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Abstract

It has been reported that p53 acetylation, which
promotes cellular senescence, can be regulated by
the NAD*-dependent deacetylase SIRT1, the human
homolog of yeast Sir2, a protein that modulates
lifespan. To clarify the role of SIRT1 in cellular
senescence induced by oxidative stress, we treated
normal human diploid fibroblast TIG-3 cells with H,O,
and examined DNA cleavage, depletion of intracellular
NAD*, expression of p21, SIRT1, and acetylated p53,
cell cycle arrest, and senescence-associated f-
galactosidase (SA-B-gal) activity. DNA cleavage was
observed immediately in TIG-3 cells treated with H,O,,
though no cell death was observed. NAD* levels in
TIG-3 cells treated with H,O, were also decreased
significantly. Pre-incubation with the poly (ADP-ribose)
polymerase (PARP) inhibitor resulted in preservation
of intracellular NAD* levels. The amount of acetylated
p53 was increased in TIG-3 cells at 4h after H,O,
treatment, while there was little to no decrease in
SIRT1 protein expression. The expression level of p21

was increased at 12h and continued to increase for
up to 24h. Additionally, exposure of TIG-3 cells to H,O,
induced cell cycle arrest at 24h and increased SA-f-
gal activity at 48h. This pathway likely plays an
important role in the acceleration of cellular
senescence by oxidative stress.

Copyright © 2007 S. Karger AG, Basel

Introduction

Cellular senescence is a process by which cells
irreversibly exit the cell cycle and cease to divide in
response to a variety of stresses, including oxidative stress
[1]. Oxidative stress damages DNA [1, 2], leading to
activation of the tumor suppressor p53, a key regulator
of the cell cycle and cellular senescence [3, 4].
Acetylation of p53 has been reported to promote the
expression of growth suppressive genes [5] and to induce
cellular senescence [3]. The NAD™-dependent
deacetylase SIRT1, the human homolog of the yeast Sir2
protein, regulates p53 activity via deacetylation [6-9].
Therefore, it is thought that SIRT1 may regulate cellular
senescence through p53 [6, 9].
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DNA strand breaks induced by oxidative stress or
topoisomerase inhibitors cause poly (ADP-ribose)
polymerase (PARP) hyperactivation and subsequent
NAD™ depletion, leading to apoptosis [10, 11]. Sublethal
H,0, (<0.45 mM) treatment of human fibroblasts caused
growth arrest [4] and induced a senescent-like phenotype
[12-14]. However, the role of DNA strand breaks induced
by sublethal oxidative stress in cellular senescence is
unknown.

To clarify the mechanism by which cellular
senescence is induced by oxidative stress, we have now
examined DNA cleavage, depletion of intracellular NAD?,
expression of p21, SIRT1, and acetylated p53, and cell
cycle arrest in TIG-3 human embryonic lung fibroblasts
treated with 150 pM H,0,. We also measured
senescence-associated [B-galactosidase (SA-B-gal)
activity, a senescence biomarker [15], in TIG-3 cells
treated with H ,O,. We propose that sublethal
concentrations of H,O, (oxidative stress) induce cellular
senescence via DNA strand breaks, PARP hyperactivation
and subsequent NAD™ depletion, decreased SIRT]1
function, and the accumulation of acetylated p53 and
induction of p21.

Materials and Methods

Cell culture and determination of cell viability

TIG-3 fibroblasts were obtained from the Health Science
Research Resources Bank (Osaka, Japan) at a population
doubling level (PDL) of 27. TIG-3 cells were grown in minimum
essential medium (MEM) supplemented with 10% fetal calf
serum (FCS) at 37°C under 5% CO, in a humidified atmosphere.
Cells were incubated with different concentrations of H,O, at
37°C for 1h; H,0O, was then removed from the culture and the
cells were incubated in fresh culture medium containing 10%
FCS for the indicated times. Cell viability was assessed using
trypan blue dye exclusion and cell counting in a hemocytometer
[16].

Detection of cellular DNA damage induced by H,0,

1.0 x 10° cells were incubated with 150 uM H,O, at 37°C
for the indicated times up to 1h. After 1h, H,O, was removed
from the culture and the cells were incubated in fresh culture
medium containing 10% FCS for the indicated times. After
incubation, cells were trypsinized and washed twice with
phosphate buffered saline (PBS). Cell suspensions were
solidified with agarose, followed by incubation with proteinase
K as described previously [17]. Electrophoresis was performed
using a pulsed field electrophoresis system (CHEF-DRII, Bio-
Rad, Hercules, CA, USA) at 200 volts at 14°C. The switch time
was 60sec for 15h followed by a 90sec switch time for 9h. The
DNA in the gel was visualized using ethidium bromide.

Measurement of intracellular NAD" levels

1.0 x 10° cells were incubated with 150 uM H,0, at 37°C
for the indicated times up to 1h. After 1h, H,O, was removed
from the culture and the cells were incubated in fresh culture
medium containing 10% FCS for the indicated times. Where
indicated, cells were pre-incubated with 5 uM 4-amino-1, 8-
naphthalimide (ANI) for 30min. Where indicated, cells were
incubated with 10 mM NAD* and 150 pM H, 0, at 37°C for 1h,
H,0, was removed from the culture and the cells were incubated
in fresh culture medium with 10 mM NAD". After incubation,
cells were trypsinized and washed twice with PBS. Cell
suspensions were extracted in cold 3 M perchloric acid and
neutralized in 2 M KOH containing 0.3 N 3-(N-morpholino)
propanesulfonic acid (MOPS). The intracellular NAD* levels
were analyzed by HPLC with a Shimadzu photodiode array UV
detector (SPD-M10A, Kyoto, Japan) as described previously
[10]. Values were calibrated to standards and normalized to
total protein. The protein content was determined by Bradford
assay [18], using bovine serum albumin as standard.

SDS-PAGE and western blot analysis

1.0 x 10°cells were treated with 150 uM H, 0O, for 1h, H,O,
was removed from the culture and the cells were incubated in
fresh culture medium containing 10% FCS for the indicated
times. Where indicated, cells were pre-incubated with 5 mM
nicotinamide, 10 mM NAD* and 5 uM ANI for 30min. After
incubation, cells were solubilized in gel sample buffer and boiled
for Smin. Samples were separated on 4-20% polyacrylamide
gels and transferred to polyvinylidene difluoride (PVDF)
membranes. Membranes were blocked with 5% skim milk in
Tris buffered saline (TBS) at 37°C for 1h and incubated in
primary antibody for 1h at room temperature. After rinsing with
TBS containing 0.1% polyoxyethylene sorbitan monolaurate
(Tween-20) (TBS-T), membranes were incubated in horseradish
peroxidase-conjugated secondary antibody (Santa Cruz
Biochemical, Santa Cruz, CA, USA) at room temperature for
45min. After rinsing with TBS-T, membranes were exposed to
the ECL Western Blotting Detection System (Amersham
Biosciences, UK) for 1min. Anti-acetyl-pS3 (Lys373 & 382)
antibody and anti-SIRT1 (2G1/F7) antibody were purchased
from Upstate Biotechnology (Lake Placid, NY, USA). Anti-p53
(DO-7) antibody was obtained from Novocastra Laboratories
Ltd (Newcastle upon Tyne, UK). Anti-human actin (C-11)
antibody and anti-p21 (187) antibody were purchased from
Santa Cruz Biochemical (Santa Cruz, CA, USA). Human actin
was used as a loading control.

RNA interference

Synthetic SIRT1 small interfering RNA (siRNA) was
purchased from Takara Bio (Shiga, Japan). The 21-nt siRNA
sequence targeting SIRT1 corresponded to the coding region
5’-GUA UUU ACG UUC AAA UGA ATT-3°. The scrambled
control siRNA sequences were 5’-UUU GUG UUA CGC AAA
UAA ATT-3’ and 5°-UUU AUU UGC GUA ACA CAA ATT-3".
These siRNA were transfected into TIG-3 cells using TransIT-
TKO (Mirus, Madison, WI, USA). After siRNA transfection
for 24h, the cells were trypsinized and seeded in culture plate.
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After incubation at 37°C for 48h, cells were subjected to analysis
of western blot. After siRNA transfection for 24h, cells were
pre-incubated with 10 mM NAD* or 5 uM ANI for 30min,
followed by incubation with 150 uM H,O, for 1h. Then, H,0,
was removed from the culture and the cells were incubated in
fresh culture medium containing 10 mM NAD" or 5 pM ANI
and 10% FCS for 23h. Total extracts were prepared and analyzed
by SDS-PAGE and western blot analysis.

Real-time PCR

After the transfection of siRNA duplexes, total RNA was
extracted with Trizol (Invitrogen, Carlsbad, CA, USA) and
subjected to cDNA synthesis using a SYBR RT-PCR Kit (Perfect
Real Time, Takara, Siga, Japan) with random primers. RT-PCR
was carried out in 96-well plates, in a 25ul reaction volume
containing 12.5pl of 2x SYBR Premix Ex 7aq (Takara, Shiga,
Japan), 2ul of cDNA, and 0.2 pM each of forward and reverse
primers. The PCR was run on an iCycler (Bio-Rad, Hercules,
CA, USA). The thermo-profile for SYBR real-time RT-PCR was
95°C for 10sec followed by 40 cycles of amplification, 95°C for
Ssec, and 60°C for 20sec. The expression level of the SIRT1
gene was normalized to that of the B-actin gene.

Flow cytometric detection of cell cycle arrest by H,O,

1.0 x 109 cells were incubated with 150 uM H,O, for 1h,
H,0, was removed from the culture and the cells were incubated
in fresh culture medium containing 10% FCS for 23h. After
incubation, cells were trypsinized and fixed with cold 70%
ethanol at 4°C for 30min. Fixed cells were treated with 200ul of
DNase-free RNase (0.5 mg/ml) at 37°C for 20min. After treatment,
the cell pellets were resuspended in 500ul of propidium iodide
(50 pg/ml) staining solution. The cells were incubated at 4°C
for 10min in the dark and analyzed with a flow cytometer
(FACScan, Becton Dickinson, San Jose, CA, USA) equipped
with a single 488-nm argon laser. 2.0 x 10* cells per sample were
acquired on FACScan and the data was analyzed using ModFit
LT software (Verity Software House, Topsham, ME, USA).

SA-B-gal activity analysis

SA-B-gal activity was determined using a Senescence
Detection Kit (Bio Vision, Palo Alto, CA, USA). 2.0 x 10*cells
were incubated with 150 uM H,O, for 1h, H,O, was removed
from the culture and the cells were incubated in fresh culture
medium containing 10% FCS for 47h. Where indicated, TIG-3
cells were incubated with 10 mM NAD" or pre-incubated with 5
uM ANIL After H,O, treatment, senescent cells were identified
as blue-stained cells by standard light microscopy, and a total
of 600 cells were counted in three random fields on a culture
plate to determine the percentage of SA-B-gal positive cells.

2.0 x 10*cells were transiently transfected with 50 nM
siRNA specific for SIRT1 or scrambled siRNA. After siRNA
transfection for 24h, the cells were trypsinized and seeded in
culture plates. After incubation at 37°C for 24h, cells were treated
with 10 mM NAD" or 5 pM ANI for 30min, followed by
incubation with 150 uM H,0O, for 1h at 37°C. Then, H,0, was
removed and the cells were incubated in fresh culture medium
containing 10 mM NAD" or 5 uM ANI for 47h. After incubation,
SA-B-gal activity was determined as described above.
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Fig. 1. Detection of intracellular DNA cleavage in TIG-3 cells
treated with H,O,. 1.0 x 10° cells were treated with 150 uM H,0,
at 37°C for the indicated times up to 1h, H,O, was removed
from the culture and cells were maintained in fresh culture
medium containing 10% FCS. Cells, prepared as agarose plugs,
were lysed and subjected to pulsed field gel electrophoresis
through a 1% agarose gel, as described in the Materials and
Methods. The gel was stained with ethidium bromide. M: size
marker DNA (Saccharomyces cerevisiae).

Results

DNA cleavage in TIG-3 cells treated with H,O,

We used the trypan blue exclusion test to determine
cell viability and sublethal concentrations of H,O.,.
Treatment of TIG-3 cells with 150 uM H, O, did not induce
decreased cell viability, whereas treatment with 200 uM
or greater concentrations of H O, caused decreased cell
viability at 12h (data not shown). We next analyzed DNA
cleavage in TIG-3 cells treated with sublethal 150 uM
H,O, using pulsed field gel electrophoresis. DNA
fragments of 1-2 Mb appeared by 15min after addition of
H,O, and were present at greater quantities at 1 to 2h

(Fig. 1).
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Fig. 2. Depletion of intracellular NAD" levels in TIG-3 cells
treated with H,O,. 1.0 x 10° TIG-3 cells were treated with 150 uM
H,0, at 37°C for the indicated times up to 1h, H,0, was removed
from the culture and the cells were maintained in fresh culture
medium containing 10% FCS. Where indicated, cells were pre-
incubated with 5 uM ANI for 30min. Following cell lysis, NAD*
was extracted and analyzed as described in the Materials and
Methods. Results represent means + SE of five independent
experiments. Asterisks indicate statistically significant
differences of sample values upon addition of ANI.
(*,P<0.01).

Depletion of intracellular NAD" levels in TIG-3

cells treated with H,0,

DNA damage can lead to PARP activation followed
by reduced levels of NAD", a PARP substrate [10, 11].
To determine whether DNA damage induced by 150 uM
H,O, causes depletion of NAD", we analyzed
intracellular NAD" levels in TIG-3 cells. Intracellular
NAD" levels were decreased significantly by 15min and
continued to decrease for up to 1h (Fig. 2). The depletion
of intracellular NAD" levels induced by 150 uM H,0,
treatment was significantly inhibited by the addition of
ANI, a PARP inhibitor (Fig. 2). Furthermore, intracellular
NAD" levels were restored to normal levels at 12h after
the addition of H,O,, and were maintained at normal levels

272
for up to 48h (data not shown).

Increased expression of p21 and acetylated p53

in H,0, treated TIG-3 cells

A) Accumulation of p21 and acetylated p53 in
TIG-3 cells treated with H,0, To examine alterations
in expression of acetylated p53 and SIRT1 in TIG-3 cells
treated with 150 pM H,O,, we performed SDS-PAGE
and western blotting. The expression of acetylated p53
increased by 4h and continued to increase for up to 24h,
while p53 expression increased up to 12h (Fig. 3A). The
expression of p21, which is a transcriptional target of p53,
was increased at 12h and continued to increase for up to
24h. SIRT1 expression was little changed by treatment
with 150 pM H, 0, (Fig. 3A). In addition, H,O,-induced
p53 acetylation was decreased by NAD* supplementation
and pretreatment with ANI (Fig. 3B). On the other hand,
p53 acetylation was increased by the addition of
nicotinamide, a SIRT1 inhibitor (Fig. 3B).

B) Accumulation of acetylated p53 following
SIRTI siRNA treatment. Accumulation of acetylated p53
by inhibition of SIRT1 deacetylase function was confirmed
using siRNA. We performed RT-PCR to evaluate the
depletion of SIRT1 mRNA by siRNA. Transfection of
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TIG-3 cells with SIRT1 siRNA reduced endogenous
SIRT1 mRNA levels by 60% in comparison to the levels
in control cells (Fig. 3E). Following the transfection of
SIRT1 siRNA, western blot analysis with an anti-SIRT1
antibody demonstrated a reduction in endogenous SIRT 1
expression (Fig. 3C). Acetylated p53 accumulated after
SIRT1 siRNA transfection in TIG-3 cells (Fig. 3C),
suggesting that SIRT1 inhibition increased the amount of
acetylated p53. Furthermore, NAD* supplementation and
pretreatment with ANI did not inhibit H,O,-induced p53
acetylation in TIG-3 cells transfected with SIRT1 siRNA
(Fig. 3D). Similar results were obtained in TIG-3 cells
treated with nicotinamide (Fig. 3D).

H,O, treatment induces cell cycle arrest in TIG-

3 cells

To confirm the features of senescence, cell cycle
distribution was analyzed in H,O, treated TIG-3 cells. As
compared to control cells, 150 uM H,O, increased the
population of G1 phase cells from 52.9+0.52% to
69.0+1.23% and decreased the population of S phase cells
from 32.7+0.29% to 15.4+3.04% at 24h after treatment
(Fig. 4). These results suggest that 150 uM H, O, inhibited
cell cycle progression at the G1 phase.

H,O, treatment results in the appearance of SA-

B-gal activity in TIG-3 cells

We measured SA-B-gal activity, a senescence
biomarker, in TIG-3 cells treated with 150 uM H,O,. 48h
after the addition of H,O,, 79.4+12.2% of treated cells

were SA-B-gal positive (Fig. 5B and E), whereas
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Fig. 3. Accumulation of

acetylated p53 in TIG-3 cells. (A) (B)
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& 382), anti-SIRT1 (2G1/F7), _ Actin
anti-p21 (187), anti-p53 (DO-
7), and anti-human actin
(C-11) antibodies as descri-
bed in the Materials and
Methods. (B) 1.0 x 10° TIG-3 ©) (D)
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10 mM.NA.D*, 5 uM ANI or . Q\QV ¥ QS\R*
5 mM nicotinamide for 30min, NS
followed by incubation with s
150 uM H,0, for 1h at 37°C. - Ac-p53 '
After incubation, H,O, was ] o
removed from the culture and %
the cells were incubated in e PSS -~
fresh  culture medium :
containing 10 mM NAD" or - e SIRT1 Actin
5 uM ANI and 10% FCS for . .

the indicated times. Total Actin
extracts were prepared and -

analyzed by SDS-PAGE and
western blots as described in
the Materials and Methods. (E)
(C) TIG-3 cells were

transiently transfected with

25 nM siRNA specific for & 120-

SIRT1. Total extracts were a2 1004

prepared and analyzed by g

SDS-PAGE and western blots S 801

as described in the Materials < 604

and Methods. (D) TIG-3 cells % 40-

were transiently transfected c

with 50 nM siRNA specific for 2 201

SIRT1. After 24h, transfected 0-

cells were pretreated with (\\Q\C} .Q\év
10 mM NAD" or 5 uM ANI P \9\
for 30min at 37°C, followed Q§
by incubation with 150 pM 2

H,O, for 1h at 37°C. TIG-3
cells were pretreated with 5 mM nicotinamide, and 10 mM NAD" or 5 uM ANI for 30min at 37°C, followed by incubation with
150 uM H,0, for 1h at 37°C. Then, H,0, was removed and the cells were incubated in fresh culture medium containing 10 mM
NAD" or 5 uM ANI and 10% FCS for 23h. Total extracts were prepared and analyzed by SDS-PAGE and western blots as described
in the Materials and Methods. (E) Quantitative real-time RT-PCR was used to assess SIRT1 mRNA levels and B-actin was used to
normalize mRNA concentration.
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Control H,0, treatment
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Fig. 4. Effect of H,O, treatment on cell cycle distribution in TIG-3 cells. 1.0 x 10° TIG-3 cells were treated with 150 uM H,O, for 1h,
H,0, was removed and the cells were incubated in fresh culture medium containing 10% FCS for 23h. After incubation, cell cycle
distribution was analyzed by flow cytometry. The values are representative of three independent experiments expressed as

mean+SD. *P<0.05, compared with the control.

1.7£1.2% of control cells were SA-B-gal positive (Fig.
5A and E). In addition, we investigated whether the
addition of exogenous NAD" could prevent H,O,-
accelerated cellular senescence. Addition of 10 mM
NAD to the culture medium prevented the depletion of
NAD" in H,O, treated TIG-3 cells (Fig. 5G). Previous
reports have indicated that human diploid fibroblasts
express membrane channels that can bind and transport
extracellular NAD® into the cell [19]. NAD"
supplementation reduced the number of SA-3-gal positive
cells (21.1+8.2%) following H,O, treatment (Fig. 5C and
E). Pretreatment of TIG-3 cells with ANI also reduced
the number of SA-B-gal positive cells (50.5+2.9%)
following addition of H,0, (Fig. 5D and E). However,
H,0,-mediated SA-B-gal positive cells were not reduced
by NAD" supplementation or ANI treatment in TIG-3
cells transfected with SIRT1 siRNA or treated with
nicotinamide (Fig. 5F). In contrast, SA-3-gal positive cells

were reduced by NAD* supplementation or ANI
treatment in TIG-3 cells transfected with scrambled
siRNA (Fig. 5F).

Discussion

In this study, we report that 150 pM H,O, induced
DNA cleavage in TIG-3 cells at 15min, although this
concentration of H,O, had no effect on cell viability. It is
well known that PARP is rapidly activated by DNA
damage [20, 21] and consumes NAD™ to modify specific
acceptor proteins with poly(ADP-ribose) [22, 23]. We
measured the levels of intracellular NAD*, which is
required for SIRT1 deacetylase activity in vivo, in TIG-
3 cells treated with 150 uM H,O,. NAD" levels were
decreased by over 50% after H,O, treatment for 15min
and continued to decrease for up to 1h. The depletion of
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Fig. 5. SA-B-gal
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(E) The percentages

of SA-B-gal positive

cells were determined

and are presented in E

as mean+SD (n=3). £ 8

*P<0.05, compared

with the H,O, treatment. (F) ‘SIRT1 siRNA or scrambled siRNA’: TIG-3 cells were transiently transfected with 50 nM siRNA
specific for SIRT1 or 50 nM scrambled siRNA. After 24h, transfected cells were pretreated with 10 mM NAD* or 5 uM ANI for
30min at 37°C, followed by incubation with 150 uM H,O, for 1h at 37°C. Then, H,0, was removed and the cells were incubated in
fresh culture medium containing 10 mM NAD" or 5 uM ANI and 10% FCS for 47h. ‘Nicotinamide’: TIG-3 cells were pretreated with
5 mM nicotinamide, and 10 mM NAD" or 5 uM ANI for 30min at 37°C, followed by incubation with 150 uM H,0O, for 1h at 37°C.
Then, H,0, was removed and the cells were incubated in fresh culture medium containing 5 mM nicotinamide, and 10 mM NAD*
or 5 uM ANI and 10% FCS for 47h. After incubation, SA-B-gal activity was determined as described in the Materials and
Methods. *P<0.05, compared with the H,O, treatment. (G) 1.0 x 10° cells were incubated with 10 mM NAD* and 150 uM H,0, at
37°C for 1h, H,0, was removed from the culture and the cells were incubated in fresh culture medium containing 10 mM NAD" and
10% FCS for 47h. NAD" levels were analyzed as described in the Materials and Methods. *P<0.05, compared with the H,0,
treatment.
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NAD™* was prevented by pre-incubation with a PARP
inhibitor, ANI. These results suggest that NAD™ depletion
in H,O -treated TIG-3 cells is caused by PARP activation
in response to DNA damage.

It has been reported that NAD™ depletion in response
to PARP activation leads to apoptosis-inducing factor
(AIF) translocation from mitochondria to nuclei, resulting
in programmed cell death [20, 21, 24]. Our experimental
conditions did not induce AIF translocation into the nucleus
(data not shown). Thus, since it is thought that
hyperactivation of PARP in response to oxidative DNA
damage can decrease SIRT1 deacetylase function
through NAD* depletion, we examined alterations in the
expression of acetylated p53, a SIRT1 substrate. The
amount of acetylated p53 was increased following 150
uM H, O, treatment, although SIRT1 expression was little
changed. In addition, NAD" supplementation and a PARP
inhibitor ANI decreased the amount of acetylated p53 in
TIG-3 cells treated with H,O,. On the other hand,
nicotinamide treatment increased H,O,-induced p53
acetylation. Therefore, it is considered that NAD™
depletion plays an important role in p53 deacetylation by
SIRT1. Furthermore, we have confirmed that SIRT1
siRNA treatment increases the amount of acetylated p53
in TIG-3 cells. NAD* supplementation and pretreatment
with ANI did not reduce H,O,-induced p53 acetylation
in TIG-3 cells transfected with SIRT1 siRNA and treated
with nicotinamide, suggesting that SIRT1 regulated p53
deacetylation.

Some recent papers have reported that although
SIRT1 deacetylates p53, this does not play a role in cell
survival following DNA damage in certain cell lines [25-
27]. Thus, since p53 is directly involved in G1 arrest
through the induction of p21 [28], we assessed p21
expression in TIG-3 cells treated with 150 uM H,O,,
showing that p21 expression correlated with increased
levels of p53 acetylation. Furthermore, we demonstrated
that 150 uM H, 0O, induced cell cycle arrest in G1 phase
at 24h and increased SA--gal activity at 48h in TIG-3
cells. Interestingly, the addition of 10 mM NAD to the
culture medium significantly reduced H,O,-mediated SA-
B-gal activity. In addition, a PARP inhibitor ANI also
reduced SA-B-gal activity in TIG-3 cells treated with
H,0,. In contrast, NAD" supplementation and ANI
treatment did not reduce SA-B-gal activity in TIG-3 cells
treated with nicotinamide or transfected with SIRT1
siRNA. Therefore, we conclude that sublethal
concentrations (150 uM) of H,0, can accelerate cellular
senescence by causing the accumulation of acetylated
p53 via NAD™ depletion and decreased SIRT1

deacetylase function.

Numerous studies of SIRT1 function have been
performed in mammalian cells and animals [29, 30]. For
instance, treatment of human breast and lung cancer cells
with sirtinol, a SIRT1 inhibitor, has been found to induce
a senescence-like growth arrest [31]. The loss of SIRT1
with age was accelerated in mice with accelerated aging,
but was not observed in a long-lived mouse [32].
Furthermore, it has been reported that SIRT1-null mice
are viable, but most of them die during the early postnatal
period [27, 33]. Therefore, our results and several other
reports [30, 34-37] are consistent with the idea that p53
deacetylation by SIRT1 regulates important cellular
processes, including cellular senescence. However, Alt’s
group showed that SIRT1-deficient (SIRT1”") mouse
embryonic fibroblasts (MEFs) have enhanced proliferative
capacity and fail to enter senescence under conditions of
chronic oxidative stress [38]. In addition, nicotinamide, a
SIRT1 inhibitor, has been reported to extend the replicative
life span of primary human fibroblasts [39]. Collectively,
although it remains unclear whether SIRT1 directly
regulates lifespan, SIRT1 may contribute to cellular
senescence in mammalian cells.

We have previously reported that oxidative stress
induces DNA damage in telomere sequences as well as
telomere shortening [40-44]. In addition, we have
demonstrated that the level of carbonylated proteins, an
indicator of oxidative damage to proteins, increased in
senescence-accelerated prone mouse strain 8, which
displayed deterioration in learning and memory, as
compared to control mice [45]. It has been reported that
cellular senescence may occur if DNA damage is not
serious enough to induce cell death, but cannot be
completely repaired [46]. Thus, oxidative stress-induced
DNA damage plays a key role in cellular senescence. In
this study, we have demonstrated a pathway of oxidative
stress-mediated cellular senescence: DNA cleavage by
sublethal concentrations of H,O, induces PARP
hyperactivation and subsequent NAD* depletion, followed
by decreased SIRT1 function and the accumulation of
acetylated p53 and transcription of p53 target genes. This
pathway is likely to play an important role in cellular
senescence caused by oxidative stress.
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