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Abstract Lysine acetylation/deacetylation is increasingly
being recognized as common post-translational modifica-
tion that appears to be broadly operational throughout the
cell. The functional roles of these modifications, outside of
the nucleus, have not been extensively studied. Moreover,
as acetyl-CoA donates the acetyl group for acetylation,
nutrient availability and energetic status may be pivotal in
this modification. Similarly, nutrient limitation is associ-
ated with the deacetylation reaction. This modification is
orchestrated by a novel family of sirtuin deacetylases that
function in a nutrient and redox dependent manner and
targets non-histone protein deacetylation. In compartment-
specific locations, candidate target proteins undergoing
lysine-residue deacetylation are being identified. Through
these investigations, the functional role of this post-trans-
lational modification is being delineated. We review the
sirtuin family proteins, discuss their functional effects on
target proteins, and postulate on potential biological pro-
grams and disease processes that may be modified by
sirtuin-mediated deacetylation of target proteins.
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Introduction

Deacetylation as a post-translational modification (PTM)
was initially identified (and is to date being predominantly
investigated) in the modification of histones to silence gene
transcription. This PTM is orchestrated by a family of his-
tone deacetylase enzymes (HDACsS). It is now recognized
that non-histone protein acetylation and deacetylation are
common PTMs across multiple subcellular compartments
including the nucleus, mitochondria, endoplasmic reticu-
lum, and cytoplasm. Protein acetylation and deacetylation
occur on numerous amino acid residues with the most
common being on lysine residues. Acetylation has also been
demonstrated on serine and threonine residues [1]. A major
family of enzymes that function to deacetylate lysine resi-
dues of proteins are the sirtuin enzymes. These appear to be
both nutrient and redox-stress responsive and modulate
multiple substrates within the cell. This review article will
focus on the biology of mammalian sirtuins, including their
phylogeny, regulation, targets, and putative pathophysio-
logical functions within mammalian systems.

Phylogeny and regulatory control
Identification of sirtuin proteins

The founding member of these enzymes is yeast Sir2, which
silences chromatin via deacetylation of histones [2]. Sir2
enzymes have been shown to mediate lifespan extension
through diverse programs including: suppression of rDNA
recombination; telomeric silencing; attenuation of the con-
sequences of oxidative damage; by the activation of DAF-
16/Foxo and via the modulation of endoplasmic reticulum
stress responses [2—5]. Mammals have seven sirtuin enzymes
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designated as SIRT1 through SIRT7 that exhibit distinct
tissue distributions and subcellular localizations. These tis-
sue and cellular location spatial differences may contribute
to distinct biological functions of the different family
members [6]. The mammalian sirtuins are phylogenetically
divided into four subclasses based on the homology of their
250 amino acid core domain [7]. SIRT1, 2, and 3 are clas-
sified as the subclass I enzymes, and these show closest
homology to yeast Sir2 and furthermore exhibit the most
robust deacetylase activity. SIRT4 and SIRTS are assigned to
subclasses Il and I11, respectively, and SIRT6 and SIRT7 are
classified as subclass IV enzymes [7]. Unlike the well-
established deacetylase function of SIRT1-SIRT3, SIRT4
and SIRT6 have been reported to possess ADP-ribosyl
transferase activity. However, recent biochemical analysis
rather suggests that this ADP-ribosylation is more likely a
consequence of sirtuins’ deacetylase activity [8]. In this
review we predominantly focus on the deacetylation func-
tion of these enzymes and do not discuss ADP-
ribosyltransferase functioning in great detail.

Activation of sirtuins

The biochemical activation of sirtuin activity is dependent
on NAD™. It has now been established that sirtuin activa-
tion is directly linked to the energetic and redox status of
the cell as measured by the ratio of NAD":NADH, by the
absolute levels of NAD', NADH, and by the NAD"
catabolite nicotinamide [9-11]. Interestingly, nicotinamide
itself inhibits sirtuin activity and nicotinamide-depletion
during NAD™ biosynthesis inversely activates sirtuins [12].

NAD™ biosynthetic pathways differ in prokaryotes and
invertebrates compared to vertebrates (reviewed [13]),
although we will only focus on vertebrate biochemistry here.
De novo biosynthesis using tryptophan and nicotinic acid as
precursors is the minor pathway for NAD™ generation. This
pathway is induced by exercise and following administration
of the peroxisome proliferator activated receptor alpha
(PPAR) agonists [14, 15]. The major pathway to generate
NADT involves salvage of NAD™ with nicotinamide as the
precursor. In mammals, there are two intermediary steps in
NAD™ generation, initiated by the conversion of nicotin-
amide to nicotinamide mononucleotide (NMN) via the
nicotinamide phosphoribosyltransferase (NAMPT) enzyme.
Nicotinamide/nicotinic acid mononucleotide adenylyl-
transferase (NMNAT) then converts NMN to NAD™.
NAMPT has been identified as the rate-controlling step in
NAD™ biosynthesis in that overexpression of Nampt (but not
Nmnat) increased cellular NAD™ levels [16]. Whether dis-
tinct subcellular pathways control NAD™ biology is being
investigated with the identification of a mitochondrial-enri-
ched NMNAT isoform supporting the concept of subcellular
compartment-specific NAD™ biosynthesis [17]. In a more

recent study, AMPK has been found to enhance SIRT1
activity by increasing cellular NAD™" levels [18].

Resveratrol is a polyphenol found in grapes, red wine,
and many other plants, has been found to activate Sir2
family deacetylases and mimic the anti-age associated
disease effects of SIRT1 [19]. Furthermore, small molec-
ular activators of SIRT1, SRT2183, SRT1720, and
SRT1460 (which are structurally unrelated to but more
potent than resveratrol) have been discovered by high-
throughput screen analysis [20]. These compounds have
been shown to bind to the SIRT1 enzyme-peptide substrate
complex at an allosteric site amino-terminal to the catalytic
domain and lower the Michaelis constant for acetylated
substrates [20]. These observations have recently been
questioned by three independent studies showing that nei-
ther resveratrol nor these small-molecule compounds are
direct activators for SIRT1 and do not stimulate activities
of native substrates of SIRT1 including p53 and acetyl-
CoA synthetase 1 (AceCS1) [21-23].

Molecular regulation of sirtuin expression

SIRT1 has been the most extensively investigated mam-
malian sirtuin and hence our understanding of the
regulatory control of the family of deacetylases pertains
predominantly to the regulation of SIRT1. The regulatory
control points have been identified at the level of tran-
scription, RNA stability, and by post-translational
modifications. At the transcriptional level TLX, FOXO3a,
p53, the cell cycle regulator E2F1, and c-myc upregulate
SIRT1 expression [24-27]. In contrast, HIC1 functions as a
transcriptional repressor [28, 29]. At the post-transcrip-
tional level miR34a, miR132 and miR199a bind to the 3’
UTR region of SIRT1 mRNA inhibiting SIRT1 protein
expression [30-32]. In contrast, the RNA-binding protein
HuR stabilizes SIRT1 mRNA upon binding to its 3’ UTR
region [33]. Post-translational modifications modulating
SIRT1 activity include activation by sumoylation and
conversely desumoylation by SENPI inhibits its activity
[34]. Similarly, SIRT1 was found to be activated when
phosphorylation by cell cycle-dependent kinase cyclinB/
Cdkl and to be inactivated following dephosphorylation
[35]. Finally, protein interactions with SIRT1 have been
shown to modulate enzyme activity. DBC1 (Deleted in
breast cancer) negatively regulates SIRT1 via direct bind-
ing and inactivation [36, 37]. In contrast, AROS binds to
and activates SIRT1 deacetylase activity [38].

Biological function of sirtuins

In studies performed spanning yeast through mice, the
overarching effects of sirtuin activation encompass
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adaptive reprogramming of the cell, organ, or animal, to
promote longevity, improved DNA repair, control of
reactive oxygen species biology, the modulation in cell
tolerance to genotoxic stressors, and in the modulation of
energy metabolism. The functions linked to the distinct
mammalian sirtuins are described below and again illus-
trate that the majority of investigations have focused on
SIRTI.

SIRT1
SIRT1 and genomic stability

Several lines of studies show SIRT1 involvement in
maintaining genomic integrity. The most definitive data are
that SIRT1 null mouse embryonic fibroblasts (MEFs)
exhibit impaired DNA damage response and decreased
ability to repair DNA damage, whether induced by y-irra-
diation (induced double-strand DNA breaks) and/or UV
radiation (single-strand breaks). The defect in DNA dam-
age repair correlates with decreased formation of a DNA
damage sensor, YH2AX foci, caused by inhibition of
yH2AX phosphorylation in the absence of SIRT1 [39].
Additionally, SIRT1 targets Nijmegen Breakage syndrome
protein NBS1, a component of DNA damage sensor MRN
complex [40, 41] and is recruited to DNA double-strand
breaks to promote homologous recombination-mediated
repair [42]. Furthermore, SIRT1 directly binds to and de-
acetylates Apurinic/apyrimidinic endonuclease-1 (APE1)
to activate APE1 mediated base excision repair (BER) [43].
In addition to activating DNA repair programs, SIRT1 also
promotes the maintenance of genomic stability through the
modulation of histone H3 K56 [40]. Taken together, these
data show that SIRT1 functions at multiple levels in both
the maintenance of and repair of genomic DNA, which
mirrors its homology to the yeast Sir2, and parallels its
function of maintaining DNA fidelity.

SIRT1 and circadian clock

The role of the circadian clock in biological homeostasis
is increasingly being recognized with an important role
in controlling circadian metabolism. In this regard, the
NAMPT-mediated NAD"' salvage pathway as a novel
circadian feedback loop and intracellular NAD™ levels are
implicated in the regulation of the core clock machinery
[44, 45]. An additional finding that would support a role of
the sirtuins in modulating circadian rhythm is that the
central clock protein CLOCK has histone acetyl transferase
(HAT) activities and acetylates its dimerization partner
BAMLI1 and histone H3. In turn, the CLOCK-BMAL]1
complex activates Period (Per) and Cryptochrome (Cry)

genes, leading to subsequent repression of CLOCK-
BMALI1 by PER and CRY proteins. SIRT1 binds CLOCK
and is recruited to the CLOCK:BMALI1 chromatin com-
plex at circadian promoters where it deacetylates BMALI1
and H3 in a circadian manner. SIRT1 then deacetylates
PER?2 and promotes PER2 degradation [46, 47]. Inhibition
of NAMPT releases the suppression of CLOCK:BMALI1
by SIRTI, in turn CLOCK binds to and up-regulates
Nampt gene expression, thus completing a feedback loop
involving NAMPT/NAD" and SIRT1/CLOCK-BMALI
[44].

SIRT1 and metabolism

As SIRTI1 activation is nutrient-sensitive and as SIRTI
functions to control the circadian clock, a role for this
deacetylase enzyme in broader metabolic control would be
quite intuitive. This is indeed operational, as SIRT1 has
been shown to modulate both lipid and glucose meta-
bolism.

The role of SIRTI in regulating lipid metabolism is
quite extensive and the mechanisms delineated to date are
described here. At the gene regulatory control level, SIRT1
regulates in vivo lipid metabolism through the deacetyla-
tion of the nuclear receptor LXR. Deacetylation of a lysine
residue on LXR enables its subsequent ubiquitination,
resulting in increased LXR transcription activity [48].
Murine SIRT1 depletion accordingly shows diminished
expression of LXR target genes involved in lipid metabo-
lism and impaired homeostasis of cholesterol and
triglycerides [48]. Additionally, the conditional knockdown
of SIRTI in the liver promotes accumulation of hepatic-
free fatty acids and cholesterol under fasting conditions
[49]. This appears to function in part by the inhibition of
PGC-1a, a master hepatic co-activator of metabolic path-
ways, via its hyperacetylation. PGC-la is a known
substrate of SIRT1 where SIRT1 deacetylation of this
transcriptional coactivator increases its activity [25, 50]. In
skeletal muscle, SIRT1 increases fatty-acid oxidation and
leads to a metabolic switch from glucose oxidation to fatty-
acid oxidation under low nutrient conditions [50]. In this
same vein, in response to high-fat feeding, the absence
of hepatic SIRT1 results in the development of hepatic
steatosis, inflammation, and ER stress [51]. This study
identified that SIRT1 mediates deacetylation and activation
of another transcription factor, namely PPAR« to increase
fatty-acid f-oxidation [51]. In contrast to the activation of
PPARu in the liver, SIRT1 represses PPARy to promote fat
mobilization from white adipocytes [52]. The nuclear bile
acid receptor FXR is additionally a target for SIRT1
deacetylation [53]. FXR acetylation is elevated in ob/ob
mice and mice fed with a high-fat diet. Hepatic downreg-
ulation of SIRT1 increased FXR acetylation and impaired
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liver lipid metabolism [53]. SIRT1 can additionally mod-
ulate liver lipid metabolism via the modulation of signaling
pathways as shown with the activation of AMPK kinase
LKB1 [54].

In parallel with regulation of lipid metabolism, SIRT1
mediates gluconeogenesis through the modulation of similar
and distinct regulatory proteins. This is evident as genes
encoding for gluconeogenesis enzymes and hepatic glucose
production are increased via SIRT1-mediated deacetylation
of PGC-1« and FOXOL1 [55, 56]. Additionally, deacetylation
of STAT3 by SIRT1 inhibits its phosphorylation and releases
STAT3-mediated suppression of gluconeogenesis [57]. The
exquisite regulation of this system is further evident in that
during the later stage of fasting when glucose output is
diminished, the deacetylation of CRTC2 by SIRT1 leads to
its degradation and the inhibition of subsequent hepatic
glucose output [58]. Consistent with the role of SIRTI in
gluconeogenesis, the hepatic knockdown in SIRT1 exhibits
lower fasting glucose levels and diminished hepatic gluco-
neogenesis in parallel to increased acetylation of STAT3,
FOXOI1, and PGC-1a [49, 55]. However, global SIRT1
transgenic mouse models similarly show decreased hepatic
glucose production and fasting glucose level [59, 60]. This
discrepancy is probably due to extrahepatic perturbations
and interaction of various tissues and organs in the mainte-
nance of glucose homeostasis [61].

Consistent with the ameliorative effects of nutrient
restriction-mediated induction of Sir2, SIRTI is required
for the ‘classical’ response to calorie restriction (CR) with
the maintenance of energy homeostasis [62]. In this
nutrient-limited environment, AMPK enhances SIRT1
activity by increasing the cellular NAD™ level, resulting in
the deacetylation and modulation of cognate substrates
including PGC-1a, FOXOI1, and FOXO3a to regulate
energy metabolism in mouse skeletal muscle [18]. In an
apparent perpetuating cycle, the deacetylation of AMPK
kinase LKB1 by SIRT1 concordantly increase AMPK
activity [54, 63]. Interestingly, and also illuminating,
another level of regulation has been shown under energy-
restrictive conditions where SIRT1 silences rRNA tran-
scription to modulate cellular energy homeostasis [64].

In light of this spectrum of metabolic controls governed
by SIRT]1, the role of this deacetylase would be expected to
be operational in metabolic disease models. In cell culture
studies, SIRT1 levels are downregulated during the
induction of insulin resistance and are similarly upregu-
lated by insulin sensitization therapy [65]. In vivo, the
global SIRT1 transgenic mice exhibit resistance to high-
fat-diet-induced insulin resistance and diabetes and can
rescue the metabolic profile in db/db mice [59]. Similarly,
SIRT1 overexpression protects against lipid-induced
inflammation, and against high-fat-diet-induced hepatic
steatosis [66]. The latter beneficial effects are due to

activation of the candidate regulatory proteins already
described in addition to the dampening of inflammatory
cytokines production via the inhibition of NF-«xB [66].
These anti-inflammatory effects are similarly evident in
adipocytes and macrophages [67, 68]. The administration
of questionable SIRT1 activator SRT1720 evokes a similar
profile with the enhancement of murine physical endurance
and protection against high-fat-diet-induced obesity and
insulin resistance [69]. Furthermore, in obesity and insulin-
resistant mice, SRT1720 treatment reduces liver lipid
accumulation via the reduction in hepatic lipogenic gene
expression including SREBP-1c, ACC, and FAS, as well as
via decreasing oxidative stress and inflammation [70]. A
recent study, however, disputes this observation by being
unable to demonstrate that SRT1720 can reduce plasma
glucose level or improve mitochondrial capacity in mice
fed with a high-fat diet [71]. An additional mechanism of
SIRT1-mediated enhancement in insulin sensitivity is evi-
dent via the transcriptional repression of a member of the
protein tyrosine phosphatase (PTP) family PTP1B [72]. In
adipocytes, SIRT1 inhibits anti-inflammatory effects and
improves insulin sensitivity [67, 68].

SIRT1 and neuronal function

The role of SIRT1 in modulating genomic stability and
metabolism would implicate that this regulatory protein
may be operational in the pathophysiology of degenerative
diseases and under pathologic conditions that require
adaptive metabolic remodeling. As degenerative diseases
in the brain have robust phenotypic consequences, the role
of SIRT1 in modulating degenerative processes has pre-
dominantly been investigated in this context. In established
neurodegenerative diseases, SIRT1 expression is dramati-
cally decreased in a Huntington’s diseases model [73] and the
depletion of SIRT1 closely associates with the accumulation
of amyloid-beta and tau in the cerebral cortex of Alzheimer’s
disease (AD) patients [74]. In a mouse model for AD, ‘acti-
vation” of SIRT1 by resveratrol reduces neurodegeneration,
prevents learning impairment, and decreases acetylation of
SIRT]1 targets PGClo and p53 [75]. Furthermore, introduction
of SIRT1 into AD mice confers protection against neurode-
generation. SIRT1 overexpression and resveratrol replicate
these ameliorative effects in cell-based models of AD and
amyotrophic lateral sclerosis [75]. SIRT1 additionally inhibits
NF-kB signaling pathway to protect amyloid-f-induced
toxicity in microglia cells [76] and the activation of (or
overexpression of) SIRT1 similarly protect through ROCK1
signaling pathway both in vitro and in vivo [77]. The potential
protective role of SIRT1 against additional neurodegenerative
conditions is evident where further suggested where the
putative activators SRT647 and SRT501 show protective
effects against optic neuritis [78].
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Despite the beneficial effects of SIRT1 in neurodegen-
erative diseases, its role in neuronal oxidative stress
pathology appears to have neutral or adverse effects. In
neuron-specific SIRT1 transgenic mice, exposure to
ischemia and MPTP-induced neuronal damage was not
improved [79]. Interestingly, in these mice, the excess
SIRT1 levels were associated with reference memory
deficits [79]. In contrast, inhibition of SIRT1 increases
acetylation and decreases phosphorylation of IRS-2 and
reduced Ras/ERK1/2 pathway. This inhibition of SIRTI
and Ras/ERK1/2 pathway shows resistance to oxidative
damage [80]. Additionally, under oxidative stress and
inflammatory conditions, SIRT1 promotes differentiation
of neuron progenitor cells towards the astrocytes lineage
through its inhibition of Mashl1 transcription [81].

SIRT1 and cancer

The effects of SIRT1 on tumorigenesis is not uniform but is
actively being investigated as multiple mediators of cell
survival and apoptosis are known substrates of SIRT1
deacetylation. SIRT1 mediated pro-survival programs
including the inactivation of p53 [28, 82, 83], via Ku70-
mediated sequestration or the mitochondrial proapoptotic
factor Bax in the cytosol [84], by inhibiting the transcrip-
tional activity and apoptotic functioning of the cell cycle
apoptosis regulators [26] and by Smad7 deacetylation with
subsequent degradation with the resulting inhibition of
TGF-f-induced apoptosis [85]. SIRT1 increases cellular
stress resistance through its interaction with the FOXO
family to inhibit FOXO-dependent apoptosis [86, 87].
Consistent with these mechanisms of action, SIRT1 is
highly expressed in several tumors including prostate and
gastric carcinoma and lymphoma [88-91] and is implicated
in the migration of ovarian and breast cancer cells [92]. In
contrast, in several cell lines, SIRT1 was shown to suppress
cell growth [93, 94] and many human cancers such as
breast cancer and hepatic carcinoma display reduced levels
of SIRT1 [95]. SIRT1 is also shown to augment TNF-o-
induced apoptosis through its interaction with RelA/p65
subunit of NF-«kB [96]. In mice, overexpression of SIRT1
significantly reduces colon cancer formation, proliferation,
and animal morbidity by interaction with f-catenin [97].
Furthermore, SIRT1~ p53™~ mice develop tumors in
multiple tissues and the activation of SIRT1 by resveratrol
reduces tumorigenesis [95]. SIRT1 has also shown an
inhibitory effect on BRCAl-associated breast cancer,
which is caused by mutations of tumor suppressor genes
BRCAL1 [39, 95]. Taken together, these data divergently
implicate SIRT1 as an oncogene and/or as a tumor sup-
pressor. These paradoxical observations suggest that a
more detailed understanding of SIRTI is required prior to
the therapeutic modulation of SIRT1 for cancer therapy.

SIRT1 and cardiovascular function

As SIRT1 is expressed in the heart, its role in modulating
cardiac function has begun to be explored in the context of
the cardiac response to biomechanical and redox stressors.
SIRT1 deacetylates a histone variant H2A.z leading to its
degradation thereby opposing H2A.z-mediated cardiac
hypertrophy [98]. In a similar vein, the protective effect of
fructose feeding against pressure overload-mediated car-
diac hypertrophy in mice is associated with the induction of
SIRT1 expression in the heart [99]. In parallel with its anti-
apoptotic effects in the brain, inhibition of endogenous
SIRT1 in cardiomyocytes enables p5S3-dependent apoptosis
and SIRT1 overexpression protects cardiomyocytes from
serum starvation induced cell death [100]. A role of SIRT1
in redox stress tolerance is also evident in that the modest
induction of SIRT1 in the heart in transgenic mice prevents
aging-associated cardiac dysfunction and protects against
paraquat-induced oxidative stress [101]. This ameliorative
effect is ‘gene-dose dependent’ as a very high copy number
of the SIRTI1 transgene induces cardiomyopathy and
increases oxidative stress [101].

The role of SIRT1 in the cardiovascular system extends
beyond the heart as it has been found to modulate vascular
homeostasis [102]. Knockdown of SIRTI1 in endothelial
cells blocks sprout formation, migration, and the assembly
of primitive vascular networks, in part via the activation of
FOXOL1, a negative regulator of angiogenic activity [102—
104]. SIRT1 additionally modulates vascular reactivity via
the deacetylation and stimulation of eNOS activity [105].
The beneficial effects on endothelial function are also
shown by resistance to high-fat-diet-induced endothelial
dysfunction and decreased atherosclerosis in apolipopro-
tein E-deficient mice in mice with enrichment of
endothelial SIRT1 expression [106]. Treatment with SIRT1
activator resveratrol or overexpression of SIRTI in vas-
cular smooth-muscle cells decreases angiotensin II type I
receptor (ATIR) expression and resveratrol administration
attenuates angiotensin Il-induced hypertension [107]).
Additional potential adaptive effects of SIRT1 on the
vasculature include the diminution of oxidative stress and
the induction of mitochondrial biogenesis [108, 109].

The diversity of functions of SIRT1 in cellular function
and in organ distinct pathways are schematized and sum-
marized in Fig. 1.

SIRT2

Among the seven mammalian sirtuins, SIRT2 is the only
isoform predominantly localized in cytoplasm, although it
does transiently reside in the nucleus during the phases of
mitosis [110]. In the cytosol, SIRT2 co-localizes with
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Fig. 1 Schematic to show the
cellular and organ-specific
targets for SIRT1-mediated
deacetylation with examples of
biological consequences of this
posttranslational modification of
lysine residues
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microtubules and specifically deacetylates lysine 40 of
o-tubulin. Interestingly, HDAC6 is also found in this
complex with SIRT2 and microtubules. However, our
understanding of the mechanisms of the interplay between
these different deacetylases on tubulin function is not fully
elucidated [111, 112].

In contrast to the cytoprotective effects of SIRTI, the
overexpression of SIRT2 promotes neurodegeneration
[113] and diminishes resilience to oxidative stress in car-
diac-derived cells [114]. Interestingly, a potent SIRT2
inhibitor rescues a-synuclein-mediated toxicity in a cellular
model of Parkinson’s disease [115] and SIRT2 knockdown
is protective in neuronal and cardiac cells [114, 115]. One
important mechanism for promotion of neuron degenera-
tion by SIRT?2 is attributed to its deacetylation of tubulin to
impair microtubule stability in neurons [113, 115]. In
addition, SIRT?2 is also found to inhibit the myelin-pro-
ducing glial cells oligodendrocytes differentiation through
its deacetylation of o-tubulin [116]. In the cardiac-derived
cells, SIRT2 downregulated the cytosolic chaperone 14-3-
3( thereby diminishing resilience to redox stress [114].

Additionally, SIRT2 is an important cell-cycle regulator
by controlling mitotic exit and checkpoint transitions by
blocking the entry to chromosome condensation and sub-
sequent hyperploid cell formation in response to microtubule
inhibitors [117, 118]. The mechanisms whereby SIRT?2 reg-
ulates the cell cycle may include its control of tubulin
deacetylation and/or via the deacetylation of lysinel6 on
histone 4 (H4K16) during G2/M transition and mitosis [119].

In addition, SIRT?2 is also shown to interact with several
transcription factors. In 3T3-L1 adipocytes SIRT2 deacet-
ylates FOXO1 to reduce insulin-stimulated phosphorylation
of FOXO1 [120] and increase FOXO1’s binding to PPARy
[121], resulting in the inhibition of adipocytes differentia-
tion due to nuclear localization of FOXO1 and repression on
PPARy transcriptional activity [120, 121]. SIRT2 similarly
deacetylates FOXO3 with the subsequent induction of its
target genes including p27kipl, MnSOD, and Bim [122].
Additional regulation of transcription factors includes
interaction with HOXA10, a sequence-specific DNA-bind-
ing transcription factor important for developmental
regulation [123], and the regulation of p53 activity at the
posttranslational level by deacetylation and at the tran-
scriptional level through its interaction with 14-3-3 f/y
[124].

In recent years, the regulation of SIRT?2 itself has begun
to be explored and shows that SIRT2 activity is modulated
by phosphorylation and acetylation. SIRT2 is phosphory-
lated on serine residues 368 and 372 and their substitution
with alanine’s diminishes SIRT2 activity [125]. Cyclin-
dependent kinase 1 (CDK1) phosphorylation of serine 368
is required for the SIRT2-mediated delay in cell cycle
progression [110]. In contrast, the phosphorylation of
SIRT?2 at serine 331 by cyclin E-Cdk2, cyclin A-Cdk2, and
p35-CdkS inhibit its catalytic activity and this modification
inhibits the cell adhesion and migration functions of SIRT2
[126]. Finally, interaction between SIRT2 and the acetyl-
transferase p300 acetylates and inactivates SIRT2 [127]. In
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a counter-regulatory fashion, SIRT2 deacetylates lysine
residues in the catalytic domain of p300 resulting in
increased p300 recruitment to an integrated VP16-respon-
sive gene to enhance transcription [128].

Mitochondrial sirtuins-SIRT3, 4, and 5

Proteomic analysis recently demonstrated that approxi-
mately 20% of mitochondrial proteins exhibit nutrient-
dependent lysine residue acetylation [129]. The spectrum
of proteins that undergo this post-translational modification
include proteins modulating mitochondrial oxidative
phosphorylation, the citric acid cycle, the electron transfer
chain and proteins involved in amino acid metabolism and
antioxidant defenses [129]. As three sirtuins, i.e., SIRT3, 4,
and 5, reside in the mitochondria [130], they would be ideal
candidates to facilitate this deacetylation of proteins and
their respective cognate targets are being actively being
explored.

Despite SIRT4 being structurally aligned with the other
sirtuin family members, this sirtuin is a mitochondrial
ADP-ribosyltransferase with no detectable deacetylation
activity [131]. SIRT4 uses NAD" to ADP-ribosylate glu-
tamate dehydrogenase (GDH) and consequently decrease
its enzyme activity at least 50%. SIRT4-mediated inacti-
vation of GDH leads to inhibition of insulin secretion in
pancreatic f-cells [131]. As will be described below,
SIRT3 counter-regulates GDH via deacetylation, and it is
necessary to further investigate how this NAD'-dependent
deacetylation and ADP-ribosylation concomitantly regulate
GDH enzyme activity and biological functions. SIRT4 was
additionally shown to associate with the metalloprotease
IDE, which is known to degrade insulin and with the
mitochondrial translocase ANT2 [132]. A role of this sir-
tuin in pancreatic f-cell function is being explored as
SIRT4 is expressed in f-cells and its genetic depletion in
insulin producing cells results in increased glucose-
dependent insulin secretion [132].

SIRT3 has been the most extensively studied mito-
chondrial sirtuin and is the most robust mitochondrial
deacetylase when compared to SIRT4 and SIRTS [133].
Mitochondrial localization of the human SIRT3 has been
more comprehensively demonstrated [134-136], though
one study does show that human SIRT3 is originally
localized in nuclei and is imported into mitochondria
during stress conditions [137]. However, the exclusive
mitochondrial localization of mouse SIRT3 has been
keenly debated. This debate was initiated as the proposed
initial sequence of mouse Sirt3 lacked a classic amino-
terminal mitochondrial localization sequence in contrast to
the comparable human gene [134, 138]. Two recent studies
have now identified two longer isoforms of the murine

SIRT3 and furthermore questioned whether the initial short
isoform has biological significance [139, 140]. However,
using knockout SIRT3 mouse embryonic fibroblasts, we
have recently demonstrated that reconstitution of the
mouse short SIRT3 isoform does have similar mitochon-
drial deacetylase activity compared to the longer isoform
[141]. The studies in this arena are, however, still not
completely resolved, as the overexpression of the short
mouse isoform has nuclear and cytosolic regulatory effects
[142—144], but whether this represents endogenous func-
tioning or results from overexpression artifact requires
further investigation [141].

Several mitochondrial proteins have been identified as
SIRT3 targets which link SIRT3 to various metabolic
pathways. Acetyl-CoA synthetase 2 (AceCS2) was the first
mitochondrial protein found to be deacetylated and acti-
vated by SIRT3 [145, 146]. AceCS2 converts free acetate,
which is generated from endogenous cellular reactions or
absorbed from the gut, into an active metabolite acetyl-
CoA for energy production through the TCA cycle. Reg-
ulation of AceCS2 activity by sirtuins is conserved from
bacteria to mammals. Though unlike bacteria, which
requires acetate metabolism for growth, AceCS2 activation
in mammals plays an important role in acetate conversion
under ketogenic conditions such as diabetes. In addition,
two other mitochondrial matrix proteins, GDH, an enzyme
important for amino acid metabolism, and isocitrate
dehydrogenase 2 (IDH2), a key regulation enzyme for TCA
cycle, are also deacetylated and activated by SIRT3 [133,
147]. Of note, unlike SIRT4, deacetylation of GDH by
SIRT3 only increases its activity very modestly (<20%),
implying that SIRT4 might play a major role for GDH
activity. Interestingly, several components of the electron
transfer chain (ETC) have been found to be regulated by
SIRT3. For example, NDUFA9, a subunit for ETC com-
plex I [148], succinate dehydrogenase flavoprotein (SdhA),
the complex II subunit [149], and ATP synthase alpha and
beta subunits [150] were shown to interact with SIRT3.
Interaction with SIRT3 increases both complex I and
complex II activities [148, 149], implying that SIRT3 is a
central player for energy metabolism. Consistent with this,
SIRT3 is found to regulate and maintain tissue basal ATP
levels in vivo [148]. Moreover, one study shows that
SIRT3 interacts with FOXO3a in mitochondria and
increases FOXO3a-dependent gene expression [151].
However, as SIRT3 knockout mice show no obvious
metabolic abnormalities [133], the regulatory role of
SIRT3 is most likely operational under certain nutrient
stress conditions, such as during caloric restriction and in
response to nutrient overload. Indeed, CR activates SIRT3
expression in both brown and white adipose tissues, and
cold exposure upregulates SIRT3 expression in brown fat
[142] and SIRT3 knockout mice only show that adaptive
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thermogenesis under fasting conditions but not under the
fed state [133, 152]. In the same study, SIRT3 was reported
to promote mitochondrial fatty-acid oxidation through its
interaction with long-chain acyl co-enzyme A dehydroge-
nase (LCAD) [152]. Interestingly, a recent study indicates
that SIRT3 is a tumor suppressor in the mammary gland
and SOD2 might play a potential role in this defect [153].

Besides functioning as a metabolic regulator, several
lines of evidence suggest that SIRT3 may be involved in
longevity. Here, the Ang II type 1 receptor (ATIA)
knockout mouse, which display increased life span, have
an associated upregulation of SIRT3 expression in the
kidney [154]. Furthermore, polymorphisms in SIRT3 gene
are linked to survival in the elderly [155, 156] and muscle
SIRT3 expression declines in sedentary individuals with
aging [157]. However, and in contrast, the regulation of
cell survival by SIRT3 is controversial. The conflicting
data show that both SIRT3 and SIRT4 are required for cell
survival under genotoxic stress conditions in a NAD™-
dependent manner [158] but in contrast, SIRT3 has been
found to participate in Bcl-2 and INK2-mediated apoptosis
in several human cancer cell lines [159], and Kaempferol, a
natural flavonoid, induces apoptosis in K562 and U937 cell
lines via activation of SIRT3 [160]. Recently, SIRT3 has
also been shown to directly modulate the functioning of the
mitochondrial ribosome, where SIRT3 activation inhibits
mitochondrial ribosomal functioning and protein synthesis
[161].

Several studies using the gain-of-function approach
have discovered profound functions of SIRT3. In brown
adipocytes, overexpression of the short isoform of mouse
SIRT3 increases PGClo and UCP-1 expression and the
mitochondrial biogenesis [142]. In a transgenic mouse
model, overexpressing this same construct in the heart
attenuates cardiac hypertrophy [144]. The innate biological
validity of these observations will be continued to be
debated, however, until the understanding of the biological
activity of the different murine isoforms are definitively
characterized.

In contrast to SIRT3, SIRTS5 has weak mitochondrial
deacetylase activity when histones were employed as the
substrate to determine activity [128, 137]. SIRTS appears
to be localized to both the mitochondrial matrix and to the
intermembrane space [147, 162, 163]. A recent study using
SIRTS knockout mice identified carbamoyl phosphate
synthetase 1 (CPS1), an enzyme regulating urea cycle for
excess ammonia detoxification and disposal, as a functional
target SIRTS in an NAD™-dependent manner [162].
SIRT5-mediated CPS1 regulation is important for the
adaptation to conditions linked to increased amino acid
catabolism such as prolonged fasting and CR. However, in
contrast to this finding, another recent study reported that
CPS1 acetylation is increased during CR [164]. SIRTS is

Mitochondrial Pathways
Exhibiting Protein Acetylation

Fatty Acid Metabolism
Amino Acid Metabolism
TCA Cycle

@ Electron Transfer Chain

Stress Response Proteins

SIRTS

Alcohol Metabolism

SIRT3 Redox Control

Transcription
Translation

Steroid Hormone Metabolism

Areas of Investigation

+ Integrated function between
different sirtuins in mitochondrial
Homeostasis

* Counter-regulatory program
i.e. mitochondrial acetyltransferases?
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e.g. diabetes and obesity

Fig. 2 Illustrates the known mitochondrial programs shown to
exhibit changes in protein acetylation coupled with functional
substrates to date ascribed to the individual sirtuins. In addition, the
box suggests areas of study that would be required to enable our
comprehensive understanding of the role of acetylation/deacetylation
in mitochondrial functioning

also found to interact with cytochrome c¢ in mitochondrial
intermembrane space [147, 163]. The biochemical activity
and biological functional changes following deacetylation
of cytochrome c have not been delineated. However, since
cytochrome c is a pivotal component of the mitochondrial
ETC and a key regulator of apoptosis, it will be interesting
to interrogate this post-translational modification in the
regulation of energy metabolism and cell survival.

The role of mitochondrial sirtuins in the control of the
diverse array of mitochondrial functions is probably quite
extensive and we are at the early stages in understanding
this biology. Figure 2 shows the known mitochondrial
programs shown to exhibit changes in protein acetylation
status [129] and illustrates the functional substrates to date
ascribed to the individual sirtuins. In addition to the iden-
tification of other functional targets of the mitochondrial
sirtuins in this pathway, this figure illustrates areas of study
that are required to enable our comprehensive under-
standing of the role of acetylation/deacetylation in
mitochondrial functioning.

SIRT6

SIRT6 was initially found to function as a nuclear ADP-
ribosyltransferase enzyme [165], although subsequent
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studies have expanded its portfolio in include deacetylase
functioning with histone H3 lysine 9 (H3K9) and lysine 56
(H3K56) as substrates [166, 167]. As this enzyme mediates
nuclear post-translational regulation, the biological effects
of this SIRT6 regulation are probably substantial. To date,
it has been demonstrated that deacetylation of H3K9 by
SIRT6 plays an important role in maintaining telomere
integrity and its depletion leads to telomere dysfunction
with end-to-end chromosomal fusion and premature
senescence [166]. Furthermore, the depletion of SIRT6
results in cellular hypersensitivity to DNA damage with
increased genomic instability with defects in BER [168].
Consistent with these functions, SIRT6 knockout mice
show dramatically shortened life span with the develop-
ment of degenerative abnormalities, lymphopenia, loss of
subcutaneous fat, lordokyphosis, and severe metabolic
defects with precipitous drops in serum glucose and IGF-1
levels, within 2 weeks of birth, succumbing to these defi-
cits within 4 weeks [168].

Additionally, SIRT6 modulates the NF-xkB-dependent
signaling pathway by interacting with NF-xB subunit
RELA with subsequent recruitment to NF-xB target gene
promoters. Here, deacetylation of H3K9 destabilizes NF-
kB binding, with the inhibition of cognate target gene
expression [169]. The functional consequences of this
interaction in SIRT6-deficient cells is the hyperacetylation of
H3K9 with increased apoptotic resistance and induction of
senescence via NF-xB-dependent pathway. In parallel,
decreasing NF-«B signaling by crossing SIRT6 ™'~ mice with
RelAY™ mice extends the life span of SIRT6 '~ mice [169].

SIRT6 is implicated in the modulation of metabolic
programs as steady-state SIRT6 levels are shown to be
increased upon nutrient deprivation in cultured cells, fol-
lowing fasting and with calorie-restricted diets in mice
[170]. The role of SIRT6 in metabolic control is further
supported in that the overexpression of SIRT6 attenuates
nutrient excess-induced insulin resistance and fat accu-
mulation, in part via the downregulation of lipogenic genes
[171]. Furthermore, SIRT6 has been shown to function as a
corepressor of HIF-1« in the control of glucose metabolism
[172].

SIRT7

SIRT?7 is the least investigated mammalian sirtuin isoform
although its depletion has a profound phenotype, with the
mice exhibiting a reduced mean and maximal life span by
approximately 50% with the development of degenerative
cardiac hypertrophy and inflammatory cardiomyopathy
[173]. This profound phenotype is postulated to occur in
part due to p53 hyperacetylation and diminished resistance
to genotoxic and oxidative stress [173]. Additional SIRT7

substrates that modulate genomic integrity include an
association of SIRT7 with RNA polymerase I to activate
rDNA transcription [174] and its interaction with the rDNA
transcription factor UBF to regulate the onset of rDNA
transcription at the exit from mitosis [175].

SIRT?7 is also implicated in the regulation of cell growth,
although these effects are probably cell-specific. Depletion of
SIRT7 in U20S cells led to inhibition of cell proliferation and
triggers apoptosis [174], which is compatible with the apop-
totic profile in primary cardiomyocytes [173]. In contrast,
SIRT?7 inhibits basal cell growth and under oxidative stress in
MEEF and 10T1/2 fibroblasts [176]. Moreover, SIRT7 mRNA
expression inversely correlates with the tumorigenic potential
in several murine cell lines [176] and SIRT7 gene expression
levels are similarly increased in breast cancer biopsies [177].

Conclusions and future directions

The sirtuins are a distinct group of protein deacetylases that
share overlapping function with the HDACs in nuclear
regulation. However, they have expanded the portfolio of
protein residue deacetylation to include lysine residues on
non-histone proteins within and outside of the nucleus. The
requirement of SIRT1, 6, and 7 in normal development and
in tissue homeostasis is evident in the knockout mouse
models of these isoforms that exhibit defective develop-
ment, survival, or disease onset without the addition of
added biological stressors. In contrast, the study of SIRT2,
3, 4, and 5 knockout mice only exhibit deficits in response
to an array of biological stressors. SIRT?2 is distinct in that
not only is it the predominant cytosolic isoform, but its
induction appears to be a negative regulator of adaption to
stress and its depletion may enhance stress resilience. The
mitochondrial-enriched sirtuins appear to be more impor-
tant under stress-mediated alternations in mitochondrial
metabolic and redox demands. Their integral roles in this
biology may be important in disease processes linked to
metabolic stressors such as obesity, diabetes, and cancer,
and further studies into these arenas are being actively
explored. In conclusion, the nutrient- and redox-dependent
modulation through the post-translational modification of
lysine residues by deacetylation is an exciting and poten-
tially pivotal program in the control of diverse homeostatic
programs. Furthermore, the identification of pharmacologic
modulators of this family of proteins additionally suggests
that the modulation of these regulatory programs in disease
processes is an exciting potential future avenue for
exploration.

Acknowledgments The authors of this manuscript are funded by
the Division of Intramural Research of the National Heart Lung and
Blood Institute of the National Institutes of Health.



3082

J. Bao, M. N. Sack

References

10.

11

14.

15.

16.

17.

18.

19.

. Mittal R, Peak-Chew SY, McMahon HT (2006) Acetylation of

MEK?2 and I kappa B kinase (IKK) activation loop residues by
YopJ inhibits signaling. Proc Natl Acad Sci USA 103:18574—
18579

. Blander G, Guarente L (2004) The Sir2 family of protein

deacetylases. Annu Rev Biochem 73:417-435

. Haber JE (2003) Aging: the sins of the parents. Curr Biol

13:R843-R845

. Hekimi S, Guarente L (2003) Genetics and the specificity of the

aging process. Science 299:1351-1354

. Giannakou ME, Partridge L (2004) The interaction between

FOXO and SIRT1: tipping the balance towards survival. Trends
Cell Biol 14:408-412

. Schwer B, Verdin E (2008) Conserved metabolic regulatory

functions of sirtuins. Cell Metab 7:104-112

. Frye RA (2000) Phylogenetic classification of prokaryotic and

eukaryotic Sir2-like proteins. Biochem Biophys Res Commun
273:793-798

. Du J, Jiang H, Lin H (2009) Investigating the ADP-ribosyl-

transferase activity of sirtuins with NAD analogs and **P-NAD.
Biochemistry 48:2878-2890

. Lin SJ, Defossez PA, Guarente L (2000) Requirement of NAD

and SIR2 for life-span extension by calorie restriction in Sac-
charomyces cerevisiae. Science 289:2126-2128

Anderson RM, Bitterman KJ, Wood JG, Medvedik O, Cohen H,
Lin SS, Manchester JK, Gordon JI, Sinclair DA (2002)
Manipulation of a nuclear NAD+ salvage pathway delays aging
without altering steady-state NAD™ levels. J Biol Chem 277:
18881-18890

. Dioum EM, Chen R, Alexander MS, Zhang Q, Hogg RT, Gerard

RD, Garcia JA (2009) Regulation of hypoxia-inducible factor
2alpha signaling by the stress-responsive deacetylase sirtuin 1.
Science 324:1289-1293

. Bitterman KJ, Anderson RM, Cohen HY, Latorre-Esteves M,

Sinclair DA (2002) Inhibition of silencing and accelerated aging
by nicotinamide, a putative negative regulator of yeast sir2 and
human SIRT1. J Biol Chem 277:45099-45107

. Revollo JR, Grimm AA, Imai S (2007) The regulation of nic-

otinamide adenine dinucleotide biosynthesis by Nampt/PBEF/
visfatin in mammals. Curr Opin Gastroenterol 23:164—170

Ito Y, Yonekura R, Maruta K, Koike T, Nakagami Y, Shibata
K, Saito K, Nagamura Y (2003) Tryptophan metabolism was
accelerated by exercise in rat. Adv Exp Med Biol 527:
531-535

Shin M, Ohnishi M, Sano K, Umezawa C (2003) NAD levels in
the rat primary cultured hepatocytes affected by peroxisome-
proliferators. Adv Exp Med Biol 527:653-658

Revollo JR, Grimm AA, Imai S (2004) The NAD biosynthesis
pathway mediated by nicotinamide phosphoribosyltransferase
regulates Sir2 activity in mammalian cells. J Biol Chem
279:50754-50763

Berger F, Lau C, Dahlmann M, Ziegler M (2005) Subcellular
compartmentation and differential catalytic properties of the
three human nicotinamide mononucleotide adenylyltransferase
isoforms. J Biol Chem 280:36334-36341

Canto C, Gerhart-Hines Z, Feige JN, Lagouge M, Noriega L,
Milne JC, Elliott PJ, Puigserver P, Auwerx J (2009) AMPK
regulates energy expenditure by modulating NAD' metabolism
and SIRT1 activity. Nature 458:1056—1060

Bauer JH, Goupil S, Garber GB, Helfand SL (2004) An accel-
erated assay for the identification of lifespan-extending
interventions in Drosophila melanogaster. Proc Natl Acad Sci
USA 101:12980-12985

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Milne JC, Lambert PD, Schenk S, Carney DP, Smith JJ, Gagne
DJ, Jin L, Boss O, Perni RB, Vu CB, Bemis JE, Xie R, Disch JS,
Ng PY, Nunes JJ, Lynch AV, Yang H, Galonek H, Israelian K,
Choy W, Iffland A, Lavu S, Medvedik O, Sinclair DA, Olefsky
IM, Jirousek MR, Elliott PJ, Westphal CH (2007) Small mole-
cule activators of SIRT1 as therapeutics for the treatment of type
2 diabetes. Nature 450:712-716

Kaeberlein M, McDonagh T, Heltweg B, Hixon J, Westman EA,
Caldwell SD, Napper A, Curtis R, DiStefano PS, Fields S,
Bedalov A, Kennedy BK (2005) Substrate-specific activation of
sirtuins by resveratrol. J Biol Chem 280:17038-17045
Pacholec M, Bleasdale JE, Chrunyk B, Cunningham D, Flynn D,
Garofalo RS, Griffith D, Griffor M, Loulakis P, Pabst B, Qiu X,
Stockman B, Thanabal V, Varghese A, Ward J, Withka J, Ahn K
(2010) SRT1720, SRT2183, SRT1460, and resveratrol are not
direct activators of SIRT1. J Biol Chem 285:8340-8351

Beher D, Wu J, Cumine S, Kim KW, Lu SC, Atangan L, Wang
M (2009) Resveratrol is not a direct activator of SIRT1 enzyme
activity. Chem Biol Drug Des 74:619-624

Iwahara N, Hisahara S, Hayashi T, Horio Y (2009) Transcrip-
tional activation of NAD"-dependent protein deacetylase SIRT1
by nuclear receptor TLX. Biochem Biophys Res Commun
386:671-675

Nemoto S, Fergusson MM, Finkel T (2005) SIRT1 functionally
interacts with the metabolic regulator and transcriptional coac-
tivator PGC-1a. J Biol Chem 280:16456—16460

Wang C, Chen L, Hou X, Li Z, Kabra N, Ma Y, Nemoto S,
Finkel T, Gu W, Cress WD, Chen J (2006) Interactions between
E2F1 and SirT1 regulate apoptotic response to DNA damage.
Nat Cell Biol 8:1025-1031

Yuan J, Minter-Dykhouse K, Lou Z (2009) A c-Myc-SIRT1
feedback loop regulates cell growth and transformation. J Cell
Biol 185:203-211

Chen WY, Wang DH, Yen RC, Luo J, Gu W, Baylin SB (2005)
Tumor suppressor HIC1 directly regulates SIRT1 to modulate
p53-dependent DNA-damage responses. Cell 123:437-448
Zhang Q, Wang SY, Fleuriel C, Leprince D, Rocheleau JV,
Piston DW, Goodman RH (2007) Metabolic regulation of SIRT1
transcription via a HIC1:CtBP corepressor complex. Proc Natl
Acad Sci USA 104:829-833

Rane S, He M, Sayed D, Vashistha H, Malhotra A, Sadoshima J,
Vatner DE, Vatner SF, Abdellatif M (2009) Downregulation
of miR-199a derepresses hypoxia-inducible factor-lalpha and
Sirtuin 1 and recapitulates hypoxia preconditioning in cardiac
myocytes. Circ Res 104:879-886

Strum JC, Johnson JH, Ward J, Xie H, Feild J, Hester A, Alford
A, Waters KM (2009) MicroRNA 132 regulates nutritional
stress-induced chemokine production through repression of
SirT1. Mol Endocrinol 23:1876-1884

Yamakuchi M, Ferlito M, Lowenstein CJ (2008) miR-34a
repression of SIRT1 regulates apoptosis. Proc Natl Acad Sci
USA 105:13421-13426

Abdelmohsen K, Pullmann R Jr, Lal A, Kim HH, Galban S,
Yang X, Blethrow JD, Walker M, Shubert J, Gillespie DA,
Furneaux H, Gorospe M (2007) Phosphorylation of HuR by
Chk?2 regulates SIRT1 expression. Mol Cell 25:543-557

Yang Y, Fu W, Chen J, Olashaw N, Zhang X, Nicosia SV,
Bhalla K, Bai W (2007) SIRT1 sumoylation regulates its
deacetylase activity and cellular response to genotoxic stress.
Nat Cell Biol 9:1253-1262

Sasaki T, Maier B, Koclega KD, Chruszcz M, Gluba W,
Stukenberg PT, Minor W, Scrable H (2008) Phosphorylation
regulates SIRT1 function. PLoS One 3:e4020

Kim JE, Chen J, Lou Z (2008) DBCl is a negative regulator of
SIRT1. Nature 451:583-586



Sirtuins in homeostasis and disease

3083

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Zhao W, Kruse JP, Tang Y, Jung SY, Qin J, Gu W (2008)
Negative regulation of the deacetylase SIRT1 by DBCI. Nature
451:587-590

Kim EJ, Kho JH, Kang MR, Um SJ (2007) Active regulator of
SIRT1 cooperates with SIRT1 and facilitates suppression of p53
activity. Mol Cell 28:277-290

Wang RH, Sengupta K, Li C, Kim HS, Cao L, Xiao C, Kim S,
Xu X, Zheng Y, Chilton B, Jia R, Zheng ZM, Appella E, Wang
XW, Ried T, Deng CX (2008) Impaired DNA damage response,
genome instability, and tumorigenesis in SIRT1 mutant mice.
Cancer Cell 14:312-323

Yuan Z, Seto E (2007) A functional link between SIRTI1
deacetylase and NBS1 in DNA damage response. Cell Cycle
6:2869-2871

Yuan Z, Zhang X, Sengupta N, Lane WS, Seto E (2007) SIRT1
regulates the function of the Nijmegen breakage syndrome
protein. Mol Cell 27:149-162

Oberdoerffer P, Michan S, McVay M, Mostoslavsky R, Vann J,
Park SK, Hartlerode A, Stegmuller J, Hafner A, Loerch P,
Wright SM, Mills KD, Bonni A, Yankner BA, Scully R, Prolla
TA, Alt FW, Sinclair DA (2008) SIRT1 redistribution on
chromatin promotes genomic stability but alters gene expression
during aging. Cell 135:907-918

Yamamori T, DeRicco J, Naqvi A, Hoffman TA, Mattagajas-
ingh I, Kasuno K, Jung SB, Kim CS, Irani K (2010) SIRT1
deacetylates APE1 and regulates cellular base excision repair.
Nucleic Acids Res 38:832-845

Ramsey KM, Yoshino J, Brace CS, Abrassart D, Kobayashi Y,
Marcheva B, Hong HK, Chong JL, Buhr ED, Lee C, Takahashi
JS, Imai S, Bass J (2009) Circadian clock feedback cycle
through NAMPT-mediated NAD+ biosynthesis. Science
324:651-654

Nakahata Y, Sahar S, Astarita G, Kaluzova M, Sassone-Corsi P
(2009) Circadian control of the NAD+ salvage pathway by
CLOCK-SIRT1. Science 324:654-657

Nakahata Y, Kaluzova M, Grimaldi B, Sahar S, Hirayama J,
Chen D, Guarente LP, Sassone-Corsi P (2008) The NAD™-
dependent deacetylase SIRT1 modulates CLOCK-mediated
chromatin remodeling and circadian control. Cell 134:329-340
Asher G, Gatfield D, Stratmann M, Reinke H, Dibner C, Kreppel
F, Mostoslavsky R, Alt FW, Schibler U (2008) SIRT1 regulates
circadian clock gene expression through PER2 deacetylation.
Cell 134:317-328

Li X, Zhang S, Blander G, Tse JG, Krieger M, Guarente L
(2007) SIRT1 deacetylates and positively regulates the nuclear
receptor LXR. Mol Cell 28:91-106

Rodgers JT, Puigserver P (2007) Fasting-dependent glucose and
lipid metabolic response through hepatic sirtuin 1. Proc Natl
Acad Sci USA 104:12861-12866

Gerhart-Hines Z, Rodgers JT, Bare O, Lerin C, Kim SH,
Mostoslavsky R, Alt FW, Wu Z, Puigserver P (2007) Metabolic
control of muscle mitochondrial function and fatty acid oxida-
tion through SIRT1/PGC-1alpha. EMBO J 26:1913-1923
Purushotham A, Schug TT, Xu Q, Surapureddi S, Guo X, Li X
(2009) Hepatocyte-specific deletion of SIRTI alters fatty acid
metabolism and results in hepatic steatosis and inflammation.
Cell Metab 9:327-338

Picard F, Kurtev M, Chung N, Topark-Ngarm A, Senawong T,
hado De OR, Leid M, McBurney MW, Guarente L (2004) Sirtl
promotes fat mobilization in white adipocytes by repressing
PPAR-gamma. Nature 429:771-776

Kemper JK, Xiao Z, Ponugoti B, Miao J, Fang S, Kanamaluru
D, Tsang S, Wu SY, Chiang CM, Veenstra TD (2009) FXR
acetylation is normally dynamically regulated by p300 and
SIRT1 but constitutively elevated in metabolic disease states.
Cell Metab 10:392-404

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Hou X, Xu S, Maitland-Toolan KA, Sato K, Jiang B, Ido Y, Lan
F, Walsh K, Wierzbicki M, Verbeuren TJ, Cohen RA, Zang M
(2008) SIRT1 regulates hepatocyte lipid metabolism through
activating AMP-activated protein kinase. J Biol Chem
283:20015-20026

Erion DM, Yonemitsu S, Nie Y, Nagai Y, Gillum MP, Hsiao JJ,
Iwasaki T, Stark R, Weismann D, Yu XX, Murray SF, Bhanot S,
Monia BP, Horvath TL, Gao Q, Samuel VT, Shulman GI (2009)
SirT1 knockdown in liver decreases basal hepatic glucose pro-
duction and increases hepatic insulin responsiveness in diabetic
rats. Proc Natl Acad Sci USA 106:11288-11293

Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM,
Puigserver P (2005) Nutrient control of glucose homeostasis
through a complex of PGC-lalpha and SIRTI. Nature
434:113-118

Nie Y, Erion DM, Yuan Z, Dietrich M, Shulman GI, Horvath
TL, Gao Q (2009) STAT3 inhibition of gluconeogenesis is
downregulated by SirT1. Nat Cell Biol 11:492-500

Liu Y, Dentin R, Chen D, Hedrick S, Ravnskjaer K, Schenk S,
Milne J, Meyers DJ, Cole P, Yates J III, Olefsky J, Guarente L,
Montminy M (2008) A fasting inducible switch modulates
gluconeogenesis via activator/coactivator exchange. Nature
456:269-273

Banks AS, Kon N, Knight C, Matsumoto M, Gutierrez-Juarez R,
Rossetti L, Gu W, Accili D (2008) SirT1 gain of function
increases energy efficiency and prevents diabetes in mice. Cell
Metab 8:333-341

Bordone L, Cohen D, Robinson A, Motta MC, van Veen E,
Czopik A, Steele AD, Crowe H, Marmor S, Luo J, Gu W,
Guarente L (2007) SIRTI1 transgenic mice show phenotypes
resembling calorie restriction. Aging Cell 6:759-767

Bordone L, Motta MC, Picard F, Robinson A, Jhala US, Apfeld
J, McDonagh T, Lemieux M, McBurney M, Szilvasi A, Easlon
EJ, Lin SJ, Guarente L (2006) Sirtl regulates insulin secretion
by repressing UCP2 in pancreatic beta cells. PLoS Biol 4:e31
Boily G, Seifert EL, Bevilacqua L, He XH, Sabourin G, Estey C,
Moffat C, Crawford S, Saliba S, Jardine K, Xuan J, Evans M,
Harper ME, McBurney MW (2008) SirT1 regulates energy
metabolism and response to caloric restriction in mice. PLoS
One 3:e1759

Lan F, Cacicedo JM, Ruderman N, Ido Y (2008) SIRT1 mod-
ulation of the acetylation status, cytosolic localization, and
activity of LKB1. Possible role in AMP-activated protein kinase
activation. J Biol Chem 283:27628-27635

Murayama A, Ohmori K, Fujimura A, Minami H, Yasuzawa-
Tanaka K, Kuroda T, Oie S, Daitoku H, Okuwaki M, Nagata K,
Fukamizu A, Kimura K, Shimizu T, Yanagisawa J (2008) Epi-
genetic control of rDNA loci in response to intracellular energy
status. Cell 133:627-639

Pagel-Langenickel I, Bao J, Joseph JJ, Schwartz DR, Mantell
BS, Xu X, Raghavachari N, Sack MN (2008) PGC-1lalpha
integrates insulin signaling, mitochondrial regulation, and bio-
energetic function in skeletal muscle. J Biol Chem
283:22464-22472

Pfluger PT, Herranz D, Velasco-Miguel S, Serrano M, Tschop
MH (2008) Sirtl protects against high-fat diet-induced meta-
bolic damage. Proc Natl Acad Sci USA 105:9793-9798
Yoshizaki T, Schenk S, Imamura T, Babendure JL, Sonoda N,
Bae EJ, Oh D, Lu M, Milne JC, Westphal C, Bandyopadhyay G,
Olefsky JM (2010) SIRT1 inhibits inflammatory pathways in
macrophages and modulates insulin sensitivity. Am J Physiol
Endocrinol Metab 298:E419-E428

Yoshizaki T, Milne JC, Imamura T, Schenk S, Sonoda N,
Babendure JL, Lu JC, Smith JJ, Jirousek MR, Olefsky JM
(2009) SIRT1 exerts anti-inflammatory effects and improves
insulin sensitivity in adipocytes. Mol Cell Biol 29:1363-1374



3084

J. Bao, M. N. Sack

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

Feige JN, Lagouge M, Canto C, Strehle A, Houten SM, Milne
JC, Lambert PD, Mataki C, Elliott PJ, Auwerx J (2008) Specific
SIRT1 activation mimics low energy levels and protects against
diet-induced metabolic disorders by enhancing fat oxidation.
Cell Metab 8:347-358

Yamazaki Y, Usui I, Kanatani Y, Matsuya Y, Tsuneyama K,
Fujisaka S, Bukhari A, Suzuki H, Senda S, Imanishi S, Hirata K,
Ishiki M, Hayashi R, Urakaze M, Nemoto H, Kobayashi M,
Tobe K (2009) Treatment with SRT1720, a SIRT1 activator,
ameliorates fatty liver with reduced expression of lipogenic
enzymes in MSG mice. Am J Physiol Endocrinol Metab
297:E1179-E1186

Pacholec M, Chrunyk BA, Cunningham D, Flynn D, Griffith
DA, Griffor M, Loulakis P, Pabst B, Qiu X, Stockman B,
Thanabal V, Varghese A, Ward J, Withka J, Ahn K (2010)
SRT1720, SRT2183, SRT1460, and resveratrol are not direct
activators of SIRT1. J Biol Chem 285:8340-8351

Sun C, Zhang F, Ge X, Yan T, Chen X, Shi X, Zhai Q (2007)
SIRT1 improves insulin sensitivity under insulin-resistant con-
ditions by repressing PTP1B. Cell Metab 6:307-319

Pallas M, Pizarro JG, Gutierrez-Cuesta J, Crespo-Biel N, Alvira
D, Tajes M, Yeste-Velasco M, Folch J, Canudas AM, Sureda
FX, Ferrer I, Camins A (2008) Modulation of SIRT1 expression
in different neurodegenerative models and human pathologies.
Neuroscience 154:1388-1397

Julien C, Tremblay C, Emond V, Lebbadi M, Salem N Jr,
Bennett DA, Calon F (2009) Sirtuin 1 reduction parallels the
accumulation of tau in Alzheimer disease. J Neuropathol Exp
Neurol 68:48-58

Kim D, Nguyen MD, Dobbin MM, Fischer A, Sananbenesi F,
Rodgers JT, Delalle I, Baur JA, Sui G, Armour SM, Puigserver
P, Sinclair DA, Tsai LH (2007) SIRT1 deacetylase protects
against neurodegeneration in models for Alzheimer’s disease
and amyotrophic lateral sclerosis. EMBO J 26:3169-3179
Chen J, Zhou Y, Mueller-Steiner S, Chen LF, Kwon H, Yi S,
Mucke L, Gan L (2005) SIRT1 protects against microglia-
dependent amyloid-beta toxicity through inhibiting NF-kappaB
signaling. J Biol Chem 280:40364-40374

Qin W, Yang T, Ho L, Zhao Z, Wang J, Chen L, Zhao W,
Thiyagarajan M, MacGrogan D, Rodgers JT, Puigserver P,
Sadoshima J, Deng H, Pedrini S, Gandy S, Sauve AA, Pasinetti
GM (2006) Neuronal SIRT1 activation as a novel mechanism
underlying the prevention of Alzheimer disease amyloid neu-
ropathology by calorie restriction. J Biol Chem 281:21745—
21754

Shindler KS, Ventura E, Rex TS, Elliott P, Rostami A (2007)
SIRT1 activation confers neuroprotection in experimental optic
neuritis. Invest Ophthalmol Vis Sci 48:3602-3609

Kakefuda K, Fujita Y, Oyagi A, Hyakkoku K, Kojima T,
Umemura K, Tsuruma K, Shimazawa M, Ito M, Nozawa Y,
Hara H (2009) Sirtuin 1 overexpression mice show a reference
memory deficit, but not neuroprotection. Biochem Biophys Res
Commun 387:784-788

LiY, Xu W, McBurney MW, Longo VD (2008) SirT1 inhibition
reduces IGF-I/IRS-2/Ras/ERK1/2 signaling and protects neu-
rons. Cell Metab 8:38-48

Prozorovski T, Schulze-Topphoff U, Glumm R, Baumgart J,
Schroter F, Ninnemann O, Siegert E, Bendix I, Brustle O, Nitsch
R, Zipp F, Aktas O (2008) Sirtl contributes critically to the
redox-dependent fate of neural progenitors. Nat Cell Biol
10:385-394

Cheng HL, Mostoslavsky R, Saito S, Manis JP, Gu Y, Patel P,
Bronson R, Appella E, Alt FW, Chua KF (2003) Develop-
mental defects and p53 hyperacetylation in Sir2 homolog
(SIRT1)-deficient mice. Proc Natl Acad Sci USA 100:10794—
10799

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Vaziri H, Dessain SK, Ng EE, Imai SI, Frye RA, Pandita TK,
Guarente L, Weinberg RA (2001) hSIR2(SIRT1) functions as an
NAD-dependent p53 deacetylase. Cell 107:149-159

Cohen HY, Lavu S, Bitterman KJ, Hekking B, Imahiyerobo TA,
Miller C, Frye R, Ploegh H, Kessler BM, Sinclair DA (2004)
Acetylation of the C terminus of Ku70 by CBP and PCAF
controls Bax-mediated apoptosis. Mol Cell 13:627-638

Kume S, Haneda M, Kanasaki K, Sugimoto T, Araki S, Isshiki
K, Isono M, Uzu T, Guarente L, Kashiwagi A, Koya D (2007)
SIRT1 inhibits transforming growth factor beta-induced apop-
tosis in glomerular mesangial cells via Smad7 deacetylation.
J Biol Chem 282:151-158

Brunet A, Sweeney LB, Sturgill JF, Chua KF, Greer PL, Lin Y,
Tran H, Ross SE, Mostoslavsky R, Cohen HY, Hu LS, Cheng
HL, Jedrychowski MP, Gygi SP, Sinclair DA, Alt FW, Green-
berg ME (2004) Stress-dependent regulation of FOXO
transcription factors by the SIRT1 deacetylase. Science 303:
2011-2015

van der Horst A, Tertoolen LG, de Vries-Smits LM, Frye RA,
Medema RH, Burgering BM (2004) FOXO4 is acetylated upon
peroxide stress and deacetylated by the longevity protein
hSir2(SIRT1). J Biol Chem 279:28873-28879

Jung-Hynes B, Nihal M, Zhong W, Ahmad N (2009) Role of
sirtuin histone deacetylase SIRT1 in prostate cancer. A target for
prostate cancer management via its inhibition? J Biol Chem
284:3823-3832

Cha EJ, Noh SJ, Kwon KS, Kim CY, Park BH, Park HS, Lee H,
Chung MJ, Kang MJ, Lee DG, Moon WS, Jang KY (2009)
Expression of DBC1 and SIRT1 is associated with poor prog-
nosis of gastric carcinoma. Clin Cancer Res 15:4453-4459
Jang KY, Hwang SH, Kwon KS, Kim KR, Choi HN, Lee NR,
Kwak JY, Park BH, Park HS, Chung MJ, Kang MJ, Lee DG,
Kim HS, Shim H, Moon WS (2008) SIRT1 expression is asso-
ciated with poor prognosis of diffuse large B-cell lymphoma.
Am J Surg Pathol 32:1523-1531

Huffman DM, Grizzle WE, Bamman MM, Kim JS, Eltoum IA,
Elgavish A, Nagy TR (2007) SIRT1 is significantly elevated in
mouse and human prostate cancer. Cancer Res 67:6612-6618
Zhang Y, Zhang M, Dong H, Yong S, Li X, Olashaw N, Kruk
PA, Cheng JQ, Bai W, Chen J, Nicosia SV, Zhang X (2009)
Deacetylation of cortactin by SIRT1 promotes cell migration.
Oncogene 28:445-460

Bourguignon LY, Xia W, Wong G (2009) Hyaluronan-mediated
CD44 interaction with p300 and SIRT1 regulates beta-catenin
signaling and NFkappaB-specific transcription activity leading
to MDR1 and Bcl-xL gene expression and chemoresistance in
breast tumor cells. J Biol Chem 284:2657-2671

Narala SR, Allsopp RC, Wells TB, Zhang G, Prasad P, Coussens
MJ, Rossi DJ, Weissman IL, Vaziri H (2008) SIRT1 acts as a
nutrient-sensitive growth suppressor and its loss is associated
with increased AMPK and telomerase activity. Mol Biol Cell
19:1210-1219

Wang RH, Zheng Y, Kim HS, Xu X, Cao L, Luhasen T, Lee
MH, Xiao C, Vassilopoulos A, Chen W, Gardner K, Man YG,
Hung MC, Finkel T, Deng CX (2008) Interplay among BRCAI,
SIRT1, and Survivin during BRCA1l-associated tumorigenesis.
Mol Cell 32:11-20

Yeung F, Hoberg JE, Ramsey CS, Keller MD, Jones DR, Frye
RA, Mayo MW (2004) Modulation of NF-kappaB-dependent
transcription and cell survival by the SIRT1 deacetylase. EMBO
J23:2369-2380

Firestein R, Blander G, Michan S, Oberdoerffer P, Ogino S,
Campbell J, Bhimavarapu A, Luikenhuis S, de Cabo R, Fuchs C,
Hahn WC, Guarente LP, Sinclair DA (2008) The SIRTI
deacetylase suppresses intestinal tumorigenesis and colon cancer
growth. PLoS One 3:¢2020



Sirtuins in homeostasis and disease

3085

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Chen 1Y, Lypowy J, Pain J, Sayed D, Grinberg S, Alcendor RR,
Sadoshima J, Abdellatif M (2006) Histone H2A.z is essential for
cardiac myocyte hypertrophy but opposed by silent information
regulator 2alpha. J Biol Chem 281:19369-19377

Pillai JB, Chen M, Rajamohan SB, Samant S, Pillai VB, Gupta
M, Gupta MP (2008) Activation of SIRT1, a class III histone
deacetylase, contributes to fructose feeding-mediated induction
of the alpha-myosin heavy chain expression. Am J Physiol Heart
Circ Physiol 294:H1388-H1397

Alcendor RR, Kirshenbaum LA, Imai S, Vatner SF, Sadoshima J
(2004) Silent information regulator 2alpha, a longevity factor
and class III histone deacetylase, is an essential endogenous
apoptosis inhibitor in cardiac myocytes. Circ Res 95:971-980
Alcendor RR, Gao S, Zhai P, Zablocki D, Holle E, Yu X, Tian
B, Wagner T, Vatner SF, Sadoshima J (2007) Sirtl regulates
aging and resistance to oxidative stress in the heart. Circ Res
100:1512-1521

Potente M, Ghaeni L, Baldessari D, Mostoslavsky R, Rossig L,
Dequiedt F, Haendeler J, Mione M, Dejana E, Alt FW, Zeiher
AM, Dimmeler S (2007) SIRT1 controls endothelial angiogenic
functions during vascular growth. Genes Dev 21:2644-2658
Daly C, Wong V, Burova E, Wei Y, Zabski S, Griffiths J, Lai
KM, Lin HC, Ioffe E, Yancopoulos GD, Rudge JS (2004) An-
giopoietin-1 modulates endothelial cell function and gene
expression via the transcription factor FKHR (FOXO1). Genes
Dev 18:1060-1071

Furuyama T, Kitayama K, Shimoda Y, Ogawa M, Sone K,
Yoshida-Araki K, Hisatsune H, Nishikawa S, Nakayama K,
Nakayama K, Ikeda K, Motoyama N, Mori N (2004) Abnormal
angiogenesis in Foxol (Fkhr)-deficient mice. J Biol Chem
279:34741-34749

Mattagajasingh I, Kim CS, Naqvi A, Yamamori T, Hoffman TA,
Jung SB, DeRicco J, Kasuno K, Irani K (2007) SIRT1 promotes
endothelium-dependent vascular relaxation by activating endo-
thelial nitric oxide synthase. Proc Natl Acad Sci USA
104:14855-14860

Zhang QJ, Wang Z, Chen HZ, Zhou S, Zheng W, Liu G, Wei
YS, Cai H, Liu DP, Liang CC (2008) Endothelium-specific
overexpression of class III deacetylase SIRT1 decreases ath-
erosclerosis in apolipoprotein E-deficient mice. Cardiovasc Res
80:191-199

Miyazaki R, Ichiki T, Hashimoto T, Inanaga K, Imayama I,
Sadoshima J, Sunagawa K (2008) SIRTI, a longevity gene,
downregulates angiotensin II type 1 receptor expression in
vascular smooth muscle cells. Arterioscler Thromb Vasc Biol
28:1263-1269

Csiszar A, Labinskyy N, Jimenez R, Pinto JT, Ballabh P,
Losonczy G, Pearson KJ, de Cabo R, Ungvari Z (2009)
Anti-oxidative and anti-inflammatory vasoprotective effects of
caloric restriction in aging: role of circulating factors and
SIRT1. Mech Ageing Dev 130:518-527

Ungvari Z, Labinskyy N, Mukhopadhyay P, Pinto JT, Bagi Z,
Ballabh P, Zhang C, Pacher P, Csiszar A (2009) Resveratrol
attenuates mitochondrial oxidative stress in coronary arterial
endothelial cells. Am J Physiol Heart Circ Physiol 297:H1876—
H1881

North BJ, Verdin E (2007) Mitotic regulation of SIRT2 by
cyclin-dependent kinase 1-dependent phosphorylation. J Biol
Chem 282:19546-19555

North BJ, Marshall BL, Borra MT, Denu JM, Verdin E (2003)
The human Sir2 ortholog, SIRT2, is an NAD+-dependent
tubulin deacetylase. Mol Cell 11:437-444

North BJ, Verdin E (2004) Sirtuins: Sir2-related NAD-depen-
dent protein deacetylases. Genome Biol 5:224

Suzuki K, Koike T (2007) Mammalian Sir2-related protein
(SIRT) 2-mediated modulation of resistance to axonal

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

degeneration in slow Wallerian degeneration mice: a crucial role
of tubulin deacetylation. Neuroscience 147:599-612

Lynn EG, McLeod CJ, Gordon JP, Bao J, Sack MN (2008)
SIRT?2 is a negative regulator of anoxia-reoxygenation tolerance
via regulation of 14-3-3 zeta and BAD in H9c2 cells. FEBS Lett
582:2857-2862

Outeiro TF, Kontopoulos E, Altmann SM, Kufareva I, Strath-
earn KE, Amore AM, Volk CB, Maxwell MM, Rochet JC,
McLean PJ, Young AB, Abagyan R, Feany MB, Hyman BT,
Kazantsev AG (2007) Sirtuin 2 inhibitors rescue alpha-synuc-
lein-mediated toxicity in models of Parkinson’s disease. Science
317:516-519

Li W, Zhang B, Tang J, Cao Q, Wu Y, Wu C, Guo J, Ling EA,
Liang F (2007) Sirtuin 2, a mammalian homolog of yeast silent
information regulator-2 longevity regulator, is an oligoden-
droglial protein that decelerates cell differentiation through
deacetylating alpha-tubulin. J Neurosci 27:2606-2616

Inoue T, Nakayama Y, Yamada H, Li YC, Yamaguchi S, Osaki
M, Kurimasa A, Hiratsuka M, Katoh M, Oshimura M (2009)
SIRT2 downregulation confers resistance to microtubule inhib-
itors by prolonging chronic mitotic arrest. Cell Cycle 8:1279—
1291

Inoue T, Hiratsuka M, Osaki M, Yamada H, Kishimoto I,
Yamaguchi S, Nakano S, Katoh M, Ito H, Oshimura M (2007)
SIRT2, a tubulin deacetylase, acts to block the entry to chro-
mosome condensation in response to mitotic stress. Oncogene
26:945-957

Vaquero A, Scher MB, Lee DH, Sutton A, Cheng HL,, Alt FW,
Serrano L, Sternglanz R, Reinberg D (2006) SirT2 is a histone
deacetylase with preference for histone H4 Lys 16 during
mitosis. Genes Dev 20:1256-1261

Jing E, Gesta S, Kahn CR (2007) SIRT2 regulates adipocyte
differentiation through FoxOl1 acetylation/deacetylation. Cell
Metab 6:105-114

Wang F, Tong Q (2009) SIRT2 suppresses adipocyte differen-
tiation by deacetylating FOXO1 and enhancing FOXOI1’s
repressive interaction with PPARgamma. Mol Bio Cell 20:801—
808

Wang F, Nguyen M, Qin FX, Tong Q (2007) SIRT2 deacetylates
FOXO03a in response to oxidative stress and caloric restriction.
Aging Cell 6:505-514

Bae NS, Swanson MJ, Vassilev A, Howard BH (2004) Human
histone deacetylase SIRT2 interacts with the homeobox tran-
scription factor HOXA10. J Biochem 135:695-700

Jin YH, Kim YJ, Kim DW, Baek KH, Kang BY, Yeo CY, Lee
KY (2008) Sirt2 interacts with 14-3-3 beta/gamma and down-
regulates the activity of p53. Biochem Biophys Res Commun
368:690-695

Nahhas F, Dryden SC, Abrams J, Tainsky MA (2007) Mutations
in SIRT?2 deacetylase which regulate enzymatic activity but not
its interaction with HDAC6 and tubulin. Mol Cell Biochem
303:221-230

Pandithage R, Lilischkis R, Harting K, Wolf A, Jedamzik B,
Luscher-Firzlaff J, Vervoorts J, Lasonder E, Kremmer E, Knoll
B, Luscher B (2008) The regulation of SIRT2 function by
cyclin-dependent kinases affects cell motility. J Cell Biol
180:915-929

Han Y, Jin YH, Kim YJ, Kang BY, Choi HJ, Kim DW, Yeo CY,
Lee KY (2008) Acetylation of Sirt2 by p300 attenuates its
deacetylase activity. Biochem Biophys Res Commun 375:576—
580

Black JC, Mosley A, Kitada T, Washburn M, Carey M (2008)
The SIRT2 deacetylase regulates autoacetylation of p300. Mol
Cell 32:449-455

Kim SC, Sprung R, Chen Y, Xu Y, Ball H, Pei J, Cheng T, Kho
Y, Xiao H, Xiao L, Grishin NV, White M, Yang XJ, Zhao Y



3086

J. Bao, M. N. Sack

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

(2006) Substrate and functional diversity of lysine acetylation
revealed by a proteomics survey. Mol Cell 23:607-618
Michishita E, Park JY, Burneskis JM, Barrett JC, Horikawa 1
(2005) Evolutionarily conserved and nonconserved cellular
localizations and functions of human SIRT proteins. Mol Biol
Cell 16:4623-4635

Haigis MC, Mostoslavsky R, Haigis KM, Fahie K, Christo-
doulou DC, Murphy AJ, Valenzuela DM, Yancopoulos GD,
Karow M, Blander G, Wolberger C, Prolla TA, Weindruch R,
Alt FW, Guarente L (2006) SIRT4 inhibits glutamate dehydro-
genase and opposes the effects of calorie restriction in
pancreatic beta cells. Cell 126:941-954

Ahuja N, Schwer B, Carobbio S, Waltregny D, North BJ, Cas-
tronovo V, Maechler P, Verdin E (2007) Regulation of insulin
secretion by SIRT4, a mitochondrial ADP-ribosyltransferase.
J Biol Chem 282:33583-33592

Lombard DB, Alt FW, Cheng HL, Bunkenborg J, Streeper RS,
Mostoslavsky R, Kim J, Yancopoulos G, Valenzuela D, Murphy
A, Yang Y, Chen Y, Hirschey MD, Bronson RT, Haigis M,
Guarente LP, Farese RV Jr, Weissman S, Verdin E, Schwer B
(2007) Mammalian Sir2 homolog SIRT3 regulates global
mitochondrial lysine acetylation. Mol Cell Biol 27:8807-8814
Cooper HM, Spelbrink JN (2008) The human SIRT3 protein
deacetylase is exclusively mitochondrial. Biochem J 411:279—
285

Onyango P, Celic I, McCaffery JM, Boeke JD, Feinberg AP
(2002) SIRT3, a human SIR2 homologue, is an NAD-dependent
deacetylase localized to mitochondria. Proc Natl Acad Sci USA
99:13653-13658

Schwer B, North BJ, Frye RA, Ott M, Verdin E (2002) The
human silent information regulator (Sir)2 homologue hSIRT3 is
a mitochondrial nicotinamide adenine dinucleotide-dependent
deacetylase. J Cell Biol 158:647-657

Scher MB, Vaquero A, Reinberg D (2007) SirT3 is a nuclear
NAD+-dependent histone deacetylase that translocates to the
mitochondria upon cellular stress. Genes Dev 21:920-928
Hallows WC, Albaugh BN, Denu JM (2008) Where in the cell is
SIRT3?—functional localization of an NAD+--dependent pro-
tein deacetylase. Biochem J 411:el11-el3

Cooper HM, Huang JY, Verdin E, Spelbrink JN (2009) A new
splice variant of the mouse SIRT3 gene encodes the mito-
chondrial precursor protein. PLoS One 4:64986

Jin L, Galonek H, Israelian K, Choy W, Morrison M, Xia Y,
Wang X, Xu Y, Yang Y, Smith JJ, Hoffmann E, Carney DP,
Perni RB, Jirousek MR, Bemis JE, Milne JC, Sinclair DA,
Westphal CH (2009) Biochemical characterization, localization,
and tissue distribution of the longer form of mouse SIRT3.
Protein Sci 18:514-525

Bao J, Lu Z, Joseph JJ, Carabenciov D, Dimond CC, Pang L,
Samsel L, McCoy JP Jr, Leclerc J, Nguyen P, Gius D, Sack MN
(2010) Characterization of the murine SIRT3 mitochondrial
localization sequence and comparison of mitochondrial enrich-
ment and deacetylase activity of long and short SIRT3 isoforms.
J Cell Biochem 110:238-247

Shi T, Wang F, Stieren E, Tong Q (2005) SIRT3, a mitochon-
drial sirtuin deacetylase, regulates mitochondrial function and
thermogenesis in brown adipocytes. J Biol Chem 280:13560—
13567

Sundaresan NR, Samant SA, Pillai VB, Rajamohan SB, Gupta
MP (2008) SIRT3 is a stress-responsive deacetylase in cardio-
myocytes that protects cells from stress-mediated cell death by
deacetylation of Ku70. Mol Cell Biol 28:6384-6401
Sundaresan NR, Gupta M, Kim G, Rajamohan SB, Isbatan A,
Gupta MP (2009) Sirt3 blocks the cardiac hypertrophic response
by augmenting Foxo3a-dependent antioxidant defense mecha-
nisms in mice. J Clin Invest 119:2758-2771

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Hallows WC, Lee S, Denu JM (2006) Sirtuins deacetylate and
activate mammalian acetyl-CoA synthetases. Proc Natl Acad Sci
USA 103:10230-10235

Schwer B, Bunkenborg J, Verdin RO, Andersen JS, Verdin E
(2006) Reversible lysine acetylation controls the activity of the
mitochondrial enzyme acetyl-CoA synthetase 2. Proc Natl Acad
Sci USA 103:10224-10229

Schlicker C, Gertz M, Papatheodorou P, Kachholz B, Becker
CF, Steegborn C (2008) Substrates and regulation mechanisms
for the human mitochondrial sirtuins Sirt3 and Sirt5. J Mol Biol
382:790-801

Ahn BH, Kim HS, Song S, Lee IH, Liu J, Vassilopoulos A,
Deng CX, Finkel T (2008) A role for the mitochondrial deace-
tylase Sirt3 in regulating energy homeostasis. Proc Natl Acad
Sci USA 105:14447-14452

Cimen H, Han MJ, Yang Y, Tong Q, Koc H, Koc EC (2010)
Regulation of succinate dehydrogenase activity by SIRT3 in
mammalian mitochondria. Biochemistry 49:304-311

LawIK, LiuL, Xu A, Lam KS, Vanhoutte PM, Che CM, Leung PT,
Wang Y (2009) Identification and characterization of proteins
interacting with SIRT1 and SIRT3: implications in the anti-aging
and metabolic effects of sirtuins. Proteomics 9:2444-2456

Jacobs KM, Pennington JD, Bisht KS, ykin-Burns N, Kim HS,
Mishra M, Sun L, Nguyen P, Ahn BH, Leclerc J, Deng CX,
Spitz DR, Gius D (2008) SIRT3 interacts with the daf-16
homolog FOXO3a in the mitochondria, as well as increases
FOXO3a dependent gene expression. Int J Biol Sci 4:291-299
Hirschey MD, Shimazu T, Goetzman E, Jing E, Schwer B,
Lombard DB, Grueter CA, Harris C, Biddinger S, Ilkayeva OR,
Stevens RD, Li Y, Saha AK, Ruderman NB, Bain JR, Newgard
CB, Farese RV Jr, Alt FW, Kahn CR, Verdin E (2010) SIRT3
regulates mitochondrial fatty-acid oxidation by reversible
enzyme deacetylation. Nature 464:121-125

Kim HS, Patel K, Muldoon-Jacobs K, Bisht KS, Aykin-Burns N,
Pennington JD, van der Meer R, Nguyen P, Savage J, Owens
KM, Vassilopoulos A, Ozden O, Park SH, Singh KK,
Abdulkadir SA, Spitz DR, Deng CX, Gius D (2010) SIRT3 is a
mitochondria-localized tumor suppressor required for mainte-
nance of mitochondrial integrity and metabolism during stress.
Cancer Cell 17:41-52

Benigni A, Corna D, Zoja C, Sonzogni A, Latini R, Salio M,
Conti S, Rottoli D, Longaretti L, Cassis P, Morigi M, Coffman
TM, Remuzzi G (2009) Disruption of the Ang II type 1 receptor
promotes longevity in mice. J Clin Invest 119:524-530
Bellizzi D, Rose G, Cavalcante P, Covello G, Dato S, De Rango
F, Greco V, Maggiolini M, Feraco E, Mari V, Franceschi C,
Passarino G, De Benedictis G (2005) A novel VNTR enhancer
within the SIRT3 gene, a human homologue of SIR2, is asso-
ciated with survival at oldest ages. Genomics 85:258-263
Rose G, Dato S, Altomare K, Bellizzi D, Garasto S, Greco V,
Passarino G, Feraco E, Mari V, Barbi C, Bonafe M, Franceschi
C, Tan Q, Boiko S, Yashin AI, De Benedictis G (2003) Vari-
ability of the SIRT3 gene, human silent information regulator
Sir2 homologue, and survivorship in the elderly. Exp Gerontol
38:1065-1070

Lanza IR, Short DK, Short KR, Raghavakaimal S, Basu R,
Joyner MJ, McConnell JP, Nair KS (2008) Endurance exercise
as a countermeasure for aging. Diabetes 57:2933-2942

Yang H, Yang T, Baur JA, Perez E, Matsui T, Carmona JJ,
Lamming DW, Souza-Pinto NC, Bohr VA, Rosenzweig A, de
Cabo R, Sauve AA, Sinclair DA (2007) Nutrient-sensitive
mitochondrial NAD+ levels dictate cell survival. Cell 130:
1095-1107

Allison SJ, Milner J (2007) SIRT3 is pro-apoptotic and partic-
ipates in distinct basal apoptotic pathways. Cell Cycle
6:2669-2677



Sirtuins in homeostasis and disease

3087

160.

161.

162.

163.

164.

165.

166.

167.

168.

Marfe G, Tafani M, Indelicato M, Sinibaldi-Salimei P, Reali V,
Pucci B, Fini M, Russo MA (2009) Kaempferol induces apop-
tosis in two different cell lines via Akt inactivation, Bax and
SIRT3 activation, and mitochondrial dysfunction. J Cell Bio-
chem 106:643-650

Yang Y, Cimen H, Han MJ, Shi T, Deng JH, Koc H, Palacios
OM, Montier L, Bai Y, Tong Q, Koc EC (2010) NAD™-
dependent deacetylase SIRT3 regulates mitochondrial protein
synthesis by deacetylation of the ribosomal protein MRPL10.
J Biol Chem 285:7417-7429

Nakagawa T, Lomb DJ, Haigis MC, Guarente L (2009) SIRT5
Deacetylates carbamoyl phosphate synthetase 1 and regulates
the urea cycle. Cell 137:560-570

Nakamura Y, Ogura M, Tanaka D, Inagaki N (2008) Localiza-
tion of mouse mitochondrial SIRT proteins: shift of SIRT3 to
nucleus by co-expression with SIRTS. Biochem Biophys Res
Commun 366:174-179

Schwer B, Eckersdorff M, Li Y, Silva JC, Fermin D, Kurtev
MV, Giallourakis C, Comb MIJ, Alt FW, Lombard DB (2009)
Calorie restriction alters mitochondrial protein acetylation.
Aging Cell 8:604-606

Liszt G, Ford E, Kurtev M, Guarente L (2005) Mouse Sir2
homolog SIRT6 is a nuclear ADP-ribosyltransferase. J Biol
Chem 280:21313-21320

Michishita E, McCord RA, Berber E, Kioi M, Padilla-Nash H,
Damian M, Cheung P, Kusumoto R, Kawahara TL, Barrett JC,
Chang HY, Bohr VA, Ried T, Gozani O, Chua KF (2008) SIRT6
is a histone H3 lysine 9 deacetylase that modulates telomeric
chromatin. Nature 452:492-496

Yang B, Zwaans BM, Eckersdorff M, Lombard DB (2009) The
sirtuin SIRT6 deacetylates H3 K56Ac in vivo to promote
genomic stability. Cell Cycle 8:2662-2663

Mostoslavsky R, Chua KF, Lombard DB, Pang WW, Fischer
MR, Gellon L, Liu P, Mostoslavsky G, Franco S, Murphy MM,
Mills KD, Patel P, Hsu JT, Hong AL, Ford E, Cheng HL,
Kennedy C, Nunez N, Bronson R, Frendewey D, Auerbach W,
Valenzuela D, Karow M, Hottiger MO, Hursting S, Barrett JC,
Guarente L, Mulligan R, Demple B, Yancopoulos GD, Alt FW

169.

170.

171.

172.

173.

174.

175.

176.

177.

(2006) Genomic instability and aging-like phenotype in the
absence of mammalian SIRT6. Cell 124:315-329

Kawahara TL, Michishita E, Adler AS, Damian M, Berber E,
Lin M, McCord RA, Ongaigui KC, Boxer LD, Chang HY, Chua
KF (2009) SIRT6 links histone H3 lysine 9 deacetylation to NF-
kappaB-dependent gene expression and organismal life span.
Cell 136:62-74

Kanfi Y, Peshti V, Gozlan YM, Rathaus M, Gil R, Cohen HY
(2008) Regulation of SIRT1 protein levels by nutrient avail-
ability. FEBS Lett 582:2417-2423

Kanfi Y, Peshti V, Gil R, Naiman S, Nahum L, Levin E,
Kronfeld-Schor N, Cohen HY (2010) SIRT6 protects against
pathological damage caused by diet-induced obesity. Aging Cell
9:162-173

Zhong L, D’Urso A, Toiber D, Sebastian C, Henry RE, Vady-
sirisack DD, Guimaraes A, Marinelli B, Wikstrom JD, Nir T,
Clish CB, Vaitheesvaran B, Iliopoulos O, Kurland I, Dor Y,
Weissleder R, Shirihai OS, Ellisen LW, Espinosa JM, Mosto-
slavsky R (2010) The histone deacetylase Sirt6 regulates glucose
homeostasis via Hiflalpha. Cell 140:280-293

Vakhrusheva O, Smolka C, Gajawada P, Kostin S, Boettger T,
Kubin T, Braun T, Bober E (2008) Sirt7 increases stress resis-
tance of cardiomyocytes and prevents apoptosis and
inflammatory cardiomyopathy in mice. Circ Res 102:703-710
Ford E, Voit R, Liszt G, Magin C, Grummt I, Guarente L (2006)
Mammalian Sir2 homolog SIRT7 is an activator of RNA poly-
merase I transcription. Genes Dev 20:1075-1080

Grob A, Roussel P, Wright JE, McStay B, Hernandez-Verdun D,
Sirri V (2009) Involvement of SIRT7 in resumption of rDNA
transcription at the exit from mitosis. J Cell Sci 122:489-498
Vakhrusheva O, Braeuer D, Liu Z, Braun T, Bober E (2008)
Sirt7-dependent inhibition of cell growth and proliferation might
be instrumental to mediate tissue integrity during aging.
J Physiol Pharmacol 59(Suppl 9):201-212

Ashraf N, Zino S, Macintyre A, Kingsmore D, Payne AP,
George WD, Shiels PG (2006) Altered sirtuin expression is
associated with node-positive breast cancer. Br J Cancer
95:1056-1061



	Protein deacetylation by sirtuins: delineating a post-translational regulatory program responsive to nutrient and redox stressors
	Abstract
	Introduction
	Phylogeny and regulatory control
	Identification of sirtuin proteins
	Activation of sirtuins
	Molecular regulation of sirtuin expression

	Biological function of sirtuins
	SIRT1
	SIRT1 and genomic stability
	SIRT1 and circadian clock
	SIRT1 and metabolism
	SIRT1 and neuronal function
	SIRT1 and cancer
	SIRT1 and cardiovascular function

	SIRT2
	Mitochondrial sirtuins-SIRT3, 4, and 5
	SIRT6
	SIRT7
	Conclusions and future directions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


