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Since the earliest stages of evolution, organisms have
faced the challenge of sensing and adapting to environ-
mental changes for their survival under compromising
conditions such as food depletion or stress. Implicit in
these responses are mechanisms developed during evolu-
tion that include the targeting of chromatin to allow or
prevent expression of fundamental genes and to protect
genome integrity. Among the different approaches to
study these mechanisms, the analysis of the response to
a moderate reduction of energy intake, also known as
calorie restriction (CR), has become one of the best sources
of information regarding the factors and pathways in-
volved in metabolic adaptation from lower to higher
eukaryotes. Furthermore, responses to CR are involved
in life span regulation—conserved from yeast to mammal-
s—and therefore have garnered major research interest.
Herein we review current knowledge of responses to CR at
the molecular level and their functional link to chromatin.

‘‘‘You’ll live longer and you’ll be healthier too,’ he
answered. ‘Because as we were saying today, there’s
nothing in the world like eating moderately to live a long
life.’ ‘If that’s the way things are,’ I thought to myself, ‘I
never will die.’ Because I’ve always been forced to keep
that rule, and with my luck I’ll probably keep it all my
life.’’—Anonymous, The Life of Lazarillo de Tormes and
of His Fortunes and Adversities (1554).

Since antiquity, human beings have associated immod-
erate levels of eating with disease and a shortened life span.
This intuition, exemplified by the Renaissance era quote
above, is only now starting to be truly understood. One of
the most important laboratory tools for studying the effects
of energy intake on eukaryotes is the intervention known
as calorie restriction (CR), which was originally defined in
mice as a reduction in food intake of 30%–50% as
compared with animals fed with no control (ad libitum)

(Masoro 2005). In a hallmark study in 1935, McCay et al.
(1935) demonstrated that, compared with rats fed with
a standard diet, rats fed under CR lived longer, weighed less,
showed heart hypertrophy, and had smaller livers, which
they explained at the time as an effect of growth retarda-
tion. Since then, considerable research efforts have revealed
that, surprisingly, the effects of CR on life span are highly
similar among diverse eukaryotes (e.g., yeast, insects, fish,
and mammals) (Kennedy et al. 2007). Although we can only
speculate on these findings, they suggest that the follow-
ing general survival strategy has been conserved through-
out eukaryotic evolution: In low-nutrient conditions,
metabolism is adjusted to enable more efficient use of
the energy available, which in turn protects the organism.

Studies of CR have not only provided a better under-
standing of aging, but also have generated considerable
data on the mechanisms that control cellular responses to
metabolic fluctuations and how these mechanisms work
in concert to provide a coordinated response. One of the
most important players in this adaptation is chromatin,
which serves as a major hub whereby cell signals from
different pathways come together to coordinate responses
through gene expression. Indeed, many of these adaptive
mechanisms are aimed at protecting chromatin itself.

CR research has become multidisciplinary and has
yielded an overwhelming quantity of data, such that
summarizing the relevant literature briefly is a difficult
task. We do not purport to explore every aspect of the
field, but rather to provide a current overview of the
important and often underappreciated role of chromatin
in the CR response.

Biological lean on CR

The mechanisms involved in the responses to CR are
diverse and remain only partially understood. However,
there is a growing body of evidence suggesting that these
responses involve numerous pathways, which in some
cases are intricately linked (Fig. 1). CR is associated with
myriad changes at the cellular level and, in the case of
higher eukaryotes, also at the organism level (Guarente
and Picard 2005). In addition to increasing life span in
rodents, CR has also been shown to delay a wide range
of aging-associated diseases in mice, such as cancer,
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diabetes, artherosclerosis, cardiomyopathies, autoimmune
diseases,neurodegenerativediseases,or respiratoryandkid-
ney diseases, among others (Hursting et al. 2003). Another
remarkable feature of the CR response from lower to
higher eukaryotes is the accompanying increase in resis-
tance to different forms of stress (e.g., oxidative, genotoxic,
or heat) (Guarente and Picard 2005).

Sensing the conditions of CR seems to occur at two dif-
ferent levels: the nutrient level and the energy level (Fig. 1).
At the nutrient level, the main pathways involved include
the endocrine insulin/IGF-1 pathway (Dilova et al. 2007)
and the nutrient-responsive kinases target of rapamycin
(TOR), cyclic AMP-dependent kinase (PKA), and Sch9/
AKT. From the energetic standpoint, the two main cellular
events during CR are a decrease in the ratios of NADH/
NAD+ and ATP/ADP. This oxidative and hypoenergetic
state of the cell is believed to trigger a response through
the activation of different pathways, the best known of
which involve the NAD+-dependent deacetylases called
Sirtuins and the AMP-dependent kinase (AMPK). The
elements involved do not work independently (Fig. 1). In
fact, as we shall see, they seem to synergize for fine-tuning
the regulation of cellular responses.

Heavyweights in the CR response

In higher organisms—particularly in mammals—the CR
response implies a strong link to the endocrine system.
CR is associated with a decrease in body temperature and
size, low levels of blood glucose and insulin, an increase
in insulin sensitivity, a decrease in levels of triodothyr-

onine (T3) and growth hormone (GH), and inhibition of
the insulin-like pathway (IGF-1) (Redman and Ravussin
2009). The CR response is ultimately reflected in many
processes, such as inhibition of glycolysis and activation
of gluconeogenesis (GNG) in the liver, inhibition of
adipogenesis in WAT (white adipose tissue), myoblast
differentiation in skeletal muscle, and others (Guarente
and Picard 2005). The network formed by the insulin
receptor and the IGF-1 pathway, known as insulin/IGF-1
signaling (IIS), is critical to the endocrine response to CR
(Bartke 2008). Signal transduction through IIS is exerted
mainly through the PI3K (phosphatidylinositol-3 kinase)/
AKT and the RAS/MAPK (mitogen-activated protein
kinase)/RAF pathways that signal downstream to a wide
spectrum of transcription factors (Dilova et al. 2007).
Among these, the FOXO subgroup of proteins that be-
longs to the family of forkhead factors seems to be very
important for the functional link to CR in multicellular
organisms. FOXO transcription factors control the re-
sponse to different types of stress, promoting cell survival
via activation of myriad genes involved in DNA repair,
detoxification machinery, cell cycle progression, apopto-
sis inhibition, and other functions (see below; Puig and
Tjian 2006). In normal nutrient conditions, the IIS path-
way keeps the FOXO members inactive, whereas CR
conditions down-regulate the IIS pathway and activate
FOXO activity (Nakae et al. 2008). The IIS signaling com-
ponents are important not only in CR responses, but are
also the only components that are consistently involved
in the control of life span from yeast to mammals (Dilova
et al. 2007).

Figure 1. Main pathways associated with re-
sponse to CR. Metabolic fluctuations signal
through a nutrient and energy level. A decrease
in the nutrient levels down-regulates the IIS
pathway and the nutrient-dependent kinases
TOR, PKA, and AKT, which in turn up-regulate
stress response organizers such as the transcrip-
tion factors NF-kB and FOXOs. In parallel, the
cell’s energetic imbalance produced by CR up-
regulates the NAD+-dependent family of Sir-
tuins and the nutrient-dependent kinase AMPK,
which in turn activate and modulate the stress
response. Sirtuins are also involved in the acti-
vation of the LKB1 kinase. Overall, as is shown
in the bottom part of the figure, survival and life
span increase is activated through the activation
of several processes (in blue) and inhibition of
others (in green).
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Another key element in the CR response is a group of
functionally interrelated kinases involved in the adapta-
tion to nutrient availability from yeast to humans: TOR,
PKA, AMPK, and AKT/Sch9 kinase. TOR, AKT/Sch9,
and PKA are activated under conditions of nutrient
availability (Kennedy et al. 2007), whereas AMPK is
activated under conditions of nutrient scarcity (such as
CR) that generate a high AMP/ATP ratio (Dilova et al.
2007; Kennedy et al. 2007). One of the key mechanisms
through which these cytoplasmic kinases exert their
chromatin-related functions is by controlling the locali-
zation of certain effectors; phosphorylation of certain
proteins—primarily transcription activators—keeps them
sequestered in the cytoplasm, thereby preventing expres-
sion of their target genes (Raught et al. 2001). These
nutrient-dependent kinase pathways are linked in a very
complex network that ensures efficient and dynamic
responses to environmental changes. For instance, TOR
activity is positively modulated by IIS during glucose
abundance, and negatively modulated by AMPK during
glucose deprivation or conditions of stress (e.g., hypoxia)
(Dilova et al. 2007). In addition, TOR regulates the
activities of PKA and of AKT, which in turn also regulate
TOR (Fig. 1; Bhaskar and Hay 2007). These kinases are
functionally linked not only to each other, but also to
other pathways. For instance, the kinase LKB1, a tumor
suppressor that is required for AMPK activation under
energy-deficient conditions, is regulated by SirT1, a mem-
ber of the Sirtuin family (Lan et al. 2008).

The main signaling effect of these kinases is exerted
from the cytoplasm. However, as we will see, TOR has
a special relationship with chromatin, not only indirectly
through a signaling cascade mechanism, but also via the
direct regulation of chromatin structure.

The mitochondrion is another major player in CR
responses (Guarente 2008), as a pivotal aspect of the CR
response relates to the production of reactive oxygen
species (ROS) including superoxide (O2

�), hydrogen per-
oxide (H2O2) and hydroxyl radical (OH�) (Sohal and
Weindruch 1996). Managing these reactive species is
a survival challenge for both prokaryotes and eukaryotes
in aerobic conditions, and requires specialized machinery
and a complex regulatory network (Halliwell 1999).
These molecules are generated mainly during electron
transfer through the respiratory chain in which the final
electron acceptor is O2, generating H2O. However, other
sources can promote the formation of these species, such
as ionizing radiation or certain enzymatic reactions such
as demethylation of histone H3 Lys 4 (H3K4) by the
mono-oxidase LSD1 (Forneris et al. 2008). Oxidative
stress leads to increased production of ROS, thereby
shifting the normal balance between the generation and
elimination of these molecules. Overproduction of ROS
leads to carbonylation (oxidation) of various proteins,
lipid peroxidation, and general damage to both nuclear
and mitochondrial DNA (see below).

CR in mammalian cells increases mitochondrial bio-
genesis and energy efficiency through the production of
nitric oxide (NO) by endothelial NO synthase (eNOS)
(Nisoli et al. 2005; Lopez-Lluch et al. 2006). During

oxidative stress, CR induces a decrease in protein oxida-
tion, lipid peroxidation, and ROS production, and this
translates into a decrease in mitochondrial metabolism
(Fig. 2; Sohal et al. 1994). Based on these observations,
Sohal and Weindruch (1996) hypothesized that a CR-
induced drop in ROS production could be the process
most responsible for CR-dependent life span increase.
Despite the evidence linking CR with decreased metab-
olism, new evidence suggests the opposite, at least in the
cases of Saccharomyces cerevisiae and Caenorhabditis
elegans, and cell culture studies suggest that the same
might apply to mammals (Lin et al. 2002; Lopez-Lluch
et al. 2006; Schulz et al. 2007). Perhaps this reflects
a mechanism for increasing energy production in an
efficient manner, probably by inhibiting those energy-
producing reactions that are less efficient (Schulz et al.
2007).

The final key element of the response to CR and the
focus of this review is chromatin. Historically perceived
as a passive target of the damaging effects of ROS,
chromatin is now being appreciated as a key and active
participant in the response to CR. As we will see,
chromatin is not only an important mediator of the CR
response mechanism, but also the specific target of many
of the events taking place in the process.

The skinny on CR and chromatin

The evidence suggests that the biological effects of CR are
closely related to chromatin function. In fact, given the
parallels between aging and loss of chromatin integrity,
one of the models for explaining the delaying effect of CR
on aging is based on increased genomic stability (Fig. 2;
Heydari et al. 2007). This has been shown clearly in yeast
where, as we will see, Sirtuin Sir2p has been linked to
aging control through the modulation of chromatin
structure (Guarente 2000).

The consequences of CR on chromatin historically
have been interpreted as antagonistic to the well-known
effects produced by ROS in chromatin during oxidative
stress (see below). While this is partially true, it is
becoming increasingly clear that ROS are not the only
consideration in this process. Current data suggest that at
least part of the CR effect on life span could be elicited
through a long-term activation of protective machinery
under low-intensity stressors (e.g., activation of detoxify-
ing machinery, cell cycle progression, DNA repair, and
inhibition of apoptosis and senescence) (Masoro 2005).
This would entail a tighter and more efficient global
control on the cell. This theory, known as the Hormesis
theory, was proposed by Masoro in 1998 (Masoro 1998),
and is currently under study (Masoro 2005).

The evidence suggests that responses to CR involving
chromatin are twofold: mediating cellular adaptation to
changes in metabolism through the control of gene
expression, and promoting the protection of genome
integrity and chromatin structure (Fig. 2). The former
occurs not only in the nucleus but also in mitochondrial
DNA, as addressed above. CR induces major changes in
gene expression patterns, which in mammals are apparently
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highly tissue-specific (Fu et al. 2006). The genes targeted
can be classified generally as those encoding proteins
involved in (1) metabolic pathways, (2) stress responses,
(3) DNA damage repair, (4) chromatin structure regula-
tion, (5) detoxification, and (6) mitochondria-related
processes. The mechanisms that mediate these changes
include modulation of the activity of certain key tran-
scription factors that regulate a specific set of genes
(e.g., FOXO transcription factors) (Guarente and Picard
2005).

Also implicit to the CR response is gene inactivation,
which seems to occur via two different mechanisms:
regulation of individual genes by modulation of specific
transcription factors, and heterochromatinization of large
parts of the genome that might include many genes, as
has been observed in the case of nucleolar rDNA with
either TOR inhibition or yeast Sir2p activation (Guarente
2000; Tsang and Zheng 2007). The former may occur
through changes in DNA-binding affinity, enzymatic
activity, or cellular localization of key transcription
factors such as stress-responsive transcription factors, or
via recruitment of silencing machinery (e.g., histone
deacetylases [HDACs] or methyltransferases) (see below).

CR leads to protection of genome integrity and preser-
vation of chromatin structure from yeast to mammals
(Heydari et al. 2007). This effect is closely related to that
described above, since part of the machinery involved in
genomic protection depends on appropriate gene expres-
sion. This protection occurs via two series of mecha-
nisms. The first encompasses activation of DNA repair

(Cabelof et al. 2003), ROS detoxification machinery (Xia
et al. 1995), and increased fidelity of DNA replication
(Srivastava et al. 1993). The second comprises direct
modulation of chromatin structure, which has positive
effects on DNA recombination, DNA replication, and
cell cycle progression, among other processes (Vaquero
2009).

ROS and chromatin

The link between ROS and nuclear chromatin is
supported by an overwhelming amount of evidence.
ROS production is associated with genomic instability
through an increase in DNA damage and chromosome
degradation (Barzilai and Yamamoto 2004). In addition
to their well-characterized effect on ssDNA damage,
ROS have also been linked to production of double-
strand breaks (DSBs) that result in chromosome breaks
(Karanjawala et al. 2002). Thus, overexpression of super-
oxide dismutase (SOD1), the enzyme responsible for
processing superoxide radicals (O2

�), in transgenic mice
results in increased H2O2 and OH� and increased fre-
quency of chromosome breaks in primary fibroblasts,
from 9% to 23% (Karanjawala et al. 2002). Another
interesting observation associated with ROS production
in the cell is the accumulation of chromosomal fragments,
including the so-called giant fragments (>1 Mb) and high-
molecular-weight (HMW) ones (50–800 kb) (Higuchi 2003).
This phenomenon is H2O2-dependent, linked to specific
nucleases, and believed to arise from the breakdown of

Figure 2. CR response on chromatin. CR
has an effect on chromatin at three differ-
ent levels—chromatin structure, gene ex-
pression (up-regulation of certain genes
and down-regulation of others as indicated
by the arrows), and DNA repair—which in
general produce an increase in genome
stability and can explain, at least partially,
the life span increase effect of CR (see the
text).
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higher-ordered chromatin organization, probably as a part
of the events involved in cell death (Konat 2003).

Telomeres present a clear example of how ROS are
linked to chromatin structure. Oxidative stress is linked
to the replicative senescence phenotype, and both are in-
terrelated with telomere uncapping and shortening (von
Zglinicki 2002). Although these connections are not
completely understood, they appear to be due to a pro-
gressive decrease in effective telomerase activity through
its export to the cytoplasm under stress conditions
(Haendeler et al. 2004), and to an increase in telomeric
DNA damage that correlates with telomere shortening
during DNA replication (Petersen et al. 1998). However,
this cumulative damage is likely a function of the special
structural features of telomeres resulting in their less
efficient repair, rather than their being subjected to
a higher rate of damage, per se (Petersen et al. 1998).

The link between oxidative stress and DNA damage is
evidenced by other findings: ROS production correlates
with an increased frequency of certain post-translational
chromatin modifications related to DNA damage, such as
phosphorylation of histones H2A (gH2A) and H3, poly-
ADP-ribosylation of histones, and certain acetylation and
methylation patterns of histones H3 and H4 (Monks et al.
2006). Consistent with this, mice deficient in the DNA
repair signaling kinase ATM exhibited abnormally high
levels of ROS, among many other phenotypes (Ito et al.
2006).

As mentioned previously, CR increases cellular resis-
tance to oxidative stress by reducing the accumulation of
both nuclear and mitochondrial DNA damage produced
by ROS (Fig. 2). However, the level of DNA protection in
each cell compartment is not equivalent among different
tissues (Stuart et al. 2004). CR increases DNA repair
activity and reverses the decreased levels of such activity
observed in aged mice (Heydari et al. 2007). The DNA
repair pathways up-regulated by CR are the three main
mechanisms involving ssDNA, NER (nucleotide excision
repair) (Guo et al. 1998), BER (base excision repair)
(Cabelof et al. 2003), S-phase-dependent mismatch repair
(Tsao et al. 2002), and the most common form of DSB
repair, NHEJ (nonhomologous end joining) (Um et al.
2003). Interestingly, CR not only increases expression of
the DNA repair machinery (Heydari et al. 2007), but also
amplifies the activity and fidelity of critical enzymes
such as DNA polymerases a and b (Cabelof et al. 2003).
The effects of CR on NHEJ are tissue-specific, being most
pronounced in kidneys and lungs, but less evident in
testes or liver. These effects seem to occur via altered
levels of the NHEJ modulation complex Ku70/86 (Um
et al. 2003).

Personal trainers of CR effects on chromatin

Several groups of factors have been postulated as being
mediators of the CR response on chromatin (Fig. 3; Table 1).

Figure 3. CR signaling mediators to chro-
matin. CR induces an energetic imbalance
through changes in the NAD+/NADH
ratio that activates Sirtuins and down-
regulates PARPs. Because of their capacity
to respond to changes in the NAD+/
NADH ratio, CtBP and GAPDH (and other
metabolic enzymes such as LDH) are
likely to be activated by CR response (gray
arrows), but the link between their activ-
ity and CR has not been formally demon-
strated yet. Interestingly, the inhibition of
the TOR pathway by CR has dramatic
effects on chromatin nucleolar structure
and expression (see the text). In blue boxes
are represented the roles that these medi-
ators perform or are likely to perform
(indicated by ?) in chromatin.
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The candidates with the best credentials for such a role
are the Sir2 NAD+-dependent deacetylases known as
Sirtuins that have emerged recently as major players in
signaling to chromatin during responses to CR (Guarente
and Picard 2005; Saunders and Verdin 2007; Vaquero et al.
2007b). Another interesting case is that of TOR. In
addition to its signaling pathway, TOR participates di-
rectly in the regulation of nucleolar chromatin. Addition-
ally, given the strong relationship between CR and the
NAD+/NADH levels, it is likely that other chromatin-
related factors whose activity is strongly influenced by
the redox state of the cell might be involved in CR
responses (Fig. 3). Below we review these factors and
discuss the nature of their link to CR and to chromatin
functions (Table 1).

The exertion of Sirtuins

The Sirtuin family is defined by its homology with the
budding yeast silencing factor Sir2p, which participates in
different chromatin-associated functions, and has mem-
bers in organisms from bacteria to mammals (Vaquero
2009). Remarkably, Sirtuins have a role in regulating
metabolism since early evolution, and their diversifica-
tion from one member in bacteria to five in Drosophila
and seven in mammals suggests that they have acquired
new, specialized functions to match the increasing com-
plexity of the organism (Vaquero 2009). This is evidenced
by the diverse localization of the mammalian Sirtuins
(SirT1-7): SirT1 and SirT6 in the nucleoplasm, SirT7 in
the nucleolus, SirT2 in the cytoplasm, SirT3 in the
mitochondria and the nucleus, and SirT4 and SirT5 in
the mitochondria (Michishita et al. 2005). Despite the
diversity of their localization, current evidence has un-
veiled a certain degree of functional redundancy between
Sirtuins, although this is not yet well understood. For
instance, among the targets of SirT1 are the histone
modifications H4K16Ac and H3K9Ac, p53, and the tran-
scription factors FOXO and NF-kB (Luo et al. 2001; Vaziri
et al. 2001; Brunet et al. 2004; Motta et al. 2004; Vaquero
et al. 2004; Yeung et al. 2004). SirT2 deacetylates
H4K16Ac, H3K9Ac, p53, and FOXO, whereas SirT6
targets H3K9Ac and regulates the activity of NF-kB
(Vaquero et al. 2006; Wang et al. 2007; Jin et al. 2008;
Michishita et al. 2008; Kawahara et al. 2009). Sirtuins
show two associated enzymatic activities that likely
diverged from an original one: protein deacetylation and
mono[ADP-ribosyl] transferase (mADPRT) (Tanny et al.
1999; Imai et al. 2000). Interestingly, while most Sirtuins
seem to exhibit at least weak mADPRT activity (Tanny
et al. 1999), only SirT1, SirT2, SirT3, and SirT6 have
been shown to be active, NAD+-dependent deacetylases
of both histones and nonhistone proteins (North et al.
2003; Saunders and Verdin 2007; Vaquero et al. 2007b).
The deacetylase SirT6 and one of the nondeacetylase
Sirtuins, SirT4, both show strong mADPRT activities
(Saunders and Verdin 2007). However, whether all Sir-
tuins can be both deacetylases and mADPRTs when
presented with an appropriate substrate is still not clear
and needs to be addressed.

The link between Sirtuins and chromatin functions is
apparently as old as eukaryotes, probably reflecting the
intimate relationship between environmental changes
and DNA regulation from early evolution (Vaquero
2009). In fact, members of the family in archeobacteria
that already contain a genome organized into a chromatin-
like structure are involved in the control of genome
compaction through their regulation of the histone-like
protein Alba (Bell et al. 2002). Interestingly, eukaryotic
Sirtuins share a functional link with the modifications
H4K16Ac and H3K9Ac, which are critical to the regula-
tion of chromatin structure and epigenetic phenomena
throughout evolution (Vaquero et al. 2007b; Vaquero
2009).

Of all Sirtuins, yeast Sir2p is the best characterized and
most clearly related to CR. It is involved in epigenetic
silencing through the formation of heterochromatin-like
compacted regions in three different loci of the yeast
genome: the mating type loci, rDNA in the nucleolus,
and telomeres (Steinkraus et al. 2008). Sir2p has also been
linked to cell cycle control, DNA replication, DNA
repair, and meiosis (Guarente 2000).

Yeast life span can be measured at two levels: the
replicative life span, which represents the number of
times a cell can replicate during its lifetime before
reaching senescence, and the chronological life span,
which refers to the time that nondividing cells can
maintain viability. CR produces an increase in both the
replicative and the chronological life spans of yeast. Extra
copies of SIR2 increase yeast replicative life span by 30%–
40%, whereas DSIR2 decreases it by 50% and CR treat-
ment is ineffectual in replicative life span in such mutant
cells (Steinkraus et al. 2008). These observations, to-
gether with the evidence that CR up-regulates Sir2p, led
to speculation that Sir2p could also be a mediator of CR
effects in aging (Guarente 2000). In fact, further evidence
has demonstrated that other factors (e.g., nutrient-
responsive kinases) are also mediators of the CR response,
and to a greater extent than Sir2p. Whereas Sir2p is not
involved in CR-mediated chronological life span (Kaeberlein
et al. 2004), Sch9 and TOR participate in both the
chronological and replicative CR-dependent increases in
life span (Fabrizio et al. 2001).

The most accepted explanation for the effects of Sir2p
on life span is that Sir2p-dependent silencing of rDNA
copies inhibits, by fivefold to 10-fold, homologous re-
combination events that generate extrachromosomal
rDNA circles (ERCs). Accumulation of ERCs in the
mother cell has been associated with aging, although
the details of this relationship remain the subject of
debate (Steinkraus et al. 2008). Some recent studies
further support a chromatin link to life span control in
yeast: Levels of H4K16Ac increase during yeast aging,
which correlates with a loss of Sir2p protein levels.
Interestingly, the mutation of K16 to Q, which mimics
acetylated lysine, is associated with a shorter life span.
Aging in yeast is accompanied by hyperacetylation of
H4K16 at different Sir2p-binding loci, particularly in
telomeric regions (Dang et al. 2009). Actually, ERCs do
not seem to exist outside of yeast. Thus, this inverse
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relationship between Sir2 and H4K16Ac levels during
aging appears to be the model most relevant to the
possible regulatory role of Sirtuins in higher eukaryotic
life span.

In terms of multicellular organisms, the orthologs
of SirT1 have been shown to increase life span in both
C. elegans (Sir-2.1) and Drosophila (dSir2) and im-
prove many aging-associated parameters in mammals
(Tissenbaum and Guarente 2001; Rogina and Helfand
2004; D Chen et al. 2005; Boily et al. 2008). However,
whether these effects are due to a mechanism dependent
on or independent of CR is unknown. In fact, Drosophila
dSir2 has been functionally linked to CR-dependent
life span through a mechanism linked to the HDAC
Rpd1 (Rogina and Helfand 2004), but C. elegans Sir-2.1
increases life span through a CR-independent mechanism
linked to the IIS pathway (Tissenbaum and Guarente
2001). Nevertheless, there is no doubt that Sirtuins are
functionally linked to the CR response in mammals,
since CR up-regulates SirT1, SirT2, SirT3, and SirT6
and down-regulates SirT4 (Cohen et al. 2004; Shi et al.
2005; Wang et al. 2007; Kanfi et al. 2008). In fact, recent
and controversial data have suggested that CR might not
induce SirT1 up-regulation, but its down-regulation in
liver (Chen et al. 2008a). However, the nature of the
discrepancy between this study and several others that
showed CR-mediated SirT1 up-regulation in liver tissues
from mice and rats is not understood. It might indicate
that SirT1 levels are tightly controlled and can change-
drastically under certain conditions.

This link with CR has only been clearly established and
developed with SirT1. Extensive research is necessary to
clarify the role of the other Sirtuins and determine if
mammalian Sirtuins participate in CR-related life span
effects.

SIRT1. Among mammalian Sirtuins, SirT1 is the clos-
est homolog to yeast Sir2p and the best studied by far. It
plays multiple roles in the targeting of myriad proteins
(Feige and Auwerx 2007). Although SirT1 is localized
mainly to the nucleus (Vaquero et al. 2004; Michishita
et al. 2005), in certain cell types (e.g., pancreatic b cells or
cardiomyocytes) it can be localized to the cytoplasm
(Moynihan et al. 2005).

SirT1 has been linked to the major players in CR
response and life span control. First, SirT1 is functionally
linked to the IIS pathway through inhibition of the IGF
signaling pathway and to activation of the FOXO tran-
scription factor upon CR or stress (Brunet et al. 2004;
Motta et al. 2004). SirT1 is also linked to other compo-
nents of the endocrine network, such as the nuclear
receptors LXR, GR, or AR (Amat et al. 2007; Li et al.
2007). Second, SirT1 regulates the activity and localiza-
tion of the main AMPK kinase LKB1 (Lan et al. 2008). In
fact, AMPK has also been implicated in SirT1 activation
upon CR in certain tissues such as skeletal muscle, in
which it inhibits myoblast differentiation (Fulco et al.
2008). Third, SirT1 is also involved in autophagy activa-
tion under nutrient starvation, a mechanism that seems
to be linked to the inactivation of the TOR pathway.

Consistent with this, the loss of SirT1 inhibits autophagy,
an important response during starvation and probably in
CR as well (Lee et al. 2008). Fourth, an increase in CR-
induced activity requires SirT1 in mice (D Chen et al.
2005).

SirT1 is activated via up-regulation of the nicotinamide
phosphoribosyltransferase Nampt, a functional homolog
of yeast PNC1 that is involved in the nuclear NAD+

salvage pathway. Nampt is an NAD+ biosynthetic en-
zyme that increases the NAD+/NADH ratio and de-
creases the levels of nicotinamide (Anderson et al.
2003), the latter being both a product and a competitive
inhibitor of Sirtuin enzymatic activity. Further evidence
of the connection between SirT1 in CR responses and life
span control has been provided by studies in which SirT1
is shown to be specifically activated by the synthetic
molecule SRT1720 (Feige et al. 2008). Among other
effects, SRT1720 mimics CR by increasing diet-associated
metabolic defects through the inhibition of adipogenesis
and induction of lipid oxidation. Moreover, moderate
overexpression of ectopic SirT1 in mice winds up opti-
mizing energy reserves by increasing insulin sensitivity,
thereby inhibiting diabetes (Banks et al. 2008; Feige et al.
2008).

SirT1 serves as a metabolic sensor at both the cellular
and organismal levels, performing general and tissue-
specific dependent functions. The majority of these
functions enable cell survival and growth under compro-
mised conditions through optimization of available re-
sources (Feige and Auwerx 2007; Saunders and Verdin
2007). They can be divided into four classes: cell survival
under stress, glucose homeostasis, cell differentiation and
development, and chromatin organization and stability.

The first noteworthy feature about the mechanism of
action of SirT1 is that while the majority of its associated
functions are exerted through chromatin, its role is far
more expansive (Feige and Auwerx 2007; Vaquero et al.
2007b). As opposed to other HDACs, for example, SirT1 is
a coordinator of simultaneous events. The scope of this is
evidenced by its capacity to bind myriad factors and to
target for deacetylation the histone marks H4K16Ac and
H3K9Ac (Vaquero et al. 2004), as well as transcription
factors, and even other enzymes such as the histone
acetyltransferase (HAT) p300 (Bouras et al. 2005) or the
histone methyltransferase (HMT) Suv39h1 (Fig. 4; see
below; Vaquero et al. 2007a).

Sirtuins in general, and SirT1 in particular, do not seem
to bind directly to chromatin, but are instead recruited by
specific factors (Fig. 4). The arrival of SirT1 to chromatin
is associated with its compaction and gene silencing, as
has been described for yeast Sir2p (Vaquero et al. 2004).
However, as a consequence of its many specialized
targets, SirT1 can interact with and deacetylate specific
transcription factors, thereby modulating their ability to
activate or repress genes, as a function of tissue context.
For instance, under stress, SirT1 binds to stress-dependent
transcription factors (e.g., FOXO transcription factors
[FOXO1, FOXO3, and FOXO4], NF-kB, and p53) and
induces the expression of their target genes involved in
stress protection, while inhibiting those target genes
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involved in cell cycle arrest, senescence, or apoptosis.
The underlying mechanisms of SirT1-induced activation
seem to be related to deacetylation of the transcription
factor itself, such as in the case of FOXO4, and they seem
to be apart from direct deacetylation of chromatin com-
ponents (Fig. 4). Another interesting case is the relation-
ship between SirT1 and transcription factors involved in
metabolic control such as PGC1-a, which is key to
glucose homeostasis and mitochondria regulation in the
liver (Rodgers et al. 2005). Under low-glucose conditions,
SirT1 in the liver binds to and deacetylates PGC-1a and
activates the transcription of GNG-dependent genes
while silencing glycolysis-related genes. In contrast,
SirT1 in white adipocytes inhibits adipogenesis by in-
terfering with the activity of PPAR-g by binding to the
corepressors NCoR and SMRT (Picard et al. 2004).

SirT1 is involved in the formation of two different
forms of heterochromatin: facultative and constitutive.
Facultative heterochromatin refers to chromatin regions
that become heterochromatinized (tightly packed) during
certain processes, such as development or differentiation,
or in response to certain stimuli, but its structure can be
restored to the more open form of euchromatin as re-
quired. These regions may encompass one gene, a few
genes, or even an entire chromosome, such as the inactive
X chromosome. In contrast, constitutive heterochroma-

tin (CH) describes those chromatin regions that, once
formed, never decompact again. CH has a very low
density of genes and is located mainly in the pericentro-
meric and telomeric chromosomal regions, and its role is
chiefly structural (Trojer and Reinberg 2007).

SirT1 promotes formation of facultative chromatin via
several coordinated events, the first of which is deacety-
lation of histones, particularly H4K16Ac and H3K9Ac
residues (Vaquero et al. 2004). In the case of facultative
heterochromatin, this seems to be restricted to the
regulatory regions of genes. There is evidence suggesting
a close relationship between SirT1 and these two resi-
dues, since SirT1�/�mouse embryonic fibroblasts (MEFs)
or cells depleted of SirT1 by RNAi exhibit hyperacetyla-
tion of both H4K16 and H3K9 (Vaquero et al. 2004, 2007a;
Wang et al. 2008). Interestingly, brain sections of SirT1�/�

embryonic day 11 (E11) embryos show hyperacetylation
of H3K9 but not of H4K16, suggesting that the SirT1-
regulated levels of H4K16Ac are tissue-specific or related
to certain stages of differentiation (Wang et al. 2008).

Second, SirT1 interacts with the linker histone H1b,
deacetylates its K26 residue, and recruits it to chromatin,
thereby facilitating the formation of higher-order chro-
matin organization (Vaquero et al. 2004). Although the
role of H1K26Ac remains poorly understood, evidence
suggests that it functions similarly to acetylated core

Figure 4. SirT1 regulates multiple processes through coordination of heterochromatin formation. To perform its specific functions,
SirT1 interacts with a wide variety of factors that seem to provide specificity and localization to specific targets (in blue boxes).
However, SirT1 is involved in other functions such as DNA repair signaling of DSBs, gene activation, or cell cycle regulation that have
not been shown to be due to a direct effect of this sirtuin on chromatin.
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histones in that its presence correlates with RNA poly-
merase II (Pol II) as evidenced by chromatin immunopre-
cipitation (ChIP)-on-chip results, and it is excluded from
heterochromatin regions as evidenced in immunofluo-
rescence (IF) experiments (A Vaquero and D Reinberg,
unpubl.). Interestingly, the H1K26 residue can also be
methylated by the Polycomb group protein Ezh2, an
ortholog of Drosophila E(Z) (Kuzmichev et al. 2004)—a
finding that pointed to a possible functional link between
SirT1 and Ezh2. Indeed, both proteins are components of
the PRC4 complex that, while only partially purified thus
far, is detectable only during specific stages of develop-
ment in Drosophila and mammals (Furuyama et al. 2004;
Kuzmichev et al. 2005). Interestingly, despite the fact that
Ezh2 usually targets H3K27 for methylation with the
resultant H3K27me3 mark being involved in Ezh2-
dependent silencing throughout development, PRC4 spe-
cifically methylates histone H1K26, not H3. To date, the
role of PRC4 and the implications of H1K26me3 are not
completely understood, but several of the PRC4 compo-
nents (e.g., SirT1 and a specific isoform of the subunit
EED) have been localized to a variety of Ezh2-dependent
target genes (Kuzmichev et al. 2005).

Third, arrival of SirT1 to chromatin results in the loss
of certain marks associated with active transcription,
such as H3K79me2 (Vaquero et al. 2004). The loss of
H3K79me2 spreads a few kilobases away from the orig-
inal site and this hints at the existence of a histone
demethylase or histone exchange activity, since SirT1-
dependent loss of H3K79me2 does not seem to require
passage through S phase (A Vaquero, unpubl.).

Fourth, SirT1 promotes the arrival of heterochromatin-
associated marks such as H3K9me3 and H4K20me1, the
former of which is particularly interesting because it is
present in all forms of heterochromatin and is a hallmark
of compacted chromatin from early stages of eukaryote
evolution (Trojer and Reinberg 2007). Moreover, SirT1
depletion through RNAi renders global hyperacetylation
of H3K9 and hypomethylation of H3K9me3 (Vaquero
et al. 2007a). We recently identified the means by which
SirT1 promotes H3K9me3. This entails the intimate
functional relationship between SirT1 and the main
H3K9me3 HMT activity, Suv39h1 (Peters et al. 2001),
through which SirT1 exerts three mechanisms. First,
SirT1 interacts with and recruits Suv39h1 to genomic loci
and deacetylates H3K9Ac, thereby setting the stage for
the subsequent methylation of this residue by Suv39h1.
Interaction between SirT1 and Suv39h1 involves the
N-terminal region of SirT1 and the first 89 residues of
Suv39h1. Second, SirT1 binding to Suv39h1 induces a
conformational change in the methyltransferase that
increases the specific activity of SirT1 by more than
fivefold. This has been demonstrated in vitro and in vivo
and depends exclusively on the N-terminal domain of
SirT1. Third, SirT1 up-regulates Suv39h1 activity di-
rectly by deacetylating residue K266 present in its cata-
lytic SET domain. This residue lies within a loop that
seems to be involved in the folding of the SET domain
into the post-SET domain (Min et al. 2002), and when
acetylated renders Suv39h1 50% less active (Vaquero

et al. 2007a). This is the first evidence of the means by
which such methyltransferase activity is regulated and
might very well be applicable to other HKMTs in which
the K266 residue is conserved (e.g., Ezh2 or Suv4-20).
Further studies should clarify not only the features of this
modification, but also the conditions under which SirT1
exerts its regulatory function.

The involvement of SirT1 in the formation/mainte-
nance of CH remains unclear. SirT1�/� MEFs exhibit
a loss in H3K9me3 and in structural proteins (e.g., HP1) at
pericentromeric heterochromatin foci, indicating a loss of
heterochromatin structure in >50% of the cells tested
(Vaquero et al. 2007a). Supporting this observation, an
identical phenotype was shown in brain cells from
SirT1�/� E11 embryos, suggesting that the role of SirT1
in CH is not tissue-specific (Wang et al. 2008). This
relationship seems to be conserved through evolution,
since previous studies in Schizosaccharomyces pombe
revealed that spSir2 was required for deacetylation of
H3K9Ac in pericentromeric regions to allow methylation
of the same residue by Clr4, the ortholog of Suv39h1
(Shankaranarayana et al. 2003). Why half of the SirT1�/�

MEF population showed this phenotype whereas the
other half looked normal is still not understood. During
development, these mice may have adapted to the loss of
SirT1 and, in some cases, found a way to overcome it.
Another possibility is that this phenotype is related to
a particular stage of the cell cycle. Interestingly, this
effect of SirT1 on CH seems to be direct, since trans-
fection of SirT1 recovered the wild-type phenotype com-
pletely. Yet transfection of either a catalytically dead
point mutant of SirT1 or a DNSirT1 mutant led to only
partial recovery, suggesting that both its activity and its
N-terminal domain are required for SirT1 to exert its
function with respect to Suv39h1 and H3K9me3 (Vaquero
et al. 2007a).

Another curiosity stemming from the link between CH
and Suv39h1 is the unexpected presence of H4K16Ac in
the CH loci that lost H3K9me3 and HP1 in Suv39h1�/�

MEFs (Fig. 4; Vaquero et al. 2007a). Interestingly, this is
the only mark tested to date that relocalizes to CH under
these conditions. While not yet understood, it does not
seem to relate to SirT1 or any other Sirtuin given that
SirT1 localization was only slightly altered to a more
granular distribution in IF experiments (Vaquero et al.
2007a). One possibility is that H4K16Ac is somehow
related to replication or DNA repair of CH regions, and
that loss of H3K9me3 perhaps compromises or even
prevents DNA repair. Further characterization of
H4K16Ac and its relationship with Sirtuins (particularly
SirT1 and SirT2) are required to resolve the implications
of these findings.

This relationship between SirT1 and Suv39h1 has been
further confirmed by the identification of the complex
eNoSC, which contains both proteins along with the
H3K9me2-binding factor nucleomethylin (Murayama
et al. 2008). eNoSC is involved in repressing rDNA
transcription under conditions of low energy, such that
cells can maintain tight control over ribosome biogenesis
(Fig. 4).
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Another interesting facet regarding SirT1 and Suv39h1
(and, in fact, also Ezh2) is the apparent discrepancies they
exhibit in the context of DNA methylation. Studies have
shown that SirT1 colocalizes in rDNA regions with the
DNA methyltransferase Dnmt1 (Espada et al. 2007).
Although the presence of SirT1 in these regions is de-
pendent on Dnmt1, the levels of DNA methylation are
unaffected by its absence. On the other hand, Suv39h1
(and Ezh2) has been shown to be part of a complex
together with DNA methyltransferases (Fuks et al.
2003), and its loss is associated with a marked redistri-
bution of DNA methylation in certain regions (Lehnertz
et al. 2003). This bespeaks of Suv39h1 involvement in
two different stages of gene silencing: one with Dnmts to
establish DNA methylation, and another with SirT1 to
participate in the actual silencing process, independent of
DNA methylation. This possibility is supported by stud-
ies showing that loss of SirT1 induces reactivation of
certain tumor suppressor genes without affecting the
methylation levels of their promoters (Pruitt et al.
2006). Yet this raises a very important question: What,
then, is the role of such DNA methylation in these
promoters if not for the silencing process? Further studies
will be required in the future to understand this puzzling
evidence and the involvement of SirT1 in these processes.

Another remarkable role of SirT1 in chromatin that is
directly linked to its protective effect under conditions of
CR and stress is its direct involvement with DNA repair.
SirT1�/� thymocytes show increased sensitivity to cer-
tain forms of irradiation (Cheng et al. 2003), whereas
SirT1�/� embryonic stem (ES) cells show chromosomal
aberrations upon H2O2 treatment. The idea that SirT1
has a role in chromosome stability is bolstered by the
observation that SirT1�/� E10.5 embryos exhibit aneu-
ploidy in 37% of the cells (Wang et al. 2008). Evidence
suggests that SirT1 is linked to DSB repair through
interaction with the MRE11–RAD50–NBS1 (MRN) com-
plex, which is involved in the signaling of S-phase-
dependent repair of DSBs through homologous recombi-
nation. SirT1 deacetylates NBS1 (Nijmegen breakage
syndrome protein 1), thereby facilitating the proper re-
sponse to certain insults such as ionic radiation (IR) and
enabling NBS1 phosphorylation (Yuan et al. 2007). In-
terestingly, SirT1 localizes to sites of DSB repair, similar
to the case of Sir2p in yeast (Oberdoerffer et al. 2008;
O’Hagan et al. 2008). This relocation has been interpreted
as a survival response when DSBs arise, promoting
genome stability, but also changes in the expression
pattern of many genes that might have implications in
the process of aging (Oberdoerffer et al. 2008). SirT1 also
interacts with and deacetylates Ku70, which is a compo-
nent of the NHEJ pathway for DSB repair. This results in
repressing Ku70-dependent apoptosis and Ku70-dependent
DNA repair, suggesting a role for SirT1 in NHEJ (Cohen
et al. 2004). Whether the function of SirT1 in DNA repair
is limited strictly to regulating NBS1 and Ku70 or
whether other factors are also targeted remains unknown
and will require further studies.

In keeping with the scope of its targets, which span so
many processes, SirT1 is also associated with circadian

clock regulation (Asher et al. 2008; Nakahata et al. 2008).
Its deacetylase activity is regulated in a circadian manner,
and its binding to the CLOCK–BMAL1 chromatin com-
plex that regulates circadian-associated genes contributes
to tight regulation of the oscillation cycles associated
with these processes (Asher et al. 2008; Nakahata et al.
2008). SirT1 appears to counteract CLOCK-associated
HAT activity toward histone H3 in these genes, and to
deacetylate BMAL1 (Nakahata et al. 2008). Interestingly,
the mechanism involving SirT1 activation in these pro-
cesses is related to oscillations of nuclear NAD+ levels,
with a cycle of ;24 h. This cycling seems to be dependent
on Nampt and the NAD+ salvage pathway (Nakahata
et al. 2009). However, although circadian clock regulation
has been suggested to be a mediator of CR in life span
control, the functional mechanism is still not well un-
derstood and will require extensive work in the future.

Finally, the link of SirT1 with chromatin is also borne
out by its regulation of tissue differentiation. Levels of
SirT1 are very high in early stages of development and
decrease progressively upon differentiation (Kuzmichev
et al. 2005). Studies in different tissue types have shown
that SirT1 negatively affects differentiation, particularly
in those tissues with high energy expenditure (e.g., WAT
or skeletal muscle, in which SirT1, once activated during
energy deprivation, inhibits adipogenesis or myogenesis,
respectively) (Fulco et al. 2003; Picard et al. 2004). A
particularly interesting case is that of the brain, where
SirT1 has a major protective role in injuries or axon
degeneration (Araki et al. 2004). This observation has
important implications in neurodegenerative disorders
such as Parkinson’s, Alzheimer’s, Huntington’s, and prion-
related diseases (Kim et al. 2007; Chen et al. 2008b)
Interestingly, differentiation and proliferation in brain
cells is modulated by mild changes in redox conditions.
Upon activation, SirT1 favors differentiation of mouse
neural progenitor cells (NPCs) into the astroglial lineage
in lieu of the neuronal one. SirT1 binds to and represses
the transcription factor Hes1, thereby silencing at least
one Hes1 target, the proneuronal factor Mash1 (Prozorovski
et al. 2008) On the other hand, SirT1 seems to induce
differentiation in the case of spermatogenesis, although
the mechanism involved is not understood and might be
indirect (McBurney et al. 2003)

SIRT2. SirT2 is one of the most conserved Sirtuins: Its
orthologs can be traced from yeast to humans. Albeit
much about SirT2 functions remains unknown, evidence
suggests that cytoplasmic SirT2 is involved in cell cycle
control in proliferating cells. Contrary to most of the
chromatin-related Sirtuins such as SirT1 and SirT6, SirT2
does not seem to induce cell survival, but instead par-
ticipates in a mitotic checkpoint during the G2/M tran-
sition (Inoue et al. 2007a). This is supported by various
findings. First, overexpression of SirT2 is associated with
inhibition of cell division in starfish oocytes and mitosis
delay in cultured mammalian cells (Borra et al. 2002;
Dryden et al. 2003) Second, SirT2 blocks cell cycle pro-
gression at G2/M under conditions of mitotic stress or
uncontrolled growth (Inoue et al. 2007b), which is in
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accord with the down-regulation of its activity in differ-
ent types of tumors (e.g., gliomas, gastric carcinomas, and
melanomas) (Hiratsuka et al. 2003; Lennerz et al. 2005)
Third, SirT2 activity and localization is controlled by
cyclin-dependent kinases (Cdks) throughout the cell
cycle (North and Verdin 2007). Fourth, SirT2 has been
found to associate with the microtubule-specific HDAC6
and to deacetylate a-tubulin (North et al. 2003). The
implications of acetylation and deacetylation of a-tubulin
are not completely understood, but these processes have
been hypothesized to regulate microtubule organization
and assembly. However, the lack of a-tubulin-associated
defects in SirT2�/� MEFs or mice (AVaquero and D
Reinberg, unpubl.), combined with the fact that lower
eukaryotes do not show acetylation in a-tubulin (Polevoda
and Sherman 2002), suggests that there are other sub-
strates that could justify SirT2 conservation through
evolution.

An important clue as to its basic role has come from
biochemical studies demonstrating that both SirT2 and
its yeast ortholog HST2p have a strong NAD+-dependent
HDAC activity with a striking specificity for H4K16Ac
(Vaquero et al. 2006). In agreement with this finding, cells
depleted of SirT2 by RNAi or Dhst2 yeast cells exhibit
hyperacetylated levels of H4K16, suggesting that SirT2
and HsT2p are involved in H4K16Ac regulation during
the cell cycle (Vaquero et al. 2006). During the G2/M
transition, SirT2 is hyperphosphorylated and transported
to the nucleus, where it localizes to chromatin (Dryden
et al. 2003; Vaquero et al. 2006; Wilson et al. 2006) This
G2/M translocation to chromatin coincides with a mas-
sive deacetylation of H4K16Ac, suggesting that SirT2 is
responsible for the drop in global H4K16Ac levels before
mitosis, ensuring proper chromosome condensation.
Consistent with this, loss of SirT2 correlates with hyper-
acetylation of H4K16Ac in mitotic cells. Interestingly,
SirT2�/� MEFs do not show any marked changes in
mitosis length, but do undergo a delayed G1/S transition
(Vaquero et al. 2006). Given that H4K16Ac hyperacetyla-
tion is associated with high levels of DNA damage
(Taipale et al. 2005; Gupta et al. 2008), this G1/S delay
might accommodate DNA repair, requisite to the onset of
DNA replication. However, it remains unclear whether
the effects on G1/S resulting from SirT2 loss are actually
due to H4K16Ac or to other, unknown substrates.

Despite the link between SirT2 and cell cycle control,
the consequences of SirT2 up-regulation by CR on
H4K16Ac levels or chromatin integrity are completely
unknown. Recent studies have demonstrated that SirT2
also might be localized in the nucleus under certain con-
ditions and interact with—and in some cases, deacetylate—
different chromatin factors such as the HAT p300, p53,
FOXO transcription factors, and the homeobox transcrip-
tion factor HOXA10 (Bae et al. 2004; Wang et al. 2007;
Black et al. 2008; Wang and Tong 2009) This indicates
that SirT2 might also be involved in gene silencing and
stress control, providing another possible link between
CR and SirT2.

Interestingly, SirT2 also has tissue-specific roles. For
instance, SirT2 is involved in cardiac stress tolerance—

specifically, in anoxia–reoxygenation stress—through its
regulation of the protein chaperone 14–3–3 z, which
results in cell death (Lynn et al. 2008). SirT2 is also
present at high levels in the brain where it seems to
participate in oligodendrocyte differentiation, and has
been associated with neurodegenerative diseases (Outeiro
et al. 2007). The presence of SirT2 in both cardiac and
brain tissues is related to inhibition of cell survival under
stress situations, supporting its negative role in the cell
cycle. However, whether the role of SirT2 in these organs
is even somewhat related to chromatin is unknown. A
very interesting link between SirT2 and CR has been
shown in adipocytes. SirT2 inhibits adipocyte differenti-
ation through its deacetylation of FOXO1, but only under
CR conditions (Wang and Tong 2009). Hence, studies are
needed to clarify the role of SirT2 during stress, and its
possible role as a mediator of CR.

SIRT3–5. SirT3–5 would appear to be perfect candidates
as participants in the CR response in the mitochondria in
which they reside (Onyango et al. 2002; Schwer et al.
2002; Saunders and Verdin 2007). Although their role is
largely unknown, they seem to be intimately linked to
regulation of mitochondrial metabolism and energy.
Of all three, SirT3 is the only one that might also be
linked to chromatin regulation, since it is also present in
the nucleus (Scher et al. 2007; Nakamura et al. 2008;
Sundaresan et al. 2008). Mitochondrial SirT3 has been
shown to regulate mitochondrial metabolism, adaptive
thermogenesis, energy homeostasis, and apoptosis (Shi
et al. 2005; Allison and Milner 2007) through deacetyla-
tion of numerous mitochondrial proteins (e.g., acetyl-
CoA synthetase 2 [AceCS2], the NDUFA9 component of
Complex I of the respiratory chain, isocitrate dehydroge-
nase 2, glutamate dehydrogenase, and Ku70) (Hallows
et al. 2006; Schwer et al. 2006; Lombard et al. 2007; Ahn
et al. 2008; Schlicker et al. 2008; Sundaresan et al. 2008).
SirT3 exists in two forms: a 44-kDa full-length protein
and a 28-kDa processed version (Schwer et al. 2002). Some
contradictory data have been published regarding the
localization of each among different cell types: In 293
and HeLa cells, the 44-kDa form is nuclear and the 28-
kDa form is present in both the nucleus and mitochon-
dria (Scher et al. 2007), whereas in mouse cardiomyocytes
the 44-kDa form is found in the nucleus, mitochondria,
and cytoplasm, and the 28-kDa form is exclusively mito-
chondrial (Sundaresan et al. 2008). These differences are
not surprising though, given that in rat cardiomyocytes
SirT1—a nuclear protein in most cell lines—localizes to
the nucleus in the embryo, to the cytoplasm in newborns,
and to both the nucleus and cytoplasm in adults (Chen
et al. 2006). Nuclear SirT3 localizes to certain presently
uncharacterized foci, and under stress conditions (e.g.,
UV irradiation, genotoxic stress, or SirT3 overexpression),
relocalizes completely to mitochondria (Scher et al.
2007). Interestingly, SirT3 has been shown to induce
gene silencing by histone deacetylation of reporter genes
in transfected human 293 cells, which suggests that nu-
clear SirT3 might be involved in gene regulation. In
fact, like SirT2, SirT3 has a strict in vitro specificity for
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H4K16Ac, and to a lesser extent H3K9Ac. Given that
cells depleted of SirT3 by RNAi and SirT3�/� MEFs do
not exhibit any hyperacetylation of H4K16 or H3K9,
SirT3 might affect only a very specific subset of genes—
perhaps nuclear-encoded mitochondrial factors (Scher
et al. 2007). Interestingly, overexpression of SirT5 also
induces the relocalization of SirT3 to the nucleus while
SirT5 stays in the mitochondria, suggesting that SirT3
and SirT5 are functionally linked (Nakamura et al. 2008).
Identification of the nuclear foci and the gene targets of
SirT3 in the near future should clarify whether SirT3 is
a mediator of chromatin during the CR response.

SIRT6. Among the Sirtuins, SirT6, like SirT1, is one of
the best candidates for mediating the CR response to
chromatin. In fact, SirT6 is actually the only Sirtuin
that upon deletion of its gene produces an aging-like
phenotype in mice, including severe metabolic defects
such as abnormal levels of serum IGF-1 and glucose,
lymphopenia, loss of subcutaneous fat, and lordokyphosis
(Mostoslavsky et al. 2006). SirT6�/� MEFs or ES cells
exhibit a broad range of defects associated with genomic
instability—including chromosomal breaks and gaps, and
detached chromosomes—with defects in the BER path-
way responsible for repairing ssDNA damage that arises
from oxidative or genotoxic stress (Mostoslavsky et al.
2006). However, the mechanism by which SirT6 is
functionally linked to BER is not understood. Indeed,
some data suggest that SirT6 is not part of the pathway,
whereas other data suggest that overexpression of DNA
polymerase b, the main DNA polymerase involved in
mammalian BER, rescues the sensitivity of SirT6�/�

MEFs to stress (Mostoslavsky et al. 2006).
Recent evidence supports an additional role for SirT6 in

telomeric chromatin, not linked to the BER pathway.
SirT6�/� MEFs show premature cellular senescence and
associated telomere dysfunction, a phenotype that can
be reverted by overexpression of telomerase (hTERT)
(Michishita et al. 2008). SirT6 was detected by ChIP ex-
periments in telomeric chromatin, where it is required for
deacetylating H3K9Ac (Michishita et al. 2008). Interest-
ingly, before this evidence, SirT6 was considered to be
mainly a mADPRT whose only known target was itself
(Liszt et al. 2005). In fact, and in contrast to SirT1–3, SirT6
shows strict specificity for H3K9Ac in vitro. The telomeric
role of SirT6 remains poorly understood, but its H3K9Ac-
specific deacetylase activity seems to have important
consequences during telomere replication, since hyper-
acetylation of H3K9 in telomeres is associated with a loss of
telomeric maintenance factors such as the helicase WRN
RecQ (Michishita et al. 2008). Interestingly, given that
WRN is reported to be a substrate of SirT1 (Vaitiekunaite
et al. 2007), SirT6 and SirT1 might be functionally related.

Overall, current findings suggest that SirT6 protects
the genome. However, its reported interaction with the
putative tumor suppressor GCIP, which negatively regu-
lates cell proliferation, suggests that SirT6 is itself tightly
regulated by cell cycle checkpoint pathways (Ma et al.
2007). A recent report has also linked SirT6 with NF-kB-
dependent regulation through deacetylation of H3K9Ac

in NF-kB target genes by binding to the NF-kB subunit
RelA. This observation seems to explain the aging-related
phenotype of SirT6�/� mice (Kawahara et al. 2009).
Interestingly, SirT1 has also been identified as a modula-
tor of NF-kB transcription through deacetylation of RelA
(Yeung et al. 2004). However, whether SirT1 and SirT6
exert similar overlapping functions or are involved in
different processes is completely unknown. Array studies
between SirT6 and NF-kB suggest that the involvement
of SirT6 in NF-kB signaling is global, whereas the role of
SirT1 seems to be related to inducing cell survival under
conditions of stress. Further studies should clarify not
only the link of SirT6 to CR, but also the mechanisms
through which SirT6 is involved in survival pathways and
chromatin integrity.

SIRT7. Nucleolar SirT7 is detected in the promoter and
coding regions of the rDNA genes, where it associates
with RNA Pol I and up-regulates both its activity at and
its association with these genes (Ford et al. 2006). In fact,
depletion of SirT7 by RNAi or overexpression of a cata-
lytically inactive point mutant of SirT7 correlates with
a loss of Pol I in these rDNA regions. However, the
mechanism through which SirT7 affects Pol I activity is
unknown. Recent evidence suggest that SirT7 interacts
with the Pol I transcription factor UBF and is involved in
the reactivation of rDNA gene expression after mitosis
(Grob et al. 2009). Although findings clearly support the
idea that SirT7 has enzymatic activity toward the Pol I
machinery, a target has yet to be identified. Consistent
with an active role on ribosomal biogenesis, SirT7 mRNA
levels are high in metabolic tissue (Vakhrusheva et al.
2008b), and its depletion by RNAi has been reported to
inhibit proliferation and induce apoptosis in cell culture
(Ford et al. 2006). However, studies on SirT7�/� knockout
mice suggest that SirT7 has more intricate functions.
Although the primary cardiomyocytes in these mice
show abnormally high levels of apoptosis and low capac-
ity for stress response, the proliferative AKT- and Ras-
dependent pathways are hyperactivated and the heart is
hypertrophied (Vakhrusheva et al. 2008b). Consistent
with these findings, SirT7 has been shown to be up-
regulated in different types of tumors and SirT7�/� MEFs
do not show proliferation defects, while SirT7 overex-
pression significantly inhibits cell growth (Vakhrusheva
et al. 2008a). Perhaps SirT7 functions differently accord-
ing to tissue type. Interestingly, its purported role in Pol I
transcription is one of antagonism with respect to SirT1 in
the nucleolus (Espada et al. 2007; Murayama et al. 2008),
and this might also indicate a functional link between
SirT7 and TOR function in chromatin rDNA. Hence,
studies are needed to clarify this role. Additionally,
although SirT7 has a close relationship with chromatin,
as corroborated by its localization to chromosomes during
mitosis (Grob et al. 2009), it is yet unknown whether
SirT7 levels are modulated under conditions of CR.

TOR and chromatin

TOR is a serine/threonine kinase from the phosphatidy-
linositol kinase-related kinase (PIKK) family and is
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responsible for sensing certain nutrients, particularly
nitrogen sources such as amino acids (Hay and Sonenberg
2004). TOR senses glutamine, which is the preferred
source of nitrogen in yeast and is crucial for the bio-
synthesis of purine and pyrimidine nucleotides and other
related molecules such as NAD+. TOR pathway activa-
tion induces cell growth and proliferation by promoting
protein anabolism through the activation of different
mechanisms that include amino acid transport, ribosome
biogenesis including activation of ribosome gene expres-
sion, and protein translation (Hay and Sonenberg 2004).

In addition to its link with the cytoplasmic signaling
network described above, studies in yeast and mammals
have shown that TOR also is involved directly in the
regulation of chromatin in the nucleus, particularly the
nucleolar chromatin, both at the transcriptional and
structural levels (Tsang and Zheng 2007). Under optimal
nutrient conditions, part of the TOR population shuttles
from the cytoplasm to the nucleus, where it localizes in
the nucleolus (Li et al. 2006). TOR then induces ribosome
biogenesis by activating transcription of ribosomal genes
through the three RNA polymerases (Pol I, Pol II, and Pol
III). In fact, TOR seems to up-regulate Pol I and Pol III
genes directly, whereas its effect on the expression of Pol
II-transcribed ribosomal genes is exerted from the cyto-
plasm through its control of the localization of transcrip-
tion factors SFP1 and CRF1 (Li et al. 2006). In the case of
Pol III, TOR is localized to the promoters of the 5S genes,
but its mechanism of action is unknown (Tsang and
Zheng 2007).

TOR localizes to rDNA promoters, particularly in the
case of the 35S gene where it regulates Pol I activity via
phosphorylation of the Pol I cofactor TIF-IA, resulting in
increased Pol I binding to rDNA regions. Additionally,
yeast TOR is involved in recruiting the H4-specific HAT
Esa1p, part of the NuA4 complex that seems to specifi-
cally target H4K5 and H4K12 in the nucleolus (Rohde and
Cardenas 2003). Consistent with this, incubation of
NIH3T3 mouse embryonic cells with the HDAC inhib-
itor TSA leads to hyperacetylation of histone H4 and up-
regulation of rDNA genes, highlighting the critical role of
H4 acetylation in rDNA control. Interestingly, in yeast
that are either exposed to nutrient scarcity or whose TOR
pathway has been inactivated with rapamycin, TOR,
Esa1p, and Pol I are depleted in nucleolar regions and
this correlates with the arrival of the HDAC Sin3/Rpd3
complex, which silences these rDNA genes through
deacetylation (Tsang et al. 2003). Strikingly, inhibition
of the TOR pathway in yeast and mammals is also
associated with compaction of the nucleolus, which
results in condensation of the nucleolar chromatin to
one-fifth of its original size. In other words, nutrient
starvation induces general transcriptional shutdown of
rDNA by compaction of the entire nucleolus structure.
This mechanism seems to imply heterochromatinization
within the nucleolus, based on the activity of HDAC
Rpd3 as well as on local accumulation of condensin,
a structural factor involved in control of mitotic chromo-
some structures (Tsang et al. 2003, 2007a). When
nutrients are available and/or TOR is activated, conden-

sin is released from the nucleolus, enabling decompaction
or euchromatinization of the nucleolus in keeping with
transcriptional activation (Tsang et al. 2007b). Although
this reversible compaction/decompaction event is linked
to TOR, whether it is directly related to its activity is
unknown. A functional relationship between the TOR
pathway and Sirtuins cannot be excluded given that,
upon CR, the former is deactivated whereas yeast Sir2p
or SirT1—involved in the repression of rDNA copies—is
up-regulated. In fact, some studies have suggested an
activation of Sir2p activity through the up-regulation of
the nicotinamidase PNC1 (Anderson et al. 2003) upon
TOR pathway inhibition (Medvedik et al. 2007). How-
ever, yeast TOR inhibits phosphorylation of the Sir2p-
associated factor Sir3p in subtelomeric heterochromatin
via inhibition of the MAPK Mpk1p (Ai et al. 2002). Thus,
phosphorylation of Sir3p under conditions of stress seems
to be associated with decompaction and derepression of
the subtelomeric regions. This suggests that TOR activity
modulates chromatin structure: In subtelomeric regions,
TOR favors heterochromatin structures, whereas in the
nucleolus it induces euchromatinization and gene acti-
vation. Therefore, the TOR pathway and the Sirtuins
represent a direct link between CR and large-scale control
of chromatin structure.

CtBP

Another interesting factor that might be involved in CR
is CtBP, a transcription factor that interacts with the
adenovirus oncoprotein E1A (Boyd et al. 1993). The main
function of CtBP is to corepress several transcription
factors (e.g., Snail, Kruppel, Knips, and Hairless), many
of them key in developmental regulation (Chinnadurai
2007). There is a considerable body of information on
CtBP stemming from work on Drosophila, wherein this
factor is encoded by a single gene, dCtBP (Chinnadurai
2007). In contrast, the mammalian CtBP gene has di-
versified into two partially redundant genes—CtBP1 and
CtBP2—each of which encodes different isoforms. CtBP1
and CtBP2 appear to repress transcription factors via re-
cruitment of chromatin silencing enzymes (e.g., HDAC1,
HDAC2, and the H3K9 methyltransferases G9a and
EuHMT) to targeted genes (Shi et al. 2003). Interestingly,
both CtBP1 and CtBP2 can bind to either NADH or NAD+

(Kumar et al. 2002). This binding modulates dimerization
of the proteins and their subsequent binding to specific
transcription factors (Kumar et al. 2002). In vitro and in
vivo studies suggest that CtBP binds preferentially to
NADH over NAD+ (Fjeld et al. 2003). In some in vivo
studies, conditions that led to a higher NADH/NAD+

ratio, such as hypoxia, also led to increased CtBP-
repressive activity via increased binding to transcrip-
tional repressors (e.g., ZEB) (Zhang et al. 2002). However,
the amount of NADH does not always positively corre-
late with CtBP activity. In other studies, increased levels
of NADH gave rise to the opposite effect. For example,
hypoxia resulted in decreased binding in vivo between
CtBP and the transcription factor Hdm2—a CtBP-depen-
dent repressor of p53-dependent transcription—releasing
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CtBP and consequently relieving p53 inhibition (Mirnezami
et al. 2003).

Interestingly, CtBP was found recently to be indirectly
involved in the CR response through its regulation of
SirT1 levels, and this provides a mechanistic explanation
for the up-regulation of SirT1 during CR. CtBP is pre-
sent at the SirT1 promoter, where it interacts with the
transcription factor HIC1 (Zhang et al. 2007). CR con-
ditions can be mimicked by inhibiting glycolysis using
2-deoxyglucose (2-DG), resulting in decreased NADH and
hence a decreased NADH/NAD+ ratio. This inhibits
CtBP binding to HIC1, and in turn SirT1 expression is
up-regulated at the transcriptional level (WY Chen et al.
2005; Zhang et al. 2007). Whether CR conditions induce
other CtBP-dependent events is currently unknown.

Poly-(ADP-ribosyl) transferases (PARPs)

The superfamily of PARPs is evolutionarily linked to the
Sirtuins and represents the other large NAD+-dependent
group of cellular chromatin factors (Ame et al. 2004).
PARP-1 is the member best characterized, being respon-
sible for >90% of PARP activity (Kim et al. 2005). PARP-1
is also the member most clearly involved in chromatin
regulation, followed by PARP-2 and the telomeric tank-
yrases. The ADP-ribose donor in the PARP catalytic
reaction is NAD+, which is processed as in the case of
Sirtuins via breakage of the dinucleotide in nicotin-
amide and ADP-ribose. The (ADP-ribosyl)ation occurs
in glutamic and arginine residues forming a heteroge-
neous branched polymeric structure that can contain
>100 ADP-ribose molecules. The targets of PARP-1 de-
scribed to date comprise the enzyme itself, histones, and
various other nuclear proteins such as transcription
factors and chromatin structural proteins (e.g., high-
mobility group [HMG] proteins) (Kim et al. 2005).
PARP-1 is involved in numerous processes including
DNA repair, transcriptional regulation, genome instability,
and cell death (Kraus 2008). PARP-1 auto(ADP-ribosyl)ation
seems to alter its capacity to bind to factors involved
in DNA repair, transcription, and chromatin structure.
Among the different stimuli that activate PARP-1 activ-
ity is oxidative stress. Specifically, PARP-1 recognizes
DNA damaged by oxidation, alkylation, or IR and has
been implicated in multiple DNA repair pathways. More-
over, under conditions of low DNA damage, cell survival
is promoted by PARP-1 as it recruits DNA repair ma-
chinery and regulates the functions of p53, NF-kB, and
other transcription factors crucial to the stress response
(Kim et al. 2005). In contrast, massive DNA damage pro-
duces cell death through necrosis and apoptosis, mainly
through the depletion of NAD+ (Kraus 2008).

Given the functional parallels between PARPs and
Sirtuins, it is reasonable to speculate that PARPs might
have a role in the response to CR and its chromatin
signaling. This idea is supported by various findings. First,
PARPs are clearly linked to life span control and aging.
Poly-(ADP-ribosyl)ation decreases with age, and increased
PARP activity in blood mononuclear cells correlates
with life span increase in several mammals (Hiona and

Leeuwenburgh 2004). In fact, this link is supported not
only by the functions of PARPs in DNA repair, but also by
their role in protecting insulator regions and in conserv-
ing telomere length and structure (Tong et al. 2001; Yu
et al. 2004). Second, under conditions of oxidative stress,
PARP-1 promotes autophagy through activation of
AMPK, leading to down-regulation of the TOR pathway
(Huang et al. 2009). Since CR activates both AMPK
activity and autophagy, and can restore the age-depen-
dent decline in autophagy in mouse liver cells, it is
possible that part of this CR response is mediated through
PARP activity. Third, PARP-1 interacts with the histone
variant mH2A1.1, which seems to inhibit PARP-1 enzy-
matic activity (Ouararhni et al. 2006). mH2A1.1 binds to
O-acetyl-ADP-ribose (AADPR), the product of Sirtuin-
catalyzed deacetylation (Kustatscher et al. 2005); thus, it
is possible that activation of Sirtuins by CR would in-
crease AADPR levels, which in turn could modulate
PARP-1 activity. Fourth, there is evidence suggesting that
SirT1 might control PARP-1 activity under DNA damage
conditions, and this would link PARP1 to CR through
SirT1. Activation of SirT1 by the polyphenol resveratrol
reduces PARP1 activity, decreasing the levels of poly-
(ADP-ribose) in the cell. In contrast, SirT1�/� cells show
higher levels of poly-(ADP-ribose) (Kolthur-Seetharam
et al. 2006). Other studies in Drosophila have shown that
the enzyme responsible for degrading poly-(ADP-ribose)
polymers, poly-(ADP-ribose) glycohydrolase (PARG), coloc-
alizes with dSir2 at several genomic loci, and its loss
induces mislocalization of the Sirtuin (Tulin et al. 2006).
Finally, other findings, although not well understood,
indicate that PARP1 and/or PARG might also regulate
ADP-ribosylation of dSir2, which has led to the sugges-
tion that PARP and PARG might contribute to modula-
tion of dSir2 function (Tulin et al. 2006). Although likely,
a role for PARPs in the CR response has yet to be clearly
established and therefore requires extensive study.

The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)-containing complexes

Among the most surprising findings in the transcription
field in the last decade is the discovery that metabolic
enzymes previously thought to be exclusively cytoplas-
mic have nuclear functions. The best-known case is that
of the cytoplasmic enzyme GAPDH, involved in DNA
repair, telomere length control, transcriptional regula-
tion, nuclear RNA export, apoptosis, and nuclear mem-
brane fusion (Chuang et al. 2005; Sirover 2005). GAPDH
catalyzes the conversion of GAP into 1,3 bisphosphogly-
cerate in glycolysis, with concomitant reduction of NAD+

to NADH. This enzyme is present in the nucleus under
conditions such as S phase, stress, NO signaling, and
apoptosis (Sirover 2005).

Given that GAPDH and other glycolytic oxidoreduc-
tases are de facto metabolic sensors that operate via
changes in NADH/NAD+, among other mechanisms,
and that stress response and DNA containing fraudulent
nucleosides (e.g., thioguanosine, cytosine arabinoside, or
5-fluorouridine) might trigger localization of GAPDH and
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other such proteins to the nucleus (Chuang et al. 2005;
Sirover 2005), it is feasible to envision a link between CR
signaling and the role of nuclear GAPDH functions.
GAPDH composes different nuclear complexes and has
been shown to bind to DNA and RNA. However, the
mechanisms that it employs in these processes are
generally poorly understood. It is noteworthy that in
several of these complexes, GAPDH is not present in its
active homotetrameric form, suggesting that its catalytic
dehydrogenase activity might not be relevant for many of
its nuclear functions.

A good example of the nuclear functions of GAPDH is
its role in the S-phase-dependent expression of the H2B
gene. GAPDH is part of OCA-S, an S-phase-specific
coactivator of the transcription factor Oct-1, a key regu-
lator of many S-phase genes (Fletcher et al. 1987; Zheng
et al. 2003). There are three other components of the
complex that are closely linked to metabolic regulation,
indicating a strong link between OCA-S and cell metab-
olism: lactate dehydrogenase (LDH), which catalyzes the
conversion of pyruvate to lactate and oxidation of NADH
to NAD+; uracil-DNA glycosylase (UDG), involved
in DNA repair and recombination, metabolism, and
transcription; and nucleoside diphosphate kinase (NDP),
involved in nucleotide synthesis and histone H4 phos-
phorylation (Zheng et al. 2003; Shi 2004). Interestingly,
S-phase-dependent expression of the H2B gene is deter-
mined by a specific range of NADH/NAD+ values and
requires both Oct-1 and OCA-S. Increased NAD+ levels
lead to increased expression of H2B in a GAPDH-
dependent manner, whereas increased levels of NADH
have the opposite effect (Zheng et al. 2003). This finding,
together with data from in vitro competition experi-
ments, suggests that binding of GAPDH to NAD+ is
required for OCA-S functioning and H2B expression.
Additionally, GAPDH binds directly to Oct-1 and is
responsible for OCA-S binding to Oct-1.

Another interesting nuclear function of GAPDH is its
role in telomere length regulation. GAPDH binds to
ssDNA and dsDNA in vitro and associates with telomeric
regions in a cell cycle-dependent manner in vivo (Sundararaj
et al. 2004). Interestingly, in vitro analysis reveals that
binding of NAD+ to GAPDH inhibits its telomeric-
binding activity, suggesting that, contrary to the OCA-S
case, a decrease in NADH/NAD+ (e.g., under CR) might
alter GAPDH localization at the telomere. The impor-
tance of GAPDH to telomere integrity is demonstrated by
the finding that treatment of cells with the sphingolipid
ceramide leads to shortening of telomeres through in-
hibition of nuclear GAPDH localization, among other
effects (Sundararaj et al. 2004). The implications of these
findings are completely unknown and should require the
characterization of the mechanism of GAPDH at the
telomere, and any possible link to changes in the meta-
bolic status of the cell, such as CR conditions.

In addition to GAPDH and LDH, glycolytic enzymes
such as hexokinase (HK) and enolase 1 (ENO1) have also
been found in the nucleus, where they have been associ-
ated with transcription regulation in yeast (HK), plants
(ENO1), and mammals (ENO1) (Kim and Dang 2005).

Given the close relationship between CR and glycolysis
inhibition, studies are required to determine if these
alternative nuclear functions are somehow linked.

Gaining perspectives

Understanding the mechanisms that dictate cellular re-
sponses to CR might help elucidate the path to controlling
longevity in mammals. As we discussed in this review, the
response to these compromised conditions implies a more
efficient use of the available energy and a protective effect
on genomic stability. Although its active role in the CR
response has been generally underappreciated, chromatin
is actually at the front line since it is a key response
mediator of this signaling and the main objective of the
protective role of most of the triggered measures. Chro-
matin factors are the targets of signaling cascades that
modulate their ability to elicit the requisite changes in
chromatin that give rise to the global response to CR. A
full understanding of CR and its effect will require a com-
plete characterization of the role of chromatin in these
processes. Although our knowledge about the mecha-
nisms and the factors underlying this signaling is rela-
tively limited at present, this will likely change through
extensive efforts in the future. What we already know
suggests that, as in the case of Sirtuins, these mechanisms
and associated factors might provide the key to improve
life for human beings in the not too distant future.
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