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Sirtuin family members with lysine deacetylase activity are known to play an important role in anti-aging and
longevity. Cellular senescence is one of the hallmarks of aging, and downregulation of sirtuin is reported to induce
premature senescence. In this study, we investigated the effects of small-molecule sirtuin inhibitors on cellular
senescence. Various small molecules such as tenovin-1 and EX527 were employed for direct sirtuin activity
inhibition. U251, SNB-75, and U87MG glioblastoma cells treated with sirtuin inhibitors exhibited phenotypes with
nuclear enlargement. Furthermore, treatment of rat primary astrocytes with tenovin-1 also increased the size of the
nucleus. The activity of senescence-associated (3-galactosidase, a marker of cellular senescence, was induced by
tenovin-1 and EX527 treatment in US7MG glioblastoma cells. Consistent with the senescent phenotype, treatment
with tenovin-1 increased p53 expression in US7MG cells. This study demonstrated the senescence-inducing effect of

sirtuin inhibitors, which are potentially useful tools for senescence research.
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INTRODUCTION

The mammalian sirtuin family comprises seven enzymes
(SIRT1-SIRT7). The prototype of sirtuin is a silent
information regulator 2 (Sir2) that is found in yeast and
has histone deacetylase activity. Of the seven mammalian
sirtuin members, SIRT1-3 and SIRT7 have primarily
lysine deacetylase activity. The known physiological
functions of sirtuins include proliferation, apoptosis, DNA
repair, metabolism, and inflammation (1).

Sirtuins have received a lot of attention from the research
community owing to the observation that Sir2 prolongs
life in yeast, Caenorhabditis elegans, and Drosophila,
although conflicting results have been reported in the
literature (2). Naturally, sirtuins have become a focus

for research into age-related diseases and anti-aging.
Cellular senescence, referring the irreversible arrest of
cell growth, is one of the hallmarks of aging (3). The
causes of cellular senescence include telomere shortening,
genomic damage, mitogenic signaling, and activation
of tumor suppressors (4). For tumor suppressors that
induce cellular senescence, the p53/p21 and p16™**/
pRB pathways are known to be of major importance (4).
Given the relationship between aging and sirtuins, there
are accumulating evidences that the downregulation of
sirtuins induces premature senescence and accelerates the
aging process (5). For example, the downregulation of
SIRT1 expression by miR-217 induces cellular senescence
in endothelial cells (6). However, the effects of small-
molecule inhibitors of sirtuin on cellular senescence have
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not yet been investigated. Direct evidences for associating
sirtuin activity and cellular senescence are required.

The majority of small-molecule sirtuin modulators are
sirtuin activators that have been developed for the purpose
of metabolic and neurodegenerative disease therapy
(7). Several sirtuin inhibitors have been discovered in
the search for anti-cancer agents (8). Specific sirtuin
inhibitors characterized so far include EX527 (9), sirtinol
(10), cambinol (11), suramin (12), AGK2 (13), tenovins
(14), salermide (15), JGB1741 (16), inauhzin (17), and
toxoflavin (18). In this study, we investigated the effect
of sirtuin inhibitors on the cellular senescence phenotype.
The nuclei of glioblastoma cells and primary astrocytes
were enlarged and exhibited increased senescence-
associated [3-galactosidase (SA-[B-gal) activity.

MATERIALS and METHODS

Cell culture

The U87MG human glioblastoma cell line and the A549
lung cancer cell line were purchased from the Korean Cell
Line Bank (Seoul, Korea). U251, SNB-75, SF295, and
XF-498 cell lines were obtained from the Developmental
Therapeutics Program (DTP) and Division of Cancer
Treatment and Diagnosis (DCTD) Tumor Repository at
the National Cancer Institute (Frederick, MD, USA). The
cells were cultured in RPMI medium (Sigma-Aldrich
Corp., St. Louis, MO, USA) supplemented with 10% FBS
and 1% penicillin/streptomycin. The cultured cells were
incubated at 37°C in a humidified 5% CO, incubator.

Rat primary astrocyte culture

Rat primary astrocytes were cultured from the frontal
cortices of 2-day-old Sprague-Dawley rat pups. Cortices
were dissected out and digested with trypsin to isolate
single cells. The cells were cultured in DMEM/F12 media
containing 10% FBS for 7 days and then re-plated after
trypsin-EDTA digestion. The purity of astrocyte culture
was more than 95% as determined by immunostaining
with antibodies against the astrocyte-specific marker glial
fibrillary acidic protein (GFAP).

Nuclear size measurement

The cells were seeded onto an 8-well culture slide and
treated with drugs as indicated. The cells were fixed
with 4% formaldehyde solution and then permeabilized
with 0.5% Triton X-100 solution. The cells were then
stained with 50 ng/mL DAPI (Sigma-Aldrich Corp.)
and visualized using an Axio Observer.Z1 fluorescence
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microscope (Carl Zeiss, Germany). Nuclear size was
measured using Image] software (National Institute of
Health, Bethesda, MD, USA).

Senescence-associated 3-galactosidase staining

The cells were cultured in a 6-well plate and SA-
B-gal staining was performed using a senescence
B-galactosidase staining kit (Cell Signaling Technology,
Danvers, MA, USA). The cells were treated with a
fixative solution for 15 min at room temperature and
washed twice with PBS. The cells were then stained
with B-galactosidase staining solution including X-gal
(5-bromo-4-chloro-3-indolyl-f-D-galactopyranoside) and
staining solution supplement. The plate was incubated
at 37°C overnight. Cells were observed under an
Axiovert 200 inverted microscope (Carl Zeiss) at 200x
magnification.

Immunoblotting

Whole cell lysates were lysed with SDS lysis buffer (12
mM Tris-HCI, pH 6.8, 5% glycerol, 0.4% SDS) and
subjected to electrophoresis on an SDS-polyacrylamide
gel followed by western blotting. The proteins separated
on the gel were transferred to a polyvinylidene fluoride
membrane (Millipore, Billerica, MA, USA). Antibodies
against acetylated-tubulin (Ac-tubulin; mouse monoclonal
IgG; T6793, 1:1,000) and B-actin (mouse monoclonal
IgG; A5441, 1:5,000) were obtained from Sigma-Aldrich
Corp. p53 (mouse monoclonal I1gG; sc-98, 1:1,000)
antibody was purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). Anti-mouse IgG (#115-035-
033; 1:5,000) secondary antibodies were from Jackson
ImmunoResearch Laboratories, Inc., (West Grove, PA,
USA). Blots were developed using an Amersham ECL
Select chemiluminescent substrate (GE Healthcare, UK),
and luminescent signals were visualized using a LAS
mini 4000 imager (GE Healthcare).

Statistical analysis

The results represent the mean+S.E.M. The data were
analyzed for statistical significance with a t-test using
SPSS software (IBM Crop., Armonk, NY, USA).
Statistical significance was considered at *p<0.05 and
*%p<0.01.
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RESULTS

Treatment with sirtuin inhibitors increased the nuclear size
in glioblastoma cells

Small-molecule inhibitors of sirtuin activity were
employed to investigate the role of sirtuin in glioblastoma
cells. Tenovin-1, known to inhibit both SIRT1 and
SIRT2 activity (14), and EX527, reported to inhibit
SIRT1 selectively (9), were used to treat glioblastoma
cell lines. U251 and SNB-75 cells were treated with
5 uM of tenovin-1 and EX527, respectively, for 48 h,
and the cell nuclei were stained with DAPI. DMSO,
vehicle for solubilizing tenovin-1 and EX527, was used
as negative control. As shown in Fig. 1, the nuclei in the
sirtuin inhibitor-treated cells were bigger than those in
the DMSO-treated cells. To quantify this phenotype, the
DAPI-stained area was measured using ImagelJ software.
The average pixel sizes of the DAPI-stained areas are
shown in Table I. Tenovin-1 treatment increased the
size of the nuclei by 1.9-fold in the U251 cells and by
1.4-fold in the SNB-75 cells. Treatment with EX527
also enlarged the U251 and SNB-75 cell nuclei (Table
I). Other glioblastoma cell lines were tested for the
effect of tenovin-1 and EX527. The size of the nuclei in
US7MG and XF498 cells was also affected by tenovin-1
treatment (Supplemental Figure 1). In contrast, A549

U251 SNB-75
o -
Tenovin-1
5 puM
EX527
5 uM

Figure 1. Effect of sirtuin inhibitors on nuclear size in glioblastoma
cells. U251 and SNB-75 glioblastoma cells were treated with DMSO
(control), 5 uM tenovin-1, or 5 uM EX527 for 48 h, as indicated. The
cells were stained with DAPI and the size of the nucleus was measured
as described in the Materials and Methods section.
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lung cancer cells were not affected by tenovin-1 treatment
(Supplemental Figure 2).

Sirtuin inhibitors other than tenovin-1 and EX527 were
tested. Sirtinol, suramin, salermide, and toxoflavin were
used to determine whether the senescence-inducing effect
is mediated by sirtuin inhibition. All the small-molecule
sirtuin inhibitors tested increased the size of the nucleus
in U87MG cells (Table II). These data indicate that
inhibition of sirtuin activity by small molecules can affect
the size of the nucleus in glioblastoma cells.

Treatment with sirtuin inhibitors increased the nuclear size
in rat primary astrocytes

The effect of sirtuin inhibitors was investigated in rat
primary astrocytes. Primary astrocytes were prepared
and cells were treated with tenovin-1, as indicated in
Fig. 2A. After DAPI staining, the nuclei were measured.
The number of cells with nuclei bigger than those in the
control group were counted using ImagelJ software. As
shown in the Fig. 2A graph, we observed a 5-fold increase
in the number of cells with enlarged nuclei. Astrocytes
activated with LPS exhibited a similar result when
treated with 5 uM tenovin-1 (Fig. 2B). In both the serum-
free condition and the serum-supplemented condition,
tenovin-1 treatment increased the number of cells with
enlarged nuclei. LPS treatment alone did not have a
statistically significant effect on the nuclear size. At the

Table I. Enlargement of nuclear size by sirtuin inhibitor treatment in
glioblastoma cells

Cell line DMSO Tenovin-1 EX527
U251 846.10 2047.52* 6618.31*
SNB-75 3387.53 5230.94** 4348.06%*

Cells were treated with indicated sirtuin inhibitors (5 uM) for 48 h and
nuclear size was measured as described in Materials and Methods (Arbitrary
unit, * indicates p value<0.05, ** indicates p value<0.01).

Table II. Enlargement of nuclear size by various sirtuin inhibitors

U87MG

DMSO 560.96
Tenovin-1 (5 uM) 1589.90**
Sirtinol (5 uM) 1979.41%*
Suramin (5 uM) 1432.66*
Salermide (5 pM) 1655.43*
Toxoflavin (1 nM) 2024.69%*
EX527 (5 uM) 1219.87*

U87MG cells were treated with indicated sirtuin inhibitors for 48 h and
nuclear size was measured as described in Materials and Methods (Arbitrary
unit, * indicates p value<0.05, ** indicates p value<0.01).
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Figure 2. Effect of sirtuin inhibitors on nuclear size in rat primary astrocytes. (A) Rat primary astrocytes were treated with DMSO (control) and
5 uM tenovin-1 for 48 h, as indicated. The cells were stained with DAPI and the number of cells with a nucleus larger than 12.8 um (the average
nuclear size in the DMSO-treated group) was determined (** indicates a p-value<0.01). (B) Rat primary astrocytes were treated with DMSO (control),
0.1 ug/mL LPS, 5 uM tenovin-1, or LPS and 5 uM tenovin-1 for 48 h. The cells were stained with DAPI and the number of cells with a nucleus
larger than 12.8 pum was determined (** indicates a p-value < 0.01).

A UB7MG cells

DMSO Tenovin-1 EX527 c
B SF295 cells Tenovin-1 (uM)
DMSO_0.4 _1__10
- Ac-tubulin
[ — -— - i

DMSO Tenovin-1 EX527

Figure 3. Effect of sirtuin inhibitors on the senescence markers. (A) US7MG glioblastoma cells and (B) SF295 cells were treated with DMSO
(control), 5 uM tenovin-1, and 5 uM EX527 for 24 h. Senescence-associated 3-galactosidase (SA-B-gal) activity was then measured according to the
manufacturer’s protocol. (C) US7MG cells were treated with tenovin-1 with the indicated concentration. Cell lysates were then subjected to western
blotting using antibodies against acetylated tubulin (Ac-tubulin), p-53, and -actin.

condition of LPS activation and serum-free environment, Effect of sirtuin inhibitors on cellular senescence
tenovin-1 induced enlargement of nuclear size in primary Nuclear enlargement is one of the phenotypes presented
astrocytes. by senescent cells (19,20), and sirtuin is known to have
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an important function in aging (8). However, the effect
of small-molecule sirtuin inhibitors on senescence has
not yet been reported. Thus, 5 uM tenovin-1 and 5 uM
EXS527 were used to treat U87MG and SF295 cells for
24 h, and an SA-B-gal assay was carried out. As shown
in Fig. 3A and 3B, the cells treated with tenovin-1 or
EX527 showed higher SA-B-gal activity than the DMSO-
treated cells (the control). Tenovin-1 exhibits cytotoxicity
against US7MG cells, whereas EX527 does not affect cell
viability. Both tenovin-1 and EX527 induced higher SA-
B-gal activity, as shown in Fig. 3A and 3B. Thus, cellular
senescence induced by tenovin-1 or EX527 does not
appear to be related to cell death.

Next, the expression levels of acetylated tubulin and p53
were measured. Tenovin-1 activates p5S3 by inhibiting
the deacetylation activity of SIRT1 and SIRT2 (14), and
tubulin is a substrate of SIRT2 (21). Furthermore, p53
overexpression arrests senescence (4). In the US7MG
cells, treatment with tenovin-1 increased the levels of
acetylated tubulin and p53 in a dose-dependent manner
(Fig. 3C), consistent with previous reports. Upregulation
of p53 by tenovin-1 treatment may be associated with the
senescence phenotype.

DISCUSSION

Although no single characteristic is exclusive to senescent
cells, adherent cells exhibiting senescence are generally
enlarged and flattened (4). SA-B-gal is commonly used
as a marker for senescence (4). Nuclear enlargement has
been observed in senescent human fibroblasts. Mitsui
and Schneider first observed increased nuclear sizes in
human fibroblasts at 1976 (19). Kobayashi et al. also
reported nuclear swelling in normal human fibroblasts
(20). Report by Sadaie et al. employed morphological
changes in nuclei of human fibroblast to screen small
molecules affecting senescence (22). In this study, we
found that tenovin-1 and EX527 treatment induced
SA-B-gal activity (Fig. 3), and we noticed nuclear
enlargement in glioblastoma cells and primary astrocytes.
These observations indicate that small-molecule sirtuin
inhibitors induce cellular senescence in CNS cells.
Nuclear enlargement does not appear to be a universal
phenotype for senescence. Among the cell types reported
to exhibit increased nuclear size with senescence are
human diploid fibroblasts (19,20). The same phenotype
was observed in glioblastoma cells and primary astrocytes
in this study. Apparently, not all cell types share the
enlarged nucleus phenotype. The A549 lung cancer cells
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treated with tenovin-1 did not show an increase in nuclear
size (Supplemental Figure 2). Currently, it is not clear
whether other kinds of cell share this cellular senescence
phenotype, owing to lack of data. Also it is not known
why there are discrepancies in nuclear phenotype between
cell types. Nevertheless, nuclear enlargement may be a
characteristic of cellular senescence in CNS cells and
human diploid fibroblasts.

The relationship between sirtuins and aging has been
known for decades (5), and the importance of SIRT1
in cellular senescence and premature aging has been
acknowledged. However, to the best of our knowledge
the senescence effects of sirtuin inhibitors have not been
investigated previously. Based on the anti-aging effects
by SIRTI, sirtuin inhibitors are expected to expedite
aging and senescence at the cellular level. As expected,
various sirtuin inhibitors were shown to induce cellular
senescence in this study (Table II). Tenovin-1 is reported
to have cytotoxic effect (14), and EX527 does not affect
cell proliferation (data now shown). Regardless of the
presence or absence of cytotoxic effect, the chemicals we
tested all show nuclear enlargement phenotype (Table II).

Senescence is an important phenomenon in diseases
such as cancer as well as in aging. From that perspective,
this study will provide useful tools for the research of
senescence. Furthermore, this research has reinforced
our understanding of the relationship between sirtuin and
senescence.
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