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ABSTRACT
Sirtuins (SIRT) belonging to the NADC dependent histone deacetylase III class of enzymes have emerged
as master regulators of metabolism and longevity. However, their role in prevention of organismal aging
and cellular senescence still remains controversial. In the present study, we now report upregulation of
SIRT2 as a specific feature associated with stress induced premature senescence but not with either
quiescence or cell death. Additionally, increase in SIRT2 expression was noted in different types of
senescent conditions such as replicative and oncogene induced senescence using multiple cell lines.
Induction of SIRT2 expression during senescence was dependent on p53 status as depletion of p53 by
shRNA prevented its accumulation. Chromatin immunoprecipitation revealed the presence of p53 binding
sites on the SIRT2 promoter suggesting its regulation by p53, which was also corroborated by the SEAP
reporter assay. Overexpression or knockdown of SIRT2 had no effect on stress induced premature
senescence, thereby indicating that SIRT2 increase is not a cause of senescence; rather it is an effect linked
to senescence-associated changes. Overall, our results suggest SIRT2 as a promising marker of cellular
senescence at least in cells with wild type p53 status.
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Introduction

Cellular senescence is a process of irreversible growth arrest.
Typically primary cells undergo replicative senescence due to
attrition of telomeres which is a slow process.1 In contrast, pre-
mature senescence is an accelerated process resulting due to
oxidative stress and DNA damage.2,3 Additionally, oncogenes
such as ras, raf, myc etc. can also cause premature senescence,
this is commonly referred as oncogene induced senescence.4

Yet, another form of cellular senescence known as Pten-loss-
induced cellular senescence (PICS) is activated in absence of
DNA damage due to loss of a tumor suppressor.5 Activation of
p53-p21 or p16-pRb pathways are the two well-known mecha-
nisms leading to cell cycle arrest during senescence.6 In addi-
tion a role of chromatin modifiers has been also highlighted
recently.7 Generally, senescent cells are considered to be perma-
nently arrested in the G1 phase of the cell cycle, however few
other studies are supportive of a role of G2 arrest as well.8,9

Senescent cells at least under in vitro conditions can be iden-
tified by enlarged and flattened morphology. Senescence-asso-
ciated b-galactosidase staining was the first biomarker reported
for the identification of senescent cells.10 Despite having limita-
tions, it is still considered to be the most accepted marker of
senescence. Molecular markers such as p21WAF1, p27Kip1 and
p53 are considered general growth arrest markers associated
with conditions of not only senescence but also differentiation
and quiescence. Recently loss of Lamin B1 and staining for

a-fucosidase have been used for identification of senescent
cells.11,12 Markers such as gH2AX, and senescence-associated
heterochromatin foci have also been used as surrogate markers
but are not very specific.13

Accumulation of senescent cells has been linked to the pro-
cess of aging which also intricately involves deregulation of cel-
lular metabolism.14 Sirtuins belonging to the NADC
dependent histone deacetylase III enzyme class have not only
emerged as master regulators of metabolism, but are also
reported to extend the lifespan of lower organisms like yeast,
flies and worms.15–17 In mammals, there are 7 distinct isoforms
(SIRT1-7) with distinct subcellular compartmentalization.18

SIRT1, closest homolog of the yeast Sir2 protein upon overex-
pression in primary fibroblasts (MEFs) prevented PML-medi-
ated premature cellular senescence by p53 deacetylation.19

However, in response to chronic genotoxic stress, SIRT1 pro-
moted replicative senescence in MEFs via the p19ARF path-
way.20 SIRT6 functions to promote normal DNA repair and
thus, SIRT6 knockout mice showed signs of premature aging.21

Earlier we had reported loss of nucleolar SIRT7 during replica-
tive senescence, but not in stress induced premature senes-
cence.22 Recently, we showed that overexpression of SIRT7
could alleviate DNA damage induced premature senescence.23

The existing data from lower organisms and knockout mice
in general is suggestive of role of Sirtuins in reversion of cellular
aging. On the other hand, few studies have contradicted the
role of Sirtuins in increasing longevity and prevention of
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aging.24,25 Further, there is no clarity with respect to expression
of various Sirtuins isoforms in different conditions of senes-
cence such as replicative, oncogene induced and stress induced.
Using an in vitro cell culture system we now report a specific
increase in SIRT2 levels in all modes of cellular senescence,
which in turn is dependent on the p53 status. Additionally, the
present work revealed that increased SIRT2 expression is spe-
cific only to senescence and not associated with either quies-
cence or DNA damage induced cell death.

Results

Doxorubicin induces premature senescence in U2OS cells
and this is accompanied with increased expression of
SIRT2 and SIRT4

Doxorubicin, a widely used topoisomerase II inhibitor is an
inducer of premature senescence at low doses and is highly
cytotoxic at higher doses.26 The osteosarcoma cell line,
U2OS cells were treated for short duration with doxorubicin
(1 mM dose for 2 h) followed by change to fresh medium.
Cells were then monitored up to 120 h. By 72 h of treat-
ment, the cells appeared larger in size and by 120 h most
of the cells presented with enlarged and flattened morphol-
ogy. Further the cells were positive for senescence-associ-
ated b-galactosidase (SA-bgal) activity, as detected by 5-
bromo-4-chloro-3-indolyl b-D-galactosidase (X-gal) staining
at pH 6.0 (Fig. 1A and B). The enlarged senescent morphol-
ogy was associated with increase in expression levels of
growth arrest markers such as p53 and p21 along with
higher expression of plasminogen activator inhibitor-1
(PAI-1), a marker of senescent secretory phenotype14

(Fig. 1C). The loss of nuclear membrane protein Lamin B1
was recently described as a senescent-associated marker11

and indeed it was noted that doxorubicin induced senescent
cells showed significant loss of Lamin B1. The doxorubicin
induced senescent cells showed G2/M arrest which was
accompanied by expression of Cyclin B1, a G2 specific
marker27 (Fig. 1D; Supplemental Fig. S1).

To evaluate the role of Sirtuins during premature senes-
cence, the expression level of various Sirtuin isoforms
(SIRT1-7) was checked at both RNA and protein levels. In
comparison to the untreated cells, the doxorubicin treated
senescent U2OS cells, at 120 h, showed higher transcript
levels of SIRT2, SIRT4, SIRT5 and SIRT6 (Fig. 1E). How-
ever, the expression level of SIRT1 decreased, while that of
SIRT3 and SIRT7 remained unchanged. Next, the expres-
sion of several Sirtuin isoforms, with different subcellular
localizations [SIRT1 (nuclear), SIRT2 (cytoplasmic), SIRT4
(mitochondrial), SIRT6 (nuclear) and SIRT7 (nucleolar)],
were evaluated at protein level by immunoblot analysis
(Fig. 1F). A significant increase in protein levels of both
SIRT2 and SIRT4 was noted in doxorubicin induced senes-
cent cells as compared to control non-senescent cells. These
results agreed well with the increase in the transcript levels
of both SIRT2 and SIRT4. SIRT2 mainly exists in 2 differ-
ent isoforms [Isoform 1 (389 aa: 43 kDa) and isoform 2
(352 aa: 39 kDa)] and both these isoforms showed increased
expression during senescence.28 It has to be noted that

SIRT2 antibody identified both the isoforms on the immu-
noblot with almost similar intensity. For quantification, the
fold increase for both the isoforms were calculated and their
average was taken as the total increase in SIRT2 pool which
was approximately 3 fold higher in senescent cells com-
pared to the control (Fig. 1G). A significant decrease in the
expression level of SIRT1 was noted in the senescent cells,
while that of SIRT7 remained unchanged. In addition
nuclear SIRT6 showed a subtle increase in senescent cells
which was not significant.

Increased expression of SIRT2 is specific to senescence only
and not associated with cell cycle arrest or cell death

The above results indicated that SIRT2 and SIRT4 increase as a
general feature associated with stress induced premature senes-
cence. We therefore inquired if increase in SIRT2 and SIRT4
can also occur under conditions of growth arrest other than
senescence. Serum starvation can induce cell cycle arrest at G0/
G1 phase also termed as quiescence. Hence, U2OS cells were
cultured in the presence of 0.1% of serum for 96 h which
resulted in G0/G1 arrest, in almost 80% of cells (Supplemental
Fig. S2). Interestingly, the total levels of SIRT2 remained unaf-
fected in conditions of serum starvation-induced growth arrest
(Fig. 2A–C). However, the SIRT4 levels remained high under
growth arrest conditions of both senescence and quiescence.
Since expression of SIRT2, and not SIRT4, was specific to
senescence, the latter part of the present work is focused only
on SIRT2.

The doxorubicin induced senescent cells were mostly growth
arrested at G2/M phase of cell cycle, hence we investigated if
increased levels of SIRT2 is dependent or independent of
mitotic arrest. Cells were treated with nocodazole, which is a
well-known inducer of mitotic arrest. When analyzed by flow
cytometry both the adherent and loosely attached nocodazole
treated cells showed considerable increase in G2/M arrest as
did the doxorubicin-induced senescent cells (Fig. 2D). However
an increase in SIRT2 protein levels was noted only in the doxo-
rubicin induced senescent cells but not nocodazole arrested
cells (Fig. 2E). Interestingly, the nocodazole treated cells
showed slower mobility of SIRT2 when analyzed by SDS-
PAGE, indicative of its change in phosphorylation status as
reported earlier.29 This experiment clearly indicated that
increased level of SIRT2 in doxorubicin treated cells is indepen-
dent of G2/M arrest and specific for senescence. We next
explored whether doxorubicin-mediated cell death is also asso-
ciated with SIRT2 increase. Cells were treated with higher dose
of doxorubicin (10 mM) which induced cell death (Fig. 2F) or a
toxic dose of paclitaxel. Under both these conditions PARP
cleavage was noted indicative of cell death and this in turn was
accompanied with decline in SIRT2 levels (Fig. 2G and H).
These results indicated increased expression of SIRT2 only dur-
ing senescence, but not in other conditions of growth arrest or
cell death.

The senescence-associated increase in SIRT2 levels was not
limited to only U2OS cells alone, but could also be seen in
doxorubicin-induced senescent cells of different origins such
A375 (a human melanoma cell line) and A549 cells (a NSCLC
cell line) (Supplemental Fig. S3).
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Increase in SIRT2 level is associated with induction of
stress-induced premature senescence but does not
coincide with early induction of DNA damage

To check if SIRT2 expression coincides with induction of
DNA damage, U2OS cells were treated with varying doses
of doxorubicin for 4 h and levels of both SIRT2 and
gH2AX were quantified (Fig. 3A). The levels of gH2AX
increased significantly as early as 4 h after but not that of

SIRT2, indicating that SIRT2 expression is not an early
event following the genomic insult.

Next, to evaluate how early the SIRT2 expression is induced
during the process of stress-induced premature senescence, a
time course study was performed (Fig. 3B). Expression of
SIRT2, Lamin B1 and SA-bgal positivity was monitored from
24 h to 120 h. A subtle increase in total SIRT2 and decline in
Lamin B1 was discernible within 48 h of doxorubicin treatment
(Fig. 3B–D). However, a maximal change in total SIRT2 level

Figure 1. Doxorubicin induced premature senescence and expression of Sirtuin isoforms. (A) U2OS cells were treated with doxorubicin (Dox, 1 mM, 2 h), grown in fresh
culture medium for 120 h and assayed for SA-bgal (blue). Untreated cells served as control. (B) Bar diagram showing percentage SA-bgal positive cells in control and
doxorubicin treated U2OS cells at 120 h (�P < 0.05). (C) Immunoblots showing expression of senescence-associated markers viz., p53, p21, PAI-1 and Lamin B1 in control
and senescent cells at 120 h. (D) Time kinetics showing cell cycle distribution of control and doxorubicin treated cells. (E) Bar diagram showing relative fold change in
expression levels of various Sirtuin transcripts in control and senescent U2OS cells at 120 h. The transcript levels of SIRT1-SIRT7 were quantified by real-time PCR and nor-
malized to GAPDH mRNA (�P < 0.05). (F) Immunoblots showing expression of various Sirtuin isoforms in control vs. senescent cells at 120 h. (G) Bar diagram showing the
fold increase in expression levels of Sirtuin proteins in senescent cells in comparison to control cells. Note the presence of 2 distinct isoforms for both SIRT2 (39 and
43 kDa) and SIRT7 (45 and 47.5 kDa) on the immunoblot. To calculate the total fold change, the corresponding increase in both the isoforms were normalized first to
GAPDH and the values obtained were averaged together to represent the total pool of either SIRT2 or SIRT7 in the bar graph (�P < 0.05).
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was noted at 72 h which also correlated with maximum cells
showing positivity for SA-bgal assay (Supplemental Fig. S4).
These changes persisted until 120 h by which time the cells had
attained typical senescent morphology.

SIRT2 overexpression leads to deacetylation of its
substrates in senescent U2OS cells

SIRT2 is a NADC dependent deacetylase and has many sub-
strates which it can deacetylate.30 Hence, we evaluated whether
increase in SIRT2 levels during senescence is also accompanied
by changes in acetylation status of its downstream targets. As
expected, the increase in SIRT2 levels during senescence was

also associated with deacetylation of its targets, a-tubulin at
lysine 40, histone H4 at lysine 16 (H4K16) and p65 at lysine
310 (Fig. 3E–H).

Increased expression of SIRT2 is associated with multiple
conditions of senescence such as stress, replicative and
oncogene-induced

Next, we determined whether elevated levels of SIRT2 are also
associated with stress-associated senescence caused by DNA
damaging agents, other than doxorubicin. U2OS cells were
treated with camptothecin, etoposide and oxidative stress agent,
H2O2. These agents too induced senescent morphology and this

Figure 2. Increased expression of SIRT2 is specific only to stress-induced premature senescence but not to conditions of quiescence, cell death, or G2/M phase cell cycle
arrest. (A) Representative immunoblots showing expression levels of SIRT2, SIRT4 and p21 in control, doxorubicin (Dox) induced senescent cells (1 mM, 120 h) and serum
starved growth arrested quiescent U2OS cells (0.1% serum, 96 h). (B, C) Bar diagram showing fold change in expression levels of total SIRT2 and SIRT4 in control, senes-
cent and quiescent cells (�P < 0.05). (D) Flow cytometry analysis showing cell cycle phase distribution of U2OS cells treated with doxorubicin (Dox) and nocodazole
(Noc), a specific mitotic inhibitor. Following nocodazole treatment (300 ng/ml, 16 h), the loosely attached cells were collected by shake off (Noc-F) method and adherent
cells (Noc-A) by trypsinization. (E) Immunoblots showing expression of SIRT2 in doxorubicin induced senescent cells (72 h) and nocodazole (Noc-F and Noc-A) treated G2/
M arrested cells (16 h). Note a mobility shift of SIRT2 isoforms (indicated by arrow) in nocodazole arrested G2/M cells. (F) SA-bgal staining of control and doxorubicin
treated (0.1 mM, 1 mM and 10 mM) U2OS cells at 72 h. (G) Immunoblot showing expression of SIRT2, p21 and PARP cleavage in senescent inducing doses (0.1 mM, 1 mM)
and cell death inducing dose (10 mM) of doxorubicin. Paclitaxel was used as positive control to induce programmed cell death. (H) Bar diagram showing fold change in
expression level of total SIRT2 in control, doxorubicin and paclitaxel treated U2OS cells at 72 h (�P < 0.05).
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in turn was accompanied by an increase in expression levels of
total SIRT2 at 120 h (Fig. 4A–C).

Replicative senescence in primary cell cultures and onco-
gene-induced senescence are two other modes by which
cells undergo irreversible growth arrest. Does increased
expression of SIRT2 also coincide with these two forms of
senescence? An early passage (P4), of Human adult dermal
fibroblasts (HADF) was passaged more than 50 times, until
they stopped growing and showed typical senescence mor-
phology of enlarged cells with SA-bgal positivity (P57)
(Fig. 4D). HDAF cells undergoing replicative senescence
showed increased SIRT2 levels with concomitant decline in
Lamin B1 (Fig. 4E). Earlier it had been shown that U2OS
cells expressing mutant RAS (HRAS-V12) undergoes

oncogene-induced senescence.31 Indeed U2OS cells trans-
fected with HRAS-V12 showed premature senescence (40-
50% cells) accompanied with increased SIRT2 expression
and concomitant decline in Lamin B1 (Fig. 4F–H). These
results clearly indicated that increase in SIRT2 is a general
feature associated with all modes of senescence.

Doxorubicin induced senescence is rescued by treatment
with N-acetyl cysteine (NAC) which also restores SIRT2
levels toward normal

The doxorubicin mediated DNA damage has been previ-
ously shown to be abrogated by an antioxidant, N-acetyl
cysteine (NAC).32 We therefore tested if NAC can rescue

Figure 3. SIRT2 increase in doxorubicin treated cells does not coincide with early DNA damage but associated with induction of senescence and correlates with expres-
sion of Lamin B1. (A) Immunoblots showing expression of SIRT2 and gH2AX at early time (4 h) point following treatment of U2OS cells with varying doses of doxorubicin
(Dox). (B-D) Quantitative analysis of the time course of SIRT2, Lamin B1 and p21 expression levels during the induction of senescence following doxorubicin treatment.
The bar graph represents the results of 3 independent experiments (�P < 0.05). (E) Increase in SIRT2 expression in doxorubicin induced senescent cells is accompanied
with decrease in acetylation (Ac) status of its well-known targets, tubulin, p65 and histone H4, at their respective lysine residues. GAPDH and total histone H3 served as
loading controls. (F-H) Bar graph showing fold change in acetylation status of tubulin, p65 and histone H4 following doxorubicin treatment at varying time intervals
(�P < 0.05).
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the cells from the effects of doxorubicin mediated prema-
ture senescence and thereby prevent increase in SIRT2 lev-
els. Pre-treatment with NAC could effectively rescue U2OS
cells from both doxorubicin and H2O2 induced senescence
(Fig 5A and B). In addition, NAC treatment also attenuated
the accumulation of SIRT2 due to stress-induced premature
senescence (Fig 5C and D).

SIRT2 expression in stress induced premature senescence is
dependent on p53

The p53-p21 axis plays an important role in initiation of
premature senescence and as noted in Fig. 1C, senescent
U2OS cells showed accumulation of both p53 and its down-
stream target p21. Does p53 play a role in regulation of

Figure 4. SIRT2 expression in various modes of senescent conditions viz., stress-, replicative- and oncogene- induced. (A) SA-bgal staining of U2OS cells at 120 h following
treatment with DNA damaging agents such as doxorubicin (Dox, 1 mM, 2 h), camptothecin (Campto, 1 mM, 2 h), etoposide (Etopo, 1 mM, 72 h) or oxidative stress agent,
H2O2 (200 mM, 2 h). (B) Immunoblots showing expression of SIRT2 and p21 in U2OS control and senescent cells (120 h) induced by various agents. (C) Bar diagram show-
ing fold change in expression level of SIRT2 in stress-induced senescence by different agents (�P < 0.05). (D) SA-bgal activity in human primary adult dermal fibroblasts
undergoing replicative senescence. (E) Immunoblots showing expression of SIRT2 and Lamin B1 in young (passage 4, 17) and senescent fibroblasts (passage 57). The val-
ues below the blots indicate the relative fold change in total SIRT2 and Lamin B1 levels. (F) SA-bgal staining in untransfected U2OS cells and transfected with either vector
alone or mutant RAS (HRAS-V12). (G) Immunoblots showing expression of RAS, SIRT2 and Lamin B1 in the untransfected cells (U2OS) and those transfected with either
vector or HRAS-V12. (H) Bar graph showing relative change in total SIRT2 levels in oncogene-induced senescent cells compared to vector control cells (�P < 0.05).
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SIRT2 accumulation? Saos-2, a p53 null cell when treated
with lower doses of doxorubicin [0.5 mM or 50 nM as
described earlier by Chang et al., (1999) 33] also underwent
growth arrest with morphological features similar to senes-
cence such as enlarged morphology and SA-bgal positivity
(Fig. 6A). The senescent Saos-2 cells did not show any
increase in SIRT2 level thereby indicating a role of p53 in
induction of SIRT2 (Fig. 6B).

To further confirm the role of p53, U2OS cells were treated
with shRNA for depletion of p53. The p53 shRNA treated cells
showed almost 50% knockdown of p53 in comparison to the
non-target shRNA treated U2OS cells (NT shRNA) which
served as control (Fig. 6D). Surprisingly, p53 depleted cells and
NT shRNA cells when treated with doxorubicin showed induc-
tion of premature senescence to similar extent as noted by mor-
phology and SA-bgal positivity (Fig. 6C; Supplemental
Fig. S5A). However, the knockdown of p53 largely prevented
the doxorubicin induced SIRT2 expression in U2OS cells
thereby establishing a role of p53 in induction of SIRT2
(Fig. 6D and E ).

Earlier we had shown that nutlin, a well-known inhibitor of
p53-mdm2 interaction can abrogate the effects of SIRT7 by

activating p53 levels.23 Hence, we asked the question whether
nutlin can modulate p53 levels thereby regulating expression of
during stress induced premature senescence. Treatment with
nutlin not only stabilized p53 levels but also induced premature
senescence which was accompanied with increase in levels of
SIRT2 (Fig. 6F–H; Supplemental Fig. S5B). In addition, com-
bined treatment with both doxorubicin and nutlin not only
accelerated senescence but also showed higher level SIRT2
compared to treatment with nutlin or doxorubicin alone. Next,
we overexpressed p53 in U2OS cells which lead to a subtle
increase in SIRT2 levels (Supplemental Fig. S6). The above
results clearly indicated that increased expression of SIRT2 in
senescent cells is dependent on the p53 status.

As SIRT2 increase was specific only to senescence and not to
quiescence or apoptosis, we checked the expression level of p53
in all these conditions and found that p53 level was high in
senescence as compared to quiescence or apoptosis (Supplemen-
tal Fig. S7A and S7B). Additionally, p53 was more stabilized in
senescence as indicated by its increased phosphorylation status,
unlike in quiescence or apoptosis (Supplemental Fig. S7A). We
also performed a dose and time kinetic experiment to evaluate if
there is any difference in the expression of p53 and its

Figure 5. Treatment with antioxidant NAC alleviated stress induced premature senescence by doxorubicin and hydrogen peroxide. (A) SA-bgal staining (blue) of cells
treated with doxorubicin (0.2 mM) and H2O2 (200 mM) alone or in combination with NAC (50mM). Note fewer senescent cells in NAC treated cells. (B) Bar diagram show-
ing percentage SA-bgal positive cells in various treatment conditions: control, doxorubicin (0.2 mM), H2O2 (200 mM) and in combination with NAC (50 mM). (C) Represen-
tative immunoblots showing expression of SIRT2 and p21 in doxorubicin (0.2 mM) and H2O2 (200 mM) treated U2OS cells alone or in combination with NAC (50 mM).
Tubulin served as a loading control. Values below the blot indicate fold change in levels of p21 normalized to tubulin. (D) Bar diagram showing quantification of levels of
SIRT2 in various treatment conditions. (�P <0.05).
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phosphorylation levels in senescence and apoptosis. For this,
U2OS cells were treated with either 1mM or 10 mM dose of
doxorubicin to induce senescence or apoptosis respectively. At
early time points (2-24 h) the total p53 level was significantly
higher in 10 mm dose of doxorubicin compared to 1 mM dose
(Supplemental Fig. S7C–S7E). On the other hand, the phosphor-
ylated status of p53 remained similar for both 1 mm and 10 mm
dose of doxorubicin at the early time points. At later time point,
starting at 48 h, a decrease in the expression of total p53 level
was observed as cells underwent apoptosis (10 mM dose) and
this in turn was evident by PARP cleavage. Intriguingly, at later
time point of 72 h, both the total and phosphoryated p53 level
appeared maximum and significantly higher at the senescence
inducing dose of 1mm compared to the 10 mM dose. Further the

high levels of total p53 and its phosphorylation were sustained
till 120 h during senescence (Supplemental Fig. S7A). It has to
be noted that SIRT2 increase coincided with maximum p53 lev-
els, at late time point of 72 h and persisted till 120 h (Figure 3B
and C). Hence, we surmise a possible role of phosphorylated
p53 together with high threshold level of total p53 in regulation
of SIRT2 expression during senescence.

SIRT2 promoter has a p53 binding responsive site

It is well established that p53 acts a transcriptional regulator
by binding to distinct promoter sites of the target genes. To
elucidate whether p53 can also induce transcriptional acti-
vation of the SIRT2 gene, SIRT2 promoter region was

Figure 6. p53 regulates expression of SIRT2. (A) SA-bgal staining in p53 null cells (Saos-2) treated with doxorubicin (0.5 mM, 1 h or 50 nM, 48 h) at 120 h. (B) Immunoblots
showing expression of total SIRT2 in control and senescent Saos-2 cells at 120 h. Values below the blot indicate fold change in total level of SIRT2 normalized to GAPDH.
(C) U2OS cells transfected with either p53 shRNA or non-target shRNA (NT shRNA) were treated with doxorubicin (1 mM, 2 h) and SA-bgal staining was performed at
120 h. (D) Immunoblots showing expression of p53, SIRT2 and p21 in U2OS cells with or without p53 depletion (p53 shRNA) treated with varying doses of doxorubicin.
(E) Quantification of fold change in expression of SIRT2 in NT shRNA and p53 depleted cells (�P < 0.05). (F) SA-bgal staining of U2OS cells treated with doxorubicin, and
nutlin either alone or in combination. (G) Immunoblot analysis of p53, SIRT2 and p21 in U2OS cells treated with doxorubicin (0.2 mM, 2 h) and nutlin (5 mM) either alone
or in combination. (H) Quantification of fold change of total SIRT2 in doxorubicin and nutlin treated U2OS cells either alone or together.
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screened for putative p53 response elements and indeed we
found a p53 binding site (C 348 to C 368 from transcrip-
tion start site) in the SIRT2 promoter (Fig. 7A). Next, chro-
matin immunoprecipitation (ChIP) was done for this p53
target on SIRT2 promoter in control and senescent U2OS
cells. p53-immunoprecipitated DNA was PCR amplified
using SIRT2 primers that flanked the response elements
and Real time PCR was performed for quantification of p53

binding. As a control, we also performed ChIP assay for
p53 binding on the p21 promoter. Chromatin isolated from
doxorubicin induced senescent cells showed a significant
twofold increase in p53 immunocomplex at the SIRT2 pro-
moter compared to control (Fig. 7B). Similarly a fourfold
increase in the PCR product of p21 promoter region was
noted in senescent cells (Fig. 7C). In addition to the ChIP
assay, we also performed the SEAP assay (secreted alkaline

Figure 7. SIRT2 promoter has a p53 binding site. (A) Schematic representation of chromosome 19 showing location of SIRT2 gene (39370265-39390629 bp) and p53 bind-
ing site at its promoter region [C348 bp to C368 bp from transcription start site (TSS)]. Positions of primers used in ChIP assay are indicated by the arrows (C239 bp to
C487 bp from TSS). (B, C) ChIP assay was performed in control and senescent U2OS cells using a p53 specific antibody or mouse IgG as control, followed by quantitative
PCR with primers specific for SIRT2 and p21 promoter regions. Bar diagram indicates the fold enrichment of p53 binding at SIRT2/p21 promoter in control and doxorubi-
cin induced senescent cells (�P < 0.05). (D) U2OS control and doxorubicin induced senescent cells were transfected with either SEAP plasmid alone (Vector) or with SEAP
plasmid containg SIRT2 promoter with intact p53 binding site (SIRT2) or with deletion of p53 binding region (SIRT2_p53 del). Later at 24 h post transfection, SEAP assay
was performed using the culture-conditioned medium from both control and senescent cells. Bar diagram indicates the SEAP activity (plotted as fold change over control)
in control and senescent U2OS cells (� P < 0.05).
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phosphatase reporter gene) to evaluate the p53 binding on
SIRT2 promoter. For this, we made use of 2 different pro-
moter constructs into the SEAP reporter plasmid: one hav-
ing the SIRT2 promoter site with intact p53 binding
consensus region and another with SIRT2 promoter in
which the p53 binding site was deleted. U2OS cells were
treated with or without doxorubicin to induce senescence
and after 72 h of treatment, cells were transfected with the
SEAP reporter plasmid with SIRT2 promoter. The SEAP
reporter with intact p53 binding site of SIRT2 promoter
showed about two fold increase in alkaline phosphatase
inducibility in senescent cells as compared to control cells.
Intriguingly, the SEAP reporter with SIRT2 promoter lack-
ing the p53 binding site showed only a poor response to
SEAP activity in doxorubicin induced senescent cells. The
reporter assay thus clearly indicated that binding of p53 to
SIRT2 promoter site influences its transcription efficiency
(Fig. 7D).

Overexpression or knockdown of SIRT2 in U2OS cells does
not affect doxorubicin induced premature senescence

Next, it was tested if overexpression or depletion of SIRT2
in U2OS cells would have any consequences on doxorubi-
cin-mediated stress-induced premature senescence? U2OS
cells with stable overexpression of SIRT2 (SIRT2-GFP) and
stable knockdown of SIRT2 (SIRT2 shRNA) were generated.
The selection of the stable cell clones was confirmed by
checking the expression levels of SIRT2 and the acetylation
status of tubulin, a SIRT2 target. Indeed overexpression of
SIRT2 showed a significant decrease in acetylation of tubu-
lin (Fig. 8A). More than 50% reduction in SIRT2 occurred
in depleted cells as compared to non-target control cells
(NT shRNA) and was accompanied by increase in acetyla-
tion of tubulin (Fig. 8D). Cells showing stable overexpres-
sion or knockdown of SIRT2 were treated with various
concentration of doxorubicin and senescence was monitored
by morphology, SA-bgal positivity as well as expression of
Lamin B1 and p21.

The number of SA-bgal positive senescent cells were similar
in SIRT2-GFP and control GFP cells treated with doxorubicin
(Fig. 8B; Supplemental Fig. S8A). Further, there was no appre-
ciable difference in level of senescence-associated marker,
Lamin B1 in the SIRT2-GFP and control GFP senescent cells
(Fig. 8C; Supplemental Fig. S8B and S8C). The doxorubicin
treated SIRT2 overexpressing cells showed a considerable
decrease in p21 levels which was unable to prevent the induc-
tion of senescence. Similarly, the number of SA-bgal positive
cells were similar in both the NT shRNA and SIRT2 depleted
cells treated with doxorubicin (Fig. 8E; Supplemental Fig. S8D).
This was corroborated by immunoblots which showed
unchanged levels of senescent markers, Lamin B1 and p21
(Fig. 8F; Supplemental Fig. S8E and S8F). Further, the SIRT2
depleted cells showed increase in SIRT2 levels in doxorubicin
treated cells albeit at lower level compared to non-target con-
trol cells (Fig. 8G and H). The above results clearly indicated
that SIRT2 overexpression or its depletion had no consequence
as such on stress induced premature senescence in doxorubicin
treated U2OS cells. Additionally, it was also noted that cells

treated with HDAC inhibitor, sodium butyrate showed no
modulation in reversal of senescence (Supplemental Fig. S9).

Discussion

Sirtuins can deacetylate many targets involved in various bio-
logical processes such as transcriptional control, cellular signal-
ing, chromatin remodeling. DNA repair, cell survival etc. At
least in lower organisms Sirtuins have been shown to promote
longevity although this effect is controversial.24,25 In general
loss of Sirtuin is considered a phenomenon associated with
aging, while its activation prevents the process of aging. Con-
trary to this generality, the present work demonstrates increase
level of SIRT2 as a bonafide marker associated with senescent
cells. Using a doxorubicin induced model of stress induced pre-
mature senescence, we found that the induction of the senes-
cence phenotype is accompanied not only by increased
expression of SIRT2 but also by a concomitant decline in the
acetylation status of its downstream targets such as tubulin,
NF-kB and H4K16. The senescence-associated increase in
SIRT2 was not limited to DNA damage induced senescence,
but was also a marked feature of replicative and oncogene
(RAS) induced senescence under in vitro conditions.

Senescence-associated SIRT2 expression is independent of
G2/M phase of cell cycle arrest

SIRT2 is predominantly a cytoplasmic protein, however it
actively shuttles into the nucleus.34 It had been previously
reported that SIRT2 immunoreactivity increased in the G2/M
phase of the cell cycle and this in turn was attributed to its
increased phosphorylation status. Closer examination of immu-
noblots in our study revealed that indeed both the SIRT2 iso-
forms run as a doublet indicative of phosphorylation. As
doxorubicin induced senescent cells were predominantly in
G2/M state of cell cycle, one can argue SIRT2 levels increased
because of cell cycle arrest and not due to senescence. However,
we ruled this out as synchronization of cells in G2/M phase fol-
lowing nocodazole treatment resulted in no increase in total
SIRT2 levels. However, we did find that nocodazole treatment
caused a mobility shift of SIRT2 bands on immunoblots, indic-
ative of changes in its phosphorylation status. Additionally,
cells undergoing either replicative- or oncogene- induced
senescence, which were mostly arrested in the G0/G1 phase of
the cell cycle, also showed increased levels of SIRT2. This indi-
cates that SIRT2 accumulation during senescence is not due to
cell cycle phase dependent growth arrest. Further, cells sub-
jected to serum starvation and arrested in quiescence (G0/G1)
did not show increased SIRT2 levels, thereby supporting the
conclusion that SIRT2 accumulation is a senescence specific
feature.

Senescence-associated SIRT2 expression does not coincide
with the early event of DNA damage but instead
associated with the onset of senescence and dependent on
p53 status

Increase in levels of DNA damage marker, gH2AX, preceded
the appearance of SIRT2 in doxorubicin-induced premature
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senescence. Thereby indicating that it is not an early event asso-
ciated with DNA damage. Instead, the increased expression of
SIRT2 levels coincided well with the decrease in Lamin B1, a
senescent-associated marker at later time points. Further, cells
treated with a high dose of doxorubicin which induced massive
DNA damage did not exhibit an increase in SIRT2. The time
kinetics experiment with doxorubicin clearly demonstrated
that increased level of SIRT2 was a specific event associated

with onset of senescence. Further, induction of senescence
could be rescued efficiently by pre-treatment with NAC which
also lowered the SIRT2 levels. In addition a link between SIRT2
induction and p53 status emerged in the present study. Chro-
matin immunoprecipitation assay proved that p53 regulates
SIRT2 transcriptional activation during senescence. Addition-
ally, the SEAP reporter assay showed that presence of p53 bind-
ing site on SIRT2 promoter strongly regulated SIRT2

Figure 8. Effect of SIRT2 overexpression or knockdown in regulation of stress induced premature senescence in U2OS cells. (A) Immunoblot showing expression of endog-
enous and exogenously overexpressed SIRT2 in U2OS cells transfected with either GFP or SIRT-GFP vector. Note a specific deacetylation of tubulin in SIRT2-GFP cells. (B)
Bar graph represents the SA-bgal positive cells treated with varying doses doxorubicin (0.2 mM – 1 mM) in U2OS cells expressing either GFP or SIRT2-GFP, at 120 h. (C)
Immunoblot showing expression of LaminB1 and p21 in SIRT2-GFP and GFP overexpressing cells treated with different doses of doxorubicin (Dox) at 120 h. (D) Immuno-
blot showing knockdown of SIRT2 following transfection of U2OS cells with specific shRNA for SIRT2 which was accompanied by increase in levels of acetylated (Ac) tubu-
lin. Non target shRNA (NT shRNA) was used as a control. Values below the blot indicate fold change in levels of SIRT2 and acetylated tubulin normalized to GAPDH. (E)
Percentage SA-bgal positive cells after doxorubicin treatment in non-target shRNA and SIRT2 shRNA U2OS cells at 120 h. (F) Immunoblots showing expression of Lamin
B1 and p21 in SIRT2 depleted cells (SIRT2 shRNA) and control non target shRNA transfected cells (NT shRNA) treated with different doses of doxorubicin at 120 h. (G)
Immunoblot showing SIRT2 expression at 120 h following doxorubicin treatment in control (NT shRNA) and SIRT2 depleted cells (SIRT2 shRNA). (H) Quantification of
SIRT2 levels after doxorubicin treatment (0.1 mM and 1 mM) in control (NT shRNA) and SIRT2 depleted cells (SIRT2 shRNA) at 120 h (�P < 0.05).
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expression. An interesting observation in the present study was
that, while p53 induction occurred during doxorubicin induced
cell death and cell cycle arrest, an increase in SIRT2 level was
specific only to conditions of premature senescence. A dose
and time kinetics experiment on induction and phosphoryla-
tion status of p53 indicated that unlike the early time points,
both the total and phosphoryated p53 level were maximum
and significantly higher at the late time points in the senescence
inducing dose compared to apoptotic dose of doxorubicin. We
therefore surmise that a maximum threshold expression of the
p53 may be needed for SIRT2 promoter occupancy and hence
a specific expression of SIRT2 at the late time points coincided
with induction of senescence.

Is SIRT2 induction a cause or effect of senescence?

The increase in SIRT2 levels in replicative-, stress- and onco-
gene-induced senescence raised the question of whether induc-
tion of SIRT2 is a primary cause or merely a downstream effect
of the senescence-associated process. Experimental evidence
indicated that SIRT2 overexpression or its depletion affected
neither promotion nor alleviation of doxorubicin induced pre-
mature senescence. However, an underlying feature of doxoru-
bicin mediated premature senescence was induction of SIRT2
in cells with partial knockdown of endogenous SIRT2. These
results clearly indicated that SIRT2 in general does not influ-
ence senescence but that its induction is an event concomitant
with the process of senescence. Our results are partly similar to
work reported by Dreesen et al., (2013)35 where loss of Lamin
B1 was not a cause of senescence but only a consequence asso-
ciated with process of aging.

Previous reports on the role of SIRT2 expression in aging or
senescence have been contradictory. In mouse brain 3 different
isoforms of SIRT2 have been detected, SIRT2.1, 2.2. and 2.3, of
which the 2.3 isoform showed an increase with age in the cen-
tral nervous system.28 However, a recent report indicated that
increase in SIRT2 levels in aged rat brain is specific only to
occipital region and no other regions.36 In contrast to the
results of our study, a recent report by Kilic Eren et al., (2015)
37 showed decrease in SIRT2 levels in resveratrol induced pre-
mature senescence in human fibroblasts. Thus, the reports are
contradictory and in general the published reports till now
point toward role of SIRT2 loss or overexpression as a cause for
senescence induction.

However, an in depth analysis in the present work
revealed that SIRT2 is neither responsible for induction or
prevention of senescence, instead it is a protein abundantly
expressed during the onset of senescent phenomenon. In
such a scenario, what is the role of SIRT2 in senescence?
Our results have clearly demonstrated that increase in
SIRT2 in senescence is associated with changes in acetyla-
tion status of its downstream targets such as tubulin, NF-
kB and H4K16 levels. In fact, H4K16 deacetylation has
been reported earlier in senescent cells.38 Thus, we surmise
that increase in SIRT2 might help in maintaining the senes-
cent state by regulating (a) the tubulin dynamics for the
enlarged senescent morphology and (b) the chromatin
dynamics, by deacetylation of histone H4/ NF-kB for senes-
cent-associated gene expression. Further, it has to be seen if

SIRT2 induction has any role in later process of senescence
such as the clearing of the senescent cell itself.

In conclusion, whatever the functional significance of the
increase in SIRT2, the data supports the identification of SIRT2
as a novel senescence-associated marker which can be used in
conjunction with Lamin B1 to identify senescent cells with wild
type p53 status.

Materials and methods

Cell lines

U2OS (p53C/C) and Saos-2 cells (p53¡/¡) were a kind gift by
Dr. Renu Wadhwa (AIST, Japan) and primary dermal fibro-
blasts (p53 wild type) of human origin were purchased from
HiMedia, India. The cells were maintained in DMEM supple-
mented with 10% FBS, 100 mg/ml penicillin and 100 mg/ml
streptomycin and 2.5 mM L-glutamine at 37�C with 5% CO2 in
a humidified incubator.

Reagents and treatment of cells

U2OS cells were treated with either 1 mM or 10 mM for 2 h to
induce senescence or cell death respectively. Cells were also
treated with nocodazole (300 ng/ml) and nutlin (5 mM). U2OS
cells were pretreated with nutlin for 1 h, then in combination
with doxorubicin (0.2 mM) for 2 h. Later, doxorubicin was
replaced by fresh media with or without nutlin for 120 h. For
the rescue of doxorubicin induced premature senescence,
U2OS cells were pretreated with 50 mM NAC for 1 h, then in
combination with doxorubicin (0.2 mM) for 2 h. Cells were fur-
ther treated with NAC for 1 h without doxorubicin followed by
cultured in fresh media for 120 h. Saos-2 cells were treated with
doxorubicin (0.5 mM or 50 nM) to induce senescence. U2OS
control and doxorubicin induced senescent cells (after 72 h of
doxorubicin treatment) were treated with different concentra-
tions of HDAC inhibitor, sodium butyrate (NaB) for 6 h before
cell lysates were prepared. All the reagents were obtained from
Sigma-Aldrich.

Cell cycle analysis using flow cytometry

Cells were fixed with 70% ethanol-methanol solution (1:1),
stained with propidium iodide solution containing 50 mg/ml
RNAase A and analyzed using a flow cytometer (Accuri C6
cytometer, BD Biosciences).

Senescence-associated b-galactosidase (SA-bgal) assay

Staining for SA-bgal activity was performed as described previ-
ously by Dimri et al., (1995).10 Cell stained with characteristic
blue color after staining with the X-gal substrate solution was
observed microscopically and counted.

RNA extraction and quantitative Real-Time Polymerase
Chain Reaction (Q-RT-PCR)

RNA was isolated from the control and senescent U2OS cells
by the TRIzol (Invitrogen) method according to manufacturer’s
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protocol. 2 mg of the isolated RNA was taken for cDNA prepa-
ration using Superscript III (Invitrogen). Quantitative RT-PCR
was performed using “MESA GREEN qPCR MasterMix Plus”
(Eurogentec) and detected on an ABI PRISM 7500 detection
system (Applied Biosystems). Relative fold change was calcu-
lated using the formula 2-DDCt.39 The primer sequences are pro-
vided in Supplemental Table S1.

Cell lysates preparation and immunoblotting

Briefly the cellular homogenate was prepared in Nonidet P-40
lysis buffer containing protease inhibitors (1mM PMSF, 1 mg/
ml aprotinin, 1 mg/ml leupeptin) and phosphatase inhibitors (1
mM sodium orthovanadate, 10 mM sodium fluoride). Equal
amount of protein was separated on 10 – 12% SDS–polyacryl-
amide gels, transferred to PVDF membrane, blocked in 5%
milk and incubated with respective primary antibodies (Supple-
mental Table S2). Blots were then probed with secondary anti-
body conjugated with Horse-Radish Peroxidase (HRP)
(Bangalore Genei) and signals were detected using
femtoLUCENTTM PLUS-HRP kit (G-Biosciences) on chemilu-
minescence detection system (Proteinsimple).

Plasmid constructs, transfections and generation
of stable cell clones

Full length SIRT2 was PCR amplified from a pcDNADEST47-
SIRT2 construct obtained from Dr. I. Horikawa (NIH, USA).
The PCR amplified full length SIRT2 was then cloned into plas-
mid EGFP-C3 (Clonetech, Mountain View, CA, USA), fol-
lowed by recloning into a pCX4Neo vector (kind gift of Dr.
Renu Wadhwa, AIST, Japan). The HRAS-V12 plasmid was a
kind gift of Dr. A.Rangarajan (IISc, Banglaore, India) which
too was recloned in pCX4Neo vector. Total RNA from U2OS
cell was prepared, cDNA was synthesized and full length TP53
gene was PCR amplified and cloned in pCX4Neo vector. For
SIRT2 and p53 knockdown, shRNA plasmids targeting various
regions of gene (Mission shRNA, Sigma, USA) were pooled
together. All the transfections were performed as described ear-
lier (Kiran et al., 2015). Single cell clones were selected for sta-
ble overexpression and knockdown after dilution plating.

Chromatin immunoprecipitation (ChIP)

ChIP assay was done as described in Chromatin Immuno-
precipitation (ChIP) Assay Kit (Millipore, Catalog # 17-295)
with few modifications. Briefly, chromatin from control and
doxorubicin-induced senescent U2OS cells were incubated
with p53 (Santa Cruz, sc-126 X) and IgG (Sigma) antibodies
overnight at 4�C with rotation followed by incubation with
Protein A/G beads (Santa Cruz) for 3 h at 4�C. The precipi-
tated DNA fragments were analyzed by Real Time PCR
using primers containing the p53 binding sites at SIRT2
promoter. Binding sites for p53 on SIRT2 promoter were
obtained from Qiagen website. p21 promoter was used as
positive control for p53 binding.40 Primers used in the assay
were as follows: SIRT2 (AACCCACCAGCCTAGCGAT and
ACACAGTGGTTGGTGACGGG); p21 (CTGGACTGGG-
CACTCTTGTC and CTCCTACCATCCCCTTCCTC).

Secretory alkaline phosphatase (SEAP) reporter assay

The promoter region of SIRT2 (¡50 to C487) including the
p53 binding site was cloned into pSEAP2-basic vector between
KpnI and XhoI restriction sites. Additionally, we also cloned in
the pSEAP vector the SIRT2 promoter with deletion of p53
binding site (C348 to C368, SIRT2_p53 del). The primers used
for cloning of SIRT2 promoter in SEAP plasmid were as fol-
lows: 50-CATGGTACCCCTGACCAATCAGAGTATTCG-30
(forward) and 50- CTACTCGAGAACCCACCAGCCTAGC-
GATAC ¡30 (reverse). U2OS cells were treated with doxorubi-
cin (1 mM, 2 h) to induce senescence. After 72 h of treatment,
U2OS cells were transfected with SIRT2 promoter-SEAP plas-
mid, SIRT2_p53 del promoter-SEAP plasmid or vector control
(1 mg/well in a 24-well plate) using lipofectamine 2000 for 6 h.
After culturing the cells for another 24 h in fresh media, cul-
ture-conditioned medium was collected and 25 ml of medium
was analyzed with 4-methyl umbelliferyl phosphate as sub-
strate, for alkaline phosphatase activity as per CLONTECH
protocol.

Quantification of blots and statistical analysis

The immunoblots were quantified by densitometry using
ImageQuant TL software (GE Healthcare) and ImageJ software
(NIH) on the basis of band intensities. All experiments were
done in triplicate and results were presented as mean § SD. P-
values were calculated by 2 tailed Student’s t-test in GraphPad
and differences were considered statistically significant for p-
value less than 0.05.
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