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Silencing of SIRT2 induces cell death and a decrease in
the intracellular ATP level of PC12 cells
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Abstract: Sirtuin 2 (SIRT2), a tubulin deacetylase, is a sirtuin family protein. SIRT2 inhibitors have been shown to de-
crease the cell death in cellular and Drosophila models of Parkinson’s disease. However, SIRT2 decreases may also
compromise cellular antioxidation capacity. Our current study found that silencing of SIRT2 led to a decrease in the
intracellular ATP level of PC12 cells. We also found that AGK2, a selective SIRT2 inhibitor, can exacerbate H20»-
induced decreases in the intracellular ATP level of these cells. Our study further indicated that the reduction in SIRT2
level significantly increased necrosis of PC12 cells without affecting autophagy of the cells. These results suggest that
SIRT2 is a key mediator of energy metabolism and basal survival of PC12 cells.
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Introduction

Sir2, a NAD+*dependent histone deacetylase,
has been shown to mediate the aging process
of yeast [1]. Sirtuins are the mammalian ho-
molog of Sir2, in which there are seven mem-
bers including SIRT1-SIRT7. SIRT1 has been
the most extensively studied member of the
sirtuin family proteins [2]. SIRT2 is a tubulin
deacetylase [3], which plays a detrimental role
under certain pathological conditions. For exam-
ple, SIRT2 inhibitors were shown to reduce o-
synuclein-induced neurotoxicity in cellular and
Drosophila models of Parkinson’s disease [4]. In
contrast, there are also studies suggesting that
SIRT2 may play beneficial roles under certain
conditions. For example, decreases in the level
of SIRT2 have been shown to induce cell apop-
tosis by affecting the levels of p53 [5].

Nevertheless, there has been no study regard-
ing the effects of SIRT2 on intracellular ATP lev-
els, a key factor in cellular energy metabolism. It
also remains unknown if SIRT2 may affect cell
necrosis. In this study we used PC12 cells as a
cellular model to determine the effects of SIRT2

silencing by SIRT2 siRNA on energy metabolism
and cell necrosis. We found that silencing of
SIRT2 can induce necrosis as well as a de-
crease in the intracellular ATP level of these
cells.

Materials and methods
Cell cultures

PC12 cells were purchased from the Cell Re-
source Center of Shanghai Institute of Biological
Sciences, Chinese Academy of Sciences. The
cells were plated onto 24-well cell culture plates
at the initial density of 1x105cells/ml in Dul-
becco's Modified Eagle Medium containing
4,500 mg/L D-glucose, 584 mg/L L-glutamine,
110 mg/L sodium pyruvate (Thermo Scientific,
Waltham, MA, USA), 1% penicillin and strepto-
mycin (Invitrogen, Carlsbad, CA, USA), and 10%
fetal bovine serum (PAA, Linz, Austria).

Experimental procedures

Experiments were initiated by replacing the cul-
ture medium with medium containing various
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concentrations of drugs. The cells were left in
an incubator with 5% CO2 at 37°C for 24 or 48
hrs.

Exctracellular lactate dehydrogenase (LDH)
assay

LDH is a cytosolic enzyme that is released into
cell media upon cell lysis. Extracellular LDH ac-
tivity is highly correlated with a major index of
cell necrosis: levels of propidium iodide-positive
cells [6]. Therefore, extracellular LDH activity
can be used for assessing the levels of cells
undergoing primary or secondary necrosis [7].
In our study extracellular LDH activity of PC12
cells was assessed as described previously [6].
In brief, 100 ul of extracellular media of the
samples was mixed with 150 pl potassium
phosphate buffer (500 mM, pH 7.5) containing
1.5 mM NADH and 7.5 mM sodium pyruvate.
Subsequently changes in the Assonm of the
samples were monitored over 90 s by a plate
reader.

SIRT2 silencing

PC12 cells were approximately 50% confluent at
the time of transfection. Three small interfering
RNA (siRNA) duplexes against rat SIRT2
(NM_001008368) at nucleotides 754-772 (CC
UUGCUAAGGAGCUCUAUTT), 843-862 (GCUGC
UACACGCAGA AUAUTT), and 1393-1411 (GGA
GCAUGCCAACAUAGAUTT) were commercially
synthesized (Genepharma, Shanghai, China).
For controls, scrambled RNA oligonucleotides
were used. Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) was used for transfection
according to the manufacturer’'s instructions.
For each well, 33.3 nM of each of the three
SIRT2 siRNA oligos, 2 pl lipofectamine 2000,
and 600 pul serum-free media were added. After
incubation for 6 hrs, the media was replaced
with DMEM containing 10% fetal bovine serum.

Western blot analysis

PC12 cells were harvested and lysed in RIPA
buffer (Millipore, Temecula, CA, USA) containing
Complete Protease Inhibitor Cocktail (Roche
Diagnostics, Mannheim, Germany) plus 2 mM
PMSF. For the Western blot of microtubule-
associated protein-1 light chain 3 (LC3), an
autophagic marker [8], 0.1% SDS was also in-
cluded in the RIPA buffer. The cell lysates were
centrifuged at 12,000 g for 20 min at 4°C. After
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quantifications of the protein samples using
BCA Protein Assay Kit (Pierce Biotechonology,
Rockford, IL, USA), 30 pg of total protein was
electrophoresed through a 10% (for SIRT2 West-
ern blot) or 14% (for LC3 Western blot) SDS-
polyacrylamide gel, and then transferred to 0.45
um nitrocellulose membranes (for SIRT2 West-
ern blot) or 0.2 ym PVDF membranes (for LC3
Western blot) (Millipore, Billerica, MA, USA) on a
semi-dry electro transferring unit (Bio-Rad Labo-
ratories, Hercules, CA, USA). The blots were in-
cubated overnight at 4°C with a rabbit poly-
clonal anti-SIRT2 antibody (1:500 dilution)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA)
or a rabbit polyclonal anti-LC3 antibody (1:1000
dilution), then incubated with HRP-conjugated
secondary antibody (EPITOMICS, Hangzhou,
Zhejiang Province, China). Protein signals were
detected using the ECL detection system (Pierce
Biotechonology, Rockford, IL, USA). An anti-B-
actin antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) was used to normalize sample
loading and transfer. The intensities of the
bands were quantified by densitometry using
Gel-Pro Analyzer.

Monodansylcadaverine (MDC) staining

Cells were stained with MDC as described previ-
ously [9]. Briefly, cells were incubated with 50
UM MDC in DMEM for 30 min at 37°C, then
washed with PBS three times and fixed in 4%
Paraformaldehyde (PFA) for 30 minutes at room
temperature. After PFA was removed the cells
were washed once with PBS. Fluorescence of
incorporated intracellular MDC (excitation wave-
length 390 nm, emission wavelength 527 nm)
was detected under a Leica fluorescence micro-
scope.

ATP assay

ATP levels were quantified using the Roche ATP
Bioluminescence Assay Kit (HS 1l) following the
standard protocol provided by the vendor. In
brief, cells were washed once with PBS and
lysed with the Cell Lysis Reagent. Then 50 pl of
the lysates was mixed with 150 upl of the
Luciferase Reagent, and the luminescence was
detected using a plate reader (Biotek Synergy
2). The protein concentrations of the samples
were determined using the BCA assay. The ATP
concentrations of the sample were calculated
using an ATP standard, and normalized against
the protein of the samples.

Int J Physiol Pathophysiol Pharmacol 2011;3(1):65-70



SIRT2 mediates energy metabolism and cell survival

A 24hrs 48hrs
Scrambled SIRT2 siRNA Scrambled SIRT2 siRNA

SIRT2 W - -

B-Actin - -

mmmm Scrambled
3 SIRT2 siRNA

1.0 1

Densitometry
(relative to Scrambled)
o

2

0.0

24hrs 48hrs

Figure 1. Treatment with SIRT2 siRNA led to signifi-
cant decreases in the SIRT2 level of PC12 cells.
PC12 cells were treated with SIRT2 siRNA for 6 hrs.
Subsequently the cells were incubated in regular cell
culture media for additional 18 hrs or 42 hrs. The
levels of SIRT2 were then determined by Western
blot, showing decreases in SIRT2 levels of PC12 cells
(A). Quantifications of the Western blots showed that
SIRT2 siRNA led to significant decreases in SIRT2
levels of PC12 cells (B). Data were collected from
three to six independent experiments. *, p < 0.05;
** p<0.01.

Statistical Analyses

All data are presented as mean + SE. Data were
assessed by one-way ANOVA, followed by Stu-
dent-Newman-Keuls post hoc test. P values less
than 0.05 were considered statistically signifi-
cant.

Results

We applied SIRT2 siRNA to decrease the levels
of SIRT2 in PC12 cells. At 24 or 48 hrs after the
treatment of SIRT2 siRNA, Western blot assays
showed decreases in SIRT2 levels in PC12 cells
treated with SIRT2 siRNA compared to those
treated with scrambled siRNA (Figure 1A). Quan-
tifications of the Western blots showed that
treatment with SIRT2 siRNA led to significant
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Figure 2. SIRT2 reductions by SIRT2 siRNA led to
significant decreases in intracellular ATP levels.
PC12 cells were treated with SIRT2 siRNA for 6 hrs.
Subsequently the cells were incubated in regular cell
culture media for 18 hrs. Intracellular ATP levels
were then assessed by luciferin/luciferase-based
ATP assay. N= 11. Data were collected from three
independent experiments. ***, p < 0.001.

decreases in SIRT2 levels (Figure 1B). Because
ATP is a key factor mediating cell survival [10],
we assessed the effects of SIRT2 reduction on
the intracellular ATP level of PC12 cells. We
found that silencing of SIRT2 led to a significant
decrease in the intracellular ATP levels at 24
hrs after the siRNA treatment (Figure 2). We
further assessed the effects of SIRT2 inhibition
on the level of intracellular ATP in the PC12
cells that had been exposed to oxidative stress.
We found that treatment of the cells with 10 yM
AGK2 alone, a selective SIRT2 inhibitor, for 6
hrs did not affect the ATP level (Figure 3). How-
ever, treatment with AGK2 significantly exacer-
bated the H202-induced decrease in the level of
intracellular ATP (Figure 3).

At 48 hrs after the treatment of SIRT2 siRNA,
necrosis of PC12 cells was assessed by ex-
tracellular LDH assay. We found significant in-
creases in the extracellular LDH levels of the
PC12 cells treated with SIRT2 siRNA (Figure 4),
suggesting that decreasing SIRT2 expression
can lead to cell necrosis. We also assessed if
silencing of SIRT2 may induce autophagy by
determining LC3Il/LC3I ratios, an index of auto-
phagic process [8], in the cells treated with

Int J Physiol Pathophysiol Pharmacol 2011;3(1):65-70
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Figure 3. SIRT2 inhibition by AGK2 exacerbated the
H202-induced decrease in the intracellular ATP of
PC12 cells. The cells were treated with H20» for 1 hr.
After H202 washout, the cells were treated with AGK2,
a selective SIRT2 inhibitor, for 6 hrs, and subse-
quently the intracellular ATP levels were determined
by luciferin/luciferase-based ATP assay. N= 12. Data
were collected from three independent experiments.
*, p<0.05; ** p<0.01.
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Figure 4. SIRT2 reductions by SIRT2 siRNA led to
significant increases in necrosis of PC12 cells. PC12
cells were treated with SIRT2 siRNA for 6 hrs. Subse-
quently the cells were incubated in regular cell cul-
ture media for additional 42 hrs. Necrosis levels of
the cells were determined by assessing the levels of
extracellular LDH activity. N= 20. Data were collected
from five independent experiments. **, p < 0.01;
**% p < 0.001.
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Figure 5. SIRT2 reductions by SIRT2 siRNA did not
affect cell autophagy. PC12 cells were treated with
SIRT2 siRNA for 6 hrs. At 24 or 48 hrs after the
treatment, Western blot assays were conducted to
determine the LC3IlI/LC3I ratios in the cells (A).
Quantifications of the of the Western blots did not
showed significant differences in the ratios be-
tween the cells treated with scrambled RNA and the
cells treated with SIRT2 siRNA (B). Data are repre-
sentative of two to four independent experiments.

SIRT2 siRNA. Our study did not show decreases
in the ratios (Figure 5), thus arguing against the
possibility that SIRT2 siRNA can induce auto-
phagy of PC12 cells. To further determine the
effect of SIRT2 silencing on autophagy of PC12
cells, we applied MDC staining, another widely
used approach for assessing autophagy. Simi-
larly, MDC staining did not show observable
differences between the MDC fluorescence of
the cells treated with scrambled RNA and those
treated with SIRT2 siRNA (data not shown).

Discussion

There are three major findings from this study:
First, silencing of SIRT2 can lead to a significant
decrease in the level of intracellular ATP in
PC12 cells; second, silencing of SIRT2 can exac-
erbate oxidative stress-induced decreases in the

Int J Physiol Pathophysiol Pharmacol 2011;3(1):65-70
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level of intracellular ATP; and third, silencing of
SIRT2 can significantly increase necrosis of
PC12 cells without affecting autophagy of the
cells. Collectively, these findings suggest that
SIRT2 plays an important role in mediating en-
ergy metabolism and cell survival of PC12 cells.

Multiple biological functions of SIRTZ2, including
affecting cell mitosis, cell motility and oligoden-
drocyte differentiation, have been reported [11-
14]. There are also studies suggesting that
SIRT2 may play either detrimental or beneficial
roles on cell survival. Several studies have sug-
gested that SIRT2 activation can reduce cell
survival under certain conditions. For example,
SIRT2 activation induces increased expression
of Bid thus leading to apoptosis [15]; and SIRT2
inhibition reduces o-synuclein-induced neuro-
toxicity in cellular and Drosophila models of
Parkinson’s disease [4]. However, SIRT2 may
also play beneficial roles under certain condi-
tions: The effect of SIRT2 on FOX03a could pro-
duce cytoprotective effects by inducing in-
creased expression of antioxidantion enzymes
such as Mn-SOD [15]; and SIRT2 reductions
have been shown to induce cell apoptosis by
affecting the levels of p53 [5]. SIRT2 has also
been shown to be severely reduced in a humber
of human brain tumor cell lines, which impli-
cates that the absence of SIRT2 may mediate
cellular transformation and development of cel-
lular malignancy [16].

One of the key biological changes in cell necro-
sis is ATP depletion [10]. Our study found that,
at 24 hrs after treatment with SIRT2 siRNA,
there was a nearly 40% decrease in the intracel-
lular ATP levels in PC12 cells. To our knowl-
edge, this is the first report showing that SIRT2
reductions are sufficient to decrease intracellu-
lar ATP levels, suggesting a key influence of
SIRT2 on energy metabolism. We further found
that AGK2, a selective SIRT2 inhibitor, can exac-
erbate the H202>-induced decrease in the level of
intracellular ATP. These findings have collec-
tively suggested that SIRT2 plays a key role in
the energy metabolism of PC12 cells under both
basal and oxidative stress conditions. Because
ATP depletion is a key factor mediating cell ne-
crosis, our study suggests that SIRT2 reductions
may induce cell necrosis by decreasing intracel-
lular ATP levels.

Our current study provides evidence suggesting
that reductions in the level of SIRT2 are suffi-
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cient to induce cell necrosis of PC12 cells. Previ-
ous studies have suggested that SIRT2 reduc-
tions can induce apoptosis of certain types of
cells by inducing accumulation of p53 [5]. How-
ever, our current study further suggests that
SIRT2 reductions can induce necrosis of PC12
cells. Our observations, together with the stud-
ies suggesting the capacity of SIRT2 reductions
to induce cell apoptosis, indicate a critical role
of SIRT2 in maintaining basal survival of certain
types of cells. Previous study has suggested
that dissociation of FoxO1 from SIRT2 can lead
to binding of the acetylated FoxO1 to Atg7 thus
affecting autophagic process [17]. Our study did
not show that SIRT2 reductions can induce
autophagy of PC12 cells, suggesting that SIRT2
may play significant roles in autophagy only in
certain types of cells.

Previous studies have suggested that SIRT2
inhibition produces neuroprotective effects by
decreasing sterol biosynthesis [18]. Our study
provided evidence suggesting that SIRT2 plays
a key role in mediating intracellular ATP levels. It
has also been indicated that SIRT1 can modu-
late such factors in energy metabolism as glu-
cose levels [19]; and SIRT3 has been shown to
regulate mitochondrial fatty-acid oxidation [20].
Our findings, together with the observations
suggesting key roles of SIRT1 and SIRT3 on en-
ergy metabolism, have indicated crucial roles of
sirtuns in energy metabolism. NAD+ and NADH
are regulators of sirtuins, which have been
shown to play significant roles in various biologi-
cal functions and multiple major diseases [21-
24]. Future studies are warranted to further
investigate the roles of SIRT2 in energy metabo-
lism of other types of cells both in vitro and in
vivo, and to investigate the mechanisms under-
lying the relationships among SIRT2, NAD*/
NADH, energy metabolism and cell survival.
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