIP60 by dissociating TIP60 oligomer and enhances substrate bind-
ing. A, nicotinamide but not trichostatin A increased TIP60 acetylation in vivo. U2OS cells stably expressing
SFB-TIP60 were treated with varying concentrations of trichostatin A (10 –50 �M) for 12 h or nicotinamide (100
�M to 1 mM) for 6 h. Cell extracts were immunoprecipitated (IP) using S protein-Sepharose beads and immu-
noblotted (WB) with anti-FLAG antibody and anti-Ac-lysine antibodies. B, SFB-TIP60 was purified from nicotin-
amide-treated or -untreated 293T cells and incubated with GST-p53 and acetyl-CoA in HAT buffer for the
indicated times. Protein levels and their acetylation status were evaluated by immunoblotting using antibod-
ies as indicated. C, reactions similar to those described in B were carried out using 14C-labeled acetyl-CoA and
50 ng of calf thymus histones (instead of GST-p53) as substrate. Proteins were resolved on SDS-PAGE and
analyzed by autoradiography or Coomassie staining as indicated. D, acetylated TIP60 binds to GST-p53 more
efficiently than unacetylated TIP60. SFB-TIP60 was purified from nicotinamide-treated or -untreated 293T cells
and then incubated with beads coated with GST-p53. A pull-down assay was performed and assessed by
immunoblotting as indicated. E, TIP60 forms oligomer in vivo. 293T cells were transfected with plasmids encod-
ing SFB-TIP60 together with plasmids encoding Myc-TIP60. Cell lysates were precipitated by S protein-Sepha-
rose beads and blotted with the indicated antibodies. F, TIP60 forms oligomer in vitro. Beads coated with
GST-TIP60 were incubated with bacterially expressed and purified MBP-TIP60. After extensive wash, proteins
were eluted from beads and analyzed by Western blotting using anti-MBP antibody. The arrow indicates the
position of full-length MBP-TIP60. The faster migrating bands are degradation products of MBP-TIP60. G, auto-
acetylation dissociates TIP60 oligomer. 293T cells were transfected with plasmids encoding Myc-tagged TIP60
together with plasmids encoding SFB-TIP60. Cell extracts were immunoprecipitated and immunoblotted
using the indicated antibodies.
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HAT mutants of TIP60 was always stronger and was not
affected by nicotinamide treatment (Fig. 2G). Together, these
data indicate that TIP60may normally exist as oligomers in the
cell. Its autoacetylation would dissociate this oligomer forma-
tion, increase the binding of TIP60 to its substrates, and thus
enhance TIP60 acetylase activity.
UV Radiation Augments TIP60 Autoacetylation—In order

to assess the physiological relevance of TIP60 autoacetyla-
tion, we explored whether TIP60 acetylation would change in
response to DNA damage. U2OS cells stably expressing SBP-
tagged TIP60 were mock-treated or UV-irradiated. UV irradi-
ation resulted in robust autoacetylation of TIP60 in a time-de-
pendent and dose-dependent manner (Fig. 3, A and B).
Caffeine, which inhibits the catalytic activity of both ATM and
ATR, efficiently inhibited autoaceylation of TIP60 (Fig. 3C),
suggesting that indeed DNA damage could signal to TIP60 and
control TIP60 autoacetylation.
The time course experiment performed above showed that

autoacetylation of TIP60 is not a rapid event following UV-
inducedDNAdamage.We speculate that thismay indicate that
autoacetylation of TIP60 occurs late in cellular DNA damage
response andmay participate in late events like cell cycle arrest
or apoptosis.
SIRT1 Is a Negative Regulator of TIP60—The significant

increase of TIP60 acetylation fol-
lowing nicotinamide treatment (Fig.
2A) suggests that a major mecha-
nism for regulating TIP60 acetyla-
tion is mediated through TIP60 de-
acetylation. Therefore, we decided
to examine whether one or more
members of the SIRT family of de-
acetylases would participate in
deacetylating TIP60. Interestingly,
when we examined the interaction
between TIP60 and SIRTs, we
found that only SIRT1, and not
any other SIRTs, co-immunopre-
cipitated strongly with TIP60 (Fig.
4A). In addition, only overexpres-
sion of SIRT1 led to a decreased
TIP60 acetylation level (Fig. 4A),
indicating a specific functional
interaction between SIRT1 and
TIP60. Indeed, we confirmed the
interaction between endogenous
SIRT1 with endogenous or overex-
pressed TIP60 (Fig. 4B).
When we used wild type or HAT

domain mutant of TIP60, we found
that endogenous SIRT1 associated
readily with wild type but not the
HAT mutant of TIP60 (Fig. 4C).
This raises the question of whether
or not SIRT1 only binds strongly to
TIP60 when TIP60 is acetylated. In
order to test this directly, we gen-
erated MBP-TIP60 with variable

FIGURE 3. UV radiation augments TIP60 autoacetylation. A, autoacetyla-
tion of TIP60 is induced by UV radiation. U2OS cells stably expressing TIP60
were irradiated with 50 J/m2 UV and then incubated for the indicated period
of time. Cells were harvested, lysed, and subjected to precipitation (IP) and
immunoblotting (WB) as indicated. B, dose-dependent induction of TIP60
autoacetylation following UV radiation. U2OS cells stably expressing TIP60
were UV-irradiated with the indicated dosages. Cells were collected at 12 h.
Precipitation and immunoblotting were performed as indicated. C, caffeine
blocks UV-induced TIP60 autoacetylation. U2OS cells stably expressing TIP60
were preincubated with 1 mM caffeine for 1 h before they were irradiated (40
J/m2). Precipitation and immunoblotting were performed as outlined in B.

FIGURE 4. SIRT1 binds to acetylated TIP60. A, TIP60 specifically interacts with SIRT1 in vivo. 293T cells were
transfected with plasmids encoding each of the seven Myc-tagged SIRTs (SIRT1 to -7), together with plasmids
encoding SFB-TIP60. Cell extracts were precipitated (IP) using S protein-Sepharose beads. The precipitates
were analyzed by immunoblotting (WB) using antibodies as indicated. B, a co-immunoprecipitation assay was
performed to verify the interaction between TIP60 and SIRT1. C, SIRT1 failed to bind to unacetylated TIP60.
293T cells were transfected with plasmids encoding wild type or the HAT mutant of SFB-TIP60. Cell extracts
were precipitated with S protein-Sepharose beads and immunoblotted using antibodies as indicated.
D, recombinant MBP-TIP60 was autoacetylated to different levels in vitro before they were used in a pull-down
assay and incubated with U2OS cell extracts. Inputs and MBP-TIP60-associated SIRT1 were analyzed by immu-
noblotting using indicated antibodies.

SIRT1 Regulates Autoacetylation and HAT Activity of TIP60

APRIL 9, 2010 • VOLUME 285 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 11461



acetylation levels by incubating it in acetylation reactions for
different times. Indeed, we observed an increased interaction
between SIRT1 andTIP60whenTIP60was acetylated (Fig. 4D).
In order to determine whether TIP60-SIRT1 association is reg-
ulated by DNA damage, co-immunoprecipitation experiments
were performed inmock-treated cells orUV-irradiated cells. As
shown in supplemental Fig. 1, UV irradiation greatly enhanced
TIP60 acetylation and likewise augmented TIP60-SIRT1 inter-
action. These data imply that SIRT1 is a negative regulator of
TIP60. When TIP60 is acetylated, SIRT1 would bind to and
deacetylate TIP60.
SIRT1 Deacetylates TIP60 and Negatively Regulates TIP60

Activity in Vivo—Next we further examined the functional
interaction between TIP60 and SIRT1. Because endogenous
TIP60 migrates with immunoglobin heavy chains, we chose to
use U2OS cells stably expressing SFB-tagged TIP60. As shown
in Fig. 5A, RNA interference-mediated knockdown of SIRT1
significantly increased the acetylation level of TIP60, suggest-
ing that endogenous SIRT1 is involved in deacetylating TIP60
in vivo. To confirm directly that it is SIRT1, and not any SIRT1-
regulated events, that is involved in TIP60 deacetylation, we
performed in vitro deacetylation experiments and showed that
only wild type and not the deacetylase-defective mutant
(H363Y) of SIRT1 could specifically deacetylate TIP60 in vitro
(Fig. 5B). In addition, these in vitro deacetylation reactions
require NAD and can be inhibited by nicotinamide (Fig. 5B),
further suggesting that SIRT1 is the enzyme that directly
deacetylates TIP60 in vitro. Taken together, these data demon-
strate that SIRT1 can specifically deacetylate TIP60 in vivo and
in vitro.
The major downstream substrate of TIP60 involved in DNA

damage response is likely to be p53. TIP60 specifically acety-
lates p53 at the Lys120 site, which is critically important for
activating apoptosis following DNA damage (8, 9). Thus, we
would like to further examine whether or not SIRT1 would
regulate TIP60 acetylation and thus influence p53 activity.
However, early studies have already shown that SIRT1 can
directly deacetylate p53 (e.g. at the Lys382 residue) in vitro and in
vivo (21). Therefore, we first wanted to examine whether or not
SIRT1would directly deacetylate p53 at the Lys120 site, which is
the major site acetylated by TIP60. As shown in Fig. 5C,
although the total acetylation level of p53 decreased following
incubation with SIRT1, acetylation of p53 at the Lys120 site did
not change. This result indicates that although SIRT1 can
deacetylate p53 as previously reported (16, 21), SIRT1 does not
deacetylate p53 at the Lys120 site.
Having established that the Lys120 site of p53 is not the SIRT1

substrate, we went on and tested whether SIRT1 could regulate
p53 acetylation at the Lys120 site via TIP60. As expected, TIP60
specifically acetylated p53 at the Lys120 site in vitro (Fig. 5D).
Interestingly, SIRT1 inhibited the autoacetylation of TIP60 and
also specifically inhibited the ability of TIP60 to acetylate p53 at
the Lys120 site (Fig. 5D). As a control, the SIRT1 catalytic in-
active mutant did not have any effect in this assay (Fig. 5D).
Together, these data showed that SIRT1 negatively regulates
TIP60 activity in vitro.
In order to provide direct evidence to support the theory that

SIRT1 deacetylates TIP60 and negatively regulates TIP60 activ-

ity in vivo, we used siRNAs to specifically down-regulate SIRT1
in the cell. Reduction of SIRT1 in U2OS cells resulted in
enhanced TIP60 acetylation before and after UV radiation,
which subsequently led to increased p53 acetylation at the
Lys120 site (supplemental Fig. 2). These data suggest that SIRT1
negatively regulates TIP60 and therefore affects p53 Lys120
acetylation in vivo.
SIRT1 Represses UV-induced Apoptosis Partly through Nega-

tively Regulating TIP60—Because acetylation of p53 at the
Lys120 site by TIP60 is known to play a role in apoptosis follow-
ing DNA damage (8, 9), we explored whether regulation of
TIP60 activity by SIRT1 would play a role in this process. We
depleted TIP60, SIRT1, or both in p53-proficient HCT116
cells (Fig. 5E) and examined UV-induced apoptosis. UV-in-
duced apoptosis, as measured by poly-ADP-ribose polymer-
ase-1 (PARP1) cleavage (Fig. 5E) or by sub-G1 cells (Fig. 5F),
increased significantly following SIRT1 depletion, indicating
that SIRT1 plays a negative role in promoting apoptosis follow-
ing DNA damage. The removal of TIP60 in SIRT1 depletion
cells abolished the effects of SIRT1 (Fig. 5, E and F), indicating
that SIRT1 andTIP60 antagonize each other in this process and
that SIRT1 negatively regulates UV-induced apoptosis at least
partially through its regulation of TIP60.

DISCUSSION

Recent studies suggest that TIP60 participates in many
cellular processes, including signal transduction, DNA dam-
age repair, cell cycle and checkpoint control, and apoptosis
(1, 3, 22). In this study, we have uncovered a regulatory
mechanism of TIP60. We showed that TIP60 autoacetyla-
tion is important for TIP60 activation following DNA dam-
age and that this activation is negatively regulated by SIRT1
in vivo. Thus, our study has not only provided new insights
into the regulation of TIP60 activity but also revealed a new
substrate of SIRT1.
Protein acetylation, similar to phosphorylation, is emerging

as an important player in regulating protein activity and signal
transduction in response to DNA damage (23, 24). TIP60 is
known to acetylate and activate several key DNA damage-re-
sponsive proteins, such as H2AX, ATM, and p53 (7–9, 24).
Interestingly, although H2AX and ATM are acetylated rapidly
(�30 min) in response to DNA damage (25, 26), the TIP60-de-
pendent acetylation of p53 occurs relative later (about 6 h after
UV irradiation) (8), suggesting that p53 acetylation may some-
how be regulated differently. In our study, we showed that sim-
ilar to p53 acetylation of the Lys120 site, TIP60 autoacetylation
took place late after UV damage, suggesting that autoacetyla-
tion of TIP60 enhances TIP60 activity, which may not be criti-
cal for other substrates but is important for regulating p53
activity.
Acetylation of p53 at the Lys120 site is a key factor in deciding

cell cycle arrest versus apoptosis (8, 9). In the presence of a
lower amount of DNA damage, p53 is mainly deacetylated at
the Lys120 site and induces cell cycle arrest through up-regula-
tion of p21 and other cell cycle inhbitors (8, 9). Increasing
amounts of DNA damage lead to increased p53 acetylation at
the Lys120 site, which results in decreased p53 affinity for the
p21 promoter and enhanced activation of proapoptotic gene
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transcription, thereby turning the balance of p53-responsive
genes toward apoptosis (8, 9). This hypothesis is entirely con-
sistent with the data we provided in this study. As we showed in
Fig. 3, only relatively high doses of UV irradiation would induce
TIP60 autoaceylation, suggesting that high doses of UV irradi-
ation are required to activate TIP60 and enhance TIP60 activ-

ity, which subsequently acetylates p53 at the Lys120 site to pro-
mote apoptosis.
Our study also provides a mechanism for how autoacetyla-

tion of TIP60 would enhance its HAT activity. We showed that
TIP60 could form oligomers in vivo, which dissociate after
TIP60 autoacetylation. This dissociation enables TIP60 to bind

FIGURE 5. SIRT1 deacetylates TIP60 and negatively regulates TIP60 activity. A, SIRT1 deacetylates TIP60 in vivo. U2OS cells stably expressing SFB-TIP60 was
transfected with SIRT1-specific siRNA or control siRNA. Cells were harvested and subjected to immunoblotting analysis with the indicated antibodies. B, SIRT1
deacetylates TIP60 in vitro. Wild type or deacetylase-defective mutant (H363Y) of SIRT1 was expressed in 293T cells and purified by S protein-Sepharose beads.
The purified SIRT1s were then incubated with acetylated MBP-TIP60 without or with the addition of NAD� or nicotinamide in the reactions. The mixtures were
analyzed by immunoblotting using the indicated antibodies. C, SIRT1 failed to deacetylate Lys120 of p53 in vitro. Recombinant MBP-SIRT1 was purified from
E. coli and incubated with acetylated SFB-p53. The proteins were immunoblotted with the indicated antibodies. D, SIRT1 negatively regulated HAT activity of
TIP60. SFB-TIP60 purified from U2OS cells was incubated with GST-p53 together with wild type or catalytic inactive H363Y mutant of MBP-SIRT1 in HAT buffer
for 45 min. The mixtures were analyzed by immunoblotting with the indicated antibodies. E and F, HCT116 cells were transfected with TIP60, SIRT1, or control
siRNAs. 72 h after transfection, cells were UV-irradiated (30 J/m2) and harvested 8 h (E) 16 h (F) later. Western blotting was performed using the indicated
antibodies (E). The cell cycle profile was determined by FACS analysis, and the percentage of cells in the sub-G1 fraction is indicated (F). G, a proposed model
indicating how acetylation of TIP60 regulates its HAT activity. During normal cell proliferation, most TIP60 proteins are unacetylated and form inactive
oligomers. In response to DNA damage, TIP60 autoacetylates itself, and the inactive oligomer of TIP60 dissociates. Activated TIP60 can now acetylate p53 at the
Lys120 site, which promotes apoptosis. SIRT1 on the other hand, deacetylates TIP60, thereby regulating its HAT activity and keeping the levels of activated TIP60
in check. IP, immunoprecipitation; WB, Western blotting.
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to its substrates like p53 more efficiently and thus promote
substrate acetylation. In order to directly test that autoacetyla-
tion of TIP60 is critical for its activation, we need to identify all
of the autoacetylation sites on TIP60. Our initial attempts have
led to the identification of four acetylation sites on TIP60
(Lys76, Lys80, Lys189, and Lys327) by mass spectrometry analysis
(data not shown).We are currently investigating whether these
acetylation events are important for TIP60 activation and also
improving our methodology to identify additional autoacetyla-
tion sites.
Our study has also allowed us to discover SIRT1 as a negative

regulator of TIP60. SIRT1 is known to promote cell survival
through deacetylating and negatively regulating many sub-
strates, including p53 and FOXO (16, 27, 28). We have added
onemore substrate, TIP60, to this growing list.We showed that
SIRT1 does not directly deacetylate Lys120 of p53. Instead,
SIRT1 negatively regulates TIP60 activation and thus inhibits
p53 acetylation at Lys120. Such a complex network of regula-
tions suggests that the balance of TIP60 (and p53) activity is
critically important in vivo. This is supported by the observa-
tions that loss of one allele of TIP60 or p53 would greatly pro-
mote tumorigenesis (10).
SIRT1 is known to deacetylate several substrates involved in

DNA damage response. For example, the acetylation level
of NBS1 is tightly regulated by SIRT1, and the deacetylation of
NBS1 by SIRT1 plays a key role in the dynamic regulation of
DNA damage response (29). Interestingly, TIP60 may also play
a role in this process because depletion of TIP60 inhibits NBS1
recruitment to the DNA damage site (30). Recently, the acety-
lation of H2AX, another TIP60 substrate, has also been shown
to be negatively regulated by SIRT1 (31). These data suggest
that besides the indirect mechanism we have proposed here,
SIRT1 could also work directly on certain TIP60 substrates and
thus counteract TIP60 functions in vivo. Such a complex rela-
tionship between SIRT1 and TIP60 in DNA damage response
warrants further investigation.
In summary, our study has revealed a new regulatory mech-

anism of controlling TIP60 activity and function in response to
UV radiation. Our data strongly suggest that TIP60 autoacety-
lation is important for its activation followingUV damage. This
activity of TIP60 is negatively regulated by SIRT1, which per-
mits a fine balance to control p53 activity and outcomes follow-
ing DNA damage.
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