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Abstract

Human SIRT1 controls various physiological re -

sponses including cell fate, stress, and aging, 

through deacetylation of its specific substrate  

protein. In processing DNA damage signaling, SIRT1  

attenuates a cellular apoptotic response by deace-

tylation of p53 tumor suppressor. The present study  

shows that, upon exposure to radiation, SIRT1 could  

enhance DNA repair capacity and deacetylation of 

repair protein Ku70. Ectopically over-expressed  

SIRT1 resulted in the increase of repair of DNA strand  

breakages produced by radiation. On the other hand, 

repression of endogenous SIRT1 expression by  

SIRT1 siRNA led to the decrease of this repair activity, 

indicating that SIRT1 can regulate DNA repair 

capacity of cells with DNA strand breaks. In addition, 

we found that SIRT1 physically complexed with  

repair protein Ku70, leading to subsequent deace-

tylation. The dominant-negative SIRT1, a cataly -

tically inactive form, did not induce deacetylation of 

Ku70 protein as well as increase of DNA repair 

capacity. These observations suggest that SIRT1  

modulates DNA repair activity, which could be  

regulated by the acetylation status of repair protein  

Ku70 following DNA damage.

Keywords: DNA damage; DNA repair; Ku auto-
antigen; radiation, ionizing; SIRT1 protein, human

Introduction

Members of the silent information regulator (SIR2) 
gene family are highly conserved, ranging from 
archaebacteria to eukaryotes (Frye, 2000). The Sir2 
protein functions as a NAD-dependent protein de-
acetylase and is thought to mediate silencing by 
regulating histone acetylation (Imai et al., 2000; 
Landry et al., 2000; Smith et al., 2000). In an 
enzymatic reaction, Sir2 catalyzes the elimination of 
an acetyl group from the lysine residue of substrate 
proteins (Moazed, 2001). The enzymatic activity of 
Sir2 proteins is mainly exerted by its core domain 
containing 260 amino acids that is conserved among 
Sir2 family genes (Sherman et al., 1999), and mu-
tations of the conserved residues within this globular 
core domain leads to a loss of deacetylase acivity 
(Frye, 1999; Sherman et al., 1999; Tanny et al., 
1999). At least three of the SIR proteins in yeast, 
Sir2, 3 and 4, participate in gene silencing, as well 
as in proper cell cycle progression, radiation re-
sistance and genomic stability (Brachmann et al., 
1995; Shore, 2000; Gasser and Cockell, 2001).
    Human has seven proteins with homology to Sir2, 
called as sirtuins (Frye, 2000), however their roles 
are poorly understood. Recently, it has been found 
that the human homologue of Sir2, SIRT1, binds to 
and regulates p53 tumor suppressor (Luo et al., 
2001; Vaziri et al., 2001; Brunet et al., 2004; Cohen 
et al., 2004b): Following DNA damage response, 
SIRT1 deacetylates p53 protein and attenuates p53 
protein’s ability as a transcription factor. Conse-
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quently, SIRT1 over-expression increases cell survival 
under DNA damage inducing conditions (Chen et al., 
2005). These earlier observations suggest a possibility 
that signals generated during the process of DNA 
repair are delivered via SIRT1 to acetylated p53. We 
present herein functional evidence for the involvement 
of SIRT1 in DNA repair response to radiation. In 
addition, this modulation of DNA repair activity may 
be connected to deacetylation of Ku70 proteins.

Materials and Methods

Cell culture

Q293A cells (Quantum Biotech., Montreal, Canada) 
were maintained in Dulbecco’s modified eagle’s 
medium (DMEM) supplemented with 5% fetal bovine 
serum. The cells were maintained in 37

o
C humidified 

atmosphere incubator with 5% CO2.

Retrovirus production and infection

Human SIRT1 and SIRT1-HY cDNA (Luo et al., 
2001; Vaziri et al., 2001) was subcloned into the 
retroviral vector pMFG-puro. The retroviruses were 
produced by transient transfection of pMFG-puro, 
MFG-SIRT1 and MFG-SIRT1-HY (deacetylase dead 
mutant) plasmids into H29D packaging cells. Q293A 

cells were infected with retrovirus containing 8 g/ml 
of polybrene for 4 h. Twenty four hours after the 

infection, the cells were selected in 2 g/ml puro-
mycin (BD Biosciences, Palo Alto, CA). 

Immunoprecipitation and Western blot analysis  

The cells were lysed in a TNN buffer (120 mM NaCl, 
40 mM Tris-HCl, pH 8.0, 0.5 % NP-40, 1 mM 
phenylmethylsulphonyl fluoride, 1 mM sodium orth-

ovanadate, 100 mM sodium fluoride and 1 g/ml 
each of leupeptin, aprotinin and pepstatin). Immuno-
precipitates were boiled in SDS-sample buffer, load-
ed on 7.5% SDS-polyacrylamide gels and separa-
ted by electrophoresis. Proteins were electropho-
retically transferred to PROTRAN Nitrocellulose Trans-
fer Membrane (Schleicher & Schuell, Germany). 
Detection of primary antibodies was performed using 
horseradish peroxidase-conjugated donkey anti-rabit 
IgG or anti-goat IgG using Luminal Reagent (Santa 
Cruz, CA).

Measurement of DNA repair capacity  

The CMV promoter was subcloned into pGL2 plas-
mid carrying a firefly luciferase gene (Promega) as 
described previously (Zeng et al., 1999). This plasm-
id, termed pGL2-CMV, was used to determine DNA 
repair capacity. Thus, pGL2-CMV plasmid was da-

maged in vitro by exposure to -ray using a 
137
Cs 

source. pMFG-SIRT1 was transiently co-transfected 
into Q293A cells with damaged or un-damaged 
pGL2-CMV and pCH110 (Pharmacia, Cleveland, 
Ohio) using calcium phosphate precipitation method 
(Invitrogen, Carlsbad, CA). The cells were collected 
72 h after the transfection, and the cell extracts were 
used to assay luciferase activity. The protein con-
centrations were determined using a Bio-Rad protein 
assay kit. The lac activity induced by pCH110 was 

determined in 72 h by using orthonitrophenyl- - 
D-galgactopyranoside as a substrate. The luci-
ferase activity was determined with a Promega luci-
ferase assay system and represented as relative 
luciferase units by normalizing to a cotransfected 
lacZ control acivity in each transfection.

SIRT1 siRNAs 

The sequences of sense and anti-sense RNA were 
as follows: pJJ71 5'-AACTTGTACGACGAAGACG-
AC-3', pJJ72 5'-AAAGTGATGAGGAGGATAGAG-3', 
pJJ73 5'-AATTCCAGCCATCTCTCTGTC-3', pJJ75 
5'-AACAGTTTCATAGAGCCATGA-3', pJJ76 5'-AAC-
CTTTGCCTCATCTGCATT-3', pJJ77 5'-AACTTCA-
CCACCAGATTCTTC-3' for the SIRT1 gene. These 
SIRT1-siRNA oligonucleotides were subcloned into 
siRNA construction vector pSilencer-neo2 according 
to manufacturer’s instructions (Ambion, Austin, TX). 
Q293A cells were transfected with these SIRT1 
siRNA plasmids using calcium phosphate precipita-
tion method. The cells were collected 48 h after the 
transfection, and the cell extracts were used to 
confirm the effect of siRNA by Western blot analysis.

Results

Enhancement of DNA repair capacity by SIRT1 

Recent studies have provided evidences that SIRT1 
increases cell survival upon stress response in-
cluding hydrogen peroxide (Luo et al., 2001), anti-
cancer drugs (Luo et al., 2001), and ionizing 
radiation (Vaziri et al., 2001). To further evaluate the 
mechanistic basis of SIRT1 in increasing cell sur-
vival under DNA damage inducing condition, we ex-
amined whether SIRT1 could modulate DNA repair 
capacity which could critically affect the sensitivity to 
anticancer agents including radiation. To monitor 
DNA repair activity, we analyzed cell’s ability to 
repair plasmid DNAs with strand breaks. Either 
SIRT1 or empty control vector was cotransfected 
into Q293A cells with the luciferase reporter plasmid 
which had been broken by various doses of irrad-
iation prior to transfection, and the capacity to repair 
broken plasmid was then determined by measuring 
the luciferase activity. Introduction of SIRT1 resulted 
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in the increase of relative luciferase activity com-
pared to that of MFG empty control vector (Figure 1), 
indicating the increase of DNA repair activity by 
ectopically over-expressed SIRT1. Specifically, when 
breakages of luciferase reporter plasmid were gen-
erated by exposure to 10, 20, and 30 Gy radiation 
prior to transfection, SIRT1 led to 2.6, 3.3, and 2.4 
fold increases in luciferase activities, respectively, 
compared to those of empty vector control.

Repression of DNA repair capacity by SIRT1 siRNA 

The above result was obtained by ectopically over- 
expressed SIRT1. Therefore, it was felt necessary to 
monitor DNA repair activity, when endogenous level 
of SIRT1 was lowered. Therefore, we applied a 
siRNA technology to reduce endogenous SIRT1. In 
order to get the most efficient siRNA to SIRT1, we 
designed 6 different siRNAs within the expression 
loci of SIRT1 gene and then co-transfected them into 
Q293A cells with SIRT1 expression plasmid. Figure 
2A shows that all these siRNA efficiently reduced the 
level of exogenously overexpressed SIRT1 protein. 
Therefore, we selected one SIRT1 siRNA which 
lowered the SIRT1 protein level most effectively 
(Figure 2A). The selected SIRT1 siRNA also led to 
the decrease of endogenous as well as exogenous 
SIRT1 protein (Figure 2B). Q293A cells transfected 
with SIRT1 siRNA exhibited a marked reduction of 
DNA repair capacity, compared to those transfected 
with wild-type SIRT1. In contrast to wild type SIRT1, 

dominant-negative SIRT1, SIRT1-HY which express-
es catalytically inactive form mutated at residue 363 
histidine of SIRT1 protein by replacing with tyrosine 
(Vaziri et al., 2001), failed to enhance DNA repair 
capacity. These findings indicate that SIRT1 protein 
can enhance DNA repair capacity in vivo following 
DNA damage.

Interaction of SIRT1 with Ku70

The result that SIRT1, a known deacetylase, could 

Figure 1. SIRT1-mediated increase of healing DNA breaks produced 
by radiation. Q293A cells were cotransfected with either SIRT1 (gray 
bar), SIRT1-HY, a dominant-negative SIRT1 (black bar), or empty vec-
tor control (white bar), and reporter plasmids were broken by various 
doses of irradiation. Seventy two hours after the transfection, rejoining 
capacity of the breakage sites was determined by measuring the luci-
ferase activity as described in Materials and Methods. The values are 
represented as a mean from three separate experiments; error bars,
± SD. *P ＜0.05 SIRT1 versus empty vector.

Figure 2. Reduction of DNA repair activity by SIRT1-SiRNA. Q293A 
cells were cotransfected with SIRT1, and the reduction power of six 
SIRT1 siRNAs prepared by pSilencer kit, on SIRT1 expression was de-
termined by Western blot analysis. SIRT1/pJJ77 with the most active 
SIRT1 siRNA in reducing SIRT1 expression (A) was co-transfected 
with SIRT1 expression plasmid into Q293A cells and the repair activity 

was tested, as described in the legend of Figure 1. -actin was used 
as an internal loading control. The values are represented a mean 
from three separate experiments; error bars, ± SD. *, P ＜0.05 
SIRT1 versus pJJ77.
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modulate DNA repair capacity prompted us to 
search possible substrate of SIRT1 engaged in DNA 
repair process. Among several candidate proteins 
co-localized with SIRT1 at chromosomal end telo-
mere repeats, Ku70 functions as a stimulator of DNA 
repair protein (Ouyang et al., 1997) and has been 
shown to be recruited with SIRT1 to the sites of 
broken chromosome (Hegde and Klein, 2000). 
Therefore, we examined whether SIRT1 could 
physically form complex with Ku70. Since low level 
of endogenous SIRT1 would make it difficult to 
examine its binding to cellular substrate, we pre-
pared SIRT1 overexpressing cells. Thus, we infected 
U2OS cells with retrovirus carrying SIRT1 and then 
isolated mixed populations resistant to puromycine. 
The mixed populations exhibited high level of 
exogenous SIRT1 and endogenous Ku70 expres-
sions (data not shown), and we then examined 
possible interactions between SIRT1 and Ku70 
proteins in the lysate of U2OS cells. These cell 
lysates were subsequently immuno-precipitated with 
anti-SIRT1 antibody and the resulting immune com-
plexes were analyzed by immunoblotting with anti- 
Ku70 antibody. As shown in Figure 3A, immuno-

precipitation of SIRT1 from the lysates of U2OS cells 
etopically overexpressing SIRT1 resulted in co-
immunoprecipitation of Ku70. This interaction was 
reciprocally further confirmed by immunoprecipi-
tating the lysate with anit-Ku70 antibody and sub-
sequently probing the blotted precipitate with SIRT1 
antibody (Figure 3B). On the other hand, we could 
not detect Ku70 or SIRT1 protein in the immuno-
precipitation of IgG control antibody from the same 
cell lysates. These findings indicate that SIRT1 and 
Ku70 can interact and physically form complex with 
one another in vivo.

Deacetylation of Ku70 by SIRT1

The above result that SIRT1, a known deacetylase, 
can physically form complex with Ku70 led us to 
examine whether SIRT1 could deacetylase Ku70 in 
vivo. As recently reported in 293 cell system by 
(Cohen et al., 2004a) Ku70 acetylation in U2OS cells 
was confirmed by showing its presence in the 
acetylated protein pools immunoprecipitated by anti- 
acetyl-lysine antibody (Figure 3C) (Cohen et al., 
2004b). This acetylated form of Ku70 protein co-

Figure 3. Binding of SIRT1 and sub-
sequent deacetylation of Ku70 protein. 
Q293A cells were transiently transfected 
with SIRT1 and lysed 36 h later. The cell 
lystes were immunoprecipitated with an-
ti-SIRT1 (A), anti-Ku70 antibody (B), or 
control IgG antibody, and then recip-
rocally probed with anti-Ku70 (A) or an-
ti-SIRT1 antibody (B), respectively. (C) 
For the analysis of acetylation status, the 
cell lysates were immunoprecipitated us-
ing antibody against acetylated-lysine 
and then probed using anti-Ku70 anti-
body. (D) Q293A cells were transiently 
transfected with either SIRT1, SIRT1-HY, 
or empty vector control plasmid. The cell 
lyzates were immunoprecipitated using 
anti-acetylated-lysine (upper panel) or 
anti-Ku70 antibody (lower panel), re-
spectively, and then Western blotted for 
detection of Ku70 protein. (E) Proposed 
model for functional modulation of repair 
protein Ku70 by SIRT1. Acetylation sta-
tus of repair protein Ku70 may regulate 
cell’s fate under DNA damage inducing 
condition: Ku70 acetylation by CBP or 
PCAF accelerates cell death (Cohen et 
al., 2004a), whereas its deacetylation by 
SIRT1 promotes cell survival via increase 
of DNA repair activity.
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immunoprecipitated by anti-acetyl lysine antibody 
was reduced by ectopically over- expressed SIRT1 
(Figure 3D). The introduction of dominant negative 
SIRT1, SIRT1-HY, however, resulted in the resto-
ration of the level of the acetylated Ku70 protein, and 
Western blot assay by Ku70 antibody revealed we 
could not find detectable changes of total Ku70 
protein. Therefore, the present observation provides 
evidence that SIRT1 can deacetylate Ku70 protein in 
vivo by physically forming complexes with one 
another. In addition, our present finding together with 
recent report that acetylation of repair protein Ku70 
accelerates cell death upon exposure to genotoxic 
agents (Cohen et al., 2004b) suggest that SIRT1 
may increase DNA repair capacity via deacetylation 
of SIRT1 protein (Figure 3E).

Discussion

In response to DNA damage, SIRT1 protein binds to 
and deacetylates specific lysine residue of substrate 
proteins, the modification of which leads to the 
repression of their transcriptional activities, resulting 
in the promotion of cell survival (Luo et al., 2001; 
Vaziri et al., 2001; Motta et al., 2004; Picard et al., 
2004). SIRT1, therefore, has been suggested to be a 
suppressor of apoptotic responses (Luo et al., 2001; 
Vaziri et al., 2001). Related to the DNA damage 
pathway, our present study demonstrated that, when 
exposed to radiation, SIRT1 enhanced DNA repair 
activity and physically formed complexes with repair 
protein Ku70, and subsequently deacetylated the 
latter; This scenario could be one plausible me-
chanistic basis of the promotion of cell survival.
    In yeast, both Ku70 and Sir2, yeast homologue of 
mammalian SIRT1 protein, associate at the telomere 
and are recruited to the cleavage site induced by 
DNA breaks inducing agents (Martin et al., 1999). 
Although the involvement of Ku70 in repairing DNA 
double-strand break has well been verified in various 
systems, it is still unclear how Ku70 is modulated 
and modified in response to DNA damage. There-
fore, we examined whether SIRT1 might regulate 
DNA repair capacity through modulation of Ku70 
activity. As expected, SIRT1 protein directly inter-
acted with Ku70 protein to physically form complex, 
and this interaction might possibly control acetylation 
status of Ku70 protein. Indeed, the formation of 
SIRT1-Ku70 complex resulted in an enhancement of 
rejoining broken DNA. Therefore, our present finding 
on deacetylation of Ku70 by SIRT1 and resulting 
increase of repair activity directly gives support to a 
recent observation that Ku70 protein is acetylated by 
several acetyl-transferases such as p300, PCAF, 
and CBP, and that this acetylation process accele-

rates Bax-mediated apoptosis (Cohen et al., 2004a). 
This contention further suggests that, upon DNA 
damage, SIRT1 links to the modulation of repair 

activity via acetylation deacetylation cycle of Ku70 
protein and consequently promotes cell survival.
    It has recently, been uncovered that SIRT1 is 
critically involved in life span extension by calorie 
restriction which shifts metabolic pathways (Ander-
son et al., 2003; Cohen et al., 2004b; Motta et al., 
2004). The metabolic switches regulated by SIRT1 

are PGC1-  (Rodgers et al., 2005), PPAR-  (Picard 
et al., 2004), and FOXO3a (Motta et al., 2004; 
Nemoto et al., 2004) that control glucose and fatty 
acid metabolisms. In addition to these metabolic 
switches, the decrease of stress-induced apoptotic 
cell death via deacetylation of repair protein Ku70 
was proposed to contribute to the longevity by 
calorie restriction (Cohen et al., 2004b). As 
assessed above, our present study demonstrated 
that SIRT1 increased the repair activity of cells 
exposed to radiation. Since the enhanced repair 
capacity was reduced below its basal level when 
SIRT1 siRNA was transduced into the cells over- 
expressing SIRT1, our present result on Ku70 
modulation by SIRT1 strongly suggests a possibility 
that the regulation of acetylation status of Ku70 
protein might be one mechanistic clue of life span 
extension by calorie restriction. The present results 
together with other relevant studies further suggest 
that the formation of SIRT1-Ku70 complex has a 
profound effect on overcoming hazardous changes 
of environment which are produced by stresses, 
such as DNA breakage, thereby extending life span.
    Until now, SIRT1 has been shown to deacetylate 
various substrate proteins involved in DNA damage 
response, including p53 (Luo et al., 2001; Vaziri et 

al., 2001), FOXO (Brunet et al., 2004), NF-κB 
(Yeung et al., 2004), as well as Ku70, suggesting 
that SIRT1 interconnects various pathways respond-
ing to DNA damage by deacetylating the above 
described substrates. To better understand the me-
chanistic and metabolic connections of SIRT1 to 
DNA damage response, however, more precise 
coupling between these substrates should be de-
fined: How consecutive cycles of acetylation and de-
acetylation between them are modulated and whe-
ther these connections have any impact on physiolo-
gical behavior at the level of cell and organism.
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