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Abstract

Sirtl is the most evolutionarily conserved mammalian sirtuin. It plays a vital role in the regulation
of metabolism, stress responses, genome stability, and ultimately aging. Although much attention
has focused on the identification of the cellular targets and functional networks controlled by
Sirtl, the mechanisms that regulate Sirt1 activity by biological stimuli have only recently begun to
emerge. As an enzyme, the activity of Sirtl can be controlled by the availability of its substrates,
post-translational modifications, interactions with other proteins, or changes in its expression
levels. In this review, we briefly review the ways and means by which the activity of Sirtl is fine-
tuned under different conditions.
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Sirtl at the forefront of sirtuin research

Since the discovery of the first silent mating-type information regulation 2 (Sir2), or sirtuin,
in yeast a mere quarter century ago, there has been a stampede of research to elucidate the
biological functions of the entire sirtuin family. Sirtl is the most evolutionarily conserved
sirtuin among the seven mammalian homologs, and it has been shown to play crucial roles
in mammalian health and disease and is often associated with the most complex
physiological processes, including metabolism, cancer, and aging. The wide- and far-
reaching effects of Sirtl are a natural consequence of its capacity to regulate the activity of
key cellular players through its enzymatic activity. Therefore, not surprisingly, the activity
of Sirtl itself can be adjusted in response to biological stimuli. Here, we briefly review the
ways and means by which the activity of Sirtl is fine-tuned. We first summarize the
mechanisms that regulate Sirtl activity without altering its expression and then describe the
mechanisms that affect Sirtl activity by altering its expression.

Corresponding author: Li, X. (lix3@niehs.nih.gov).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Revollo and Li

Page 2

Regulation of Sirtl activity without altering its expression levels

Regulation through NAD*

Like all enzymes, the catalytic activity of Sirtl is dependent on its substrates: acetylated
proteins and NAD*. The Sirtl enzymatic reaction catalyzes the deacetylation of protein
targets by hydrolyzing NAD* and transferring the lysine-bound acetyl group to the 2/-OH
position of ADP-ribose, thereby generating a protein with a deacetylated lysine residue, 2’-
O-Acetyl-ADPR, and nicotinamide (Figure 1) [1, 2]. Although NAD™* has countless
functions, it is best known for its role in redox reactions, where it readily accepts electrons
to generate NADH, which then gives off electrons to re-form NAD* [reviewed in [3]].
Because of this unique property, NAD* is extensively used in energy harvesting reactions
inside cells, most notably the electron transport chain. As a result, the cellular energy status
and the levels of NAD* are inherently coupled.

The discovery that Sirtl exclusively utilizes NAD* as a co-substrate raised the possibility
that its activity is also intrinsically linked to the energy status of the cell. In this scenario, a
low-energy status would increase Sirtl activity by increasing the levels of NAD*, whereas a
high-energy status would decrease Sirt1 activity by decreasing the levels of NAD* [2]. An
ample body of research has largely found this to be the case. For instance, increased NAD*
levels and Sirt1 activity have been observed during low-energy conditions, such as fasting,
caloric restriction, and exercise, in a variety of mammalian tissues [4—10]. By contrast,
energy-rich, high- fat diet feeding has been found to reduce the NAD™ levels, thereby
decreasing the activity of Sirtl [11-14].

In addition to fluctuations in NAD* availability in response to the energy status, changes in
the biosynthesis of NAD* can also alter NAD* levels and Sirt1 activity. Mammalian cells
have the capacity to synthesize NAD™ from tryptophan (de novo pathway), nicotinic acid
(Preiss-Halder pathway), or nicotinamide (salvage pathway), the latter representing the main
source of cellular NAD™ [reviewed in [15]]. Not surprisingly, enzymes and intermediate
compounds involved in the NAD™ biosynthesis have been shown to alter Sirtl activity in an
NAD*-dependent manner. For instance, increasing the activity of the enzyme nicotinamide
phosphoribosyltransferase (Nampt), which performs the rate-limiting step in the salvage
pathway, concomitantly enhances the levels of NAD™ and activity of Sirt1 [reviewed in
[16]]; conversely, decreasing the activity of Nampt reduces NAD™ levels and Sirt1 activity
[reviewed in [16]]. Likewise, the treatment of cells or animals with nicotinamide
mononucleotide, the product of Nampt and an NAD™ precursor, elevates NAD* levels and
Sirtl activity [reviewed in [16]].

Modifying the rate at which NAD* is synthesized can influence the activity of Sirt1, but so
can modifying the rate at which NAD™ is destroyed. Poly ADP-ribose polymerases, or
PARPs, are enzymes that create polymers of ADP-ribose at the expense of NAD™* [reviewed
in [17]]. When active, these enzymes exhibit an astonishing appetite for NAD* and can
rapidly reduce or even deplete it in the cell [reviewed in [18]]. Not surprisingly, ablating
Parpl or Parp2, two of the most ubiquitous PARPs, elevates NAD™ levels and promotes the
activity of Sirtl [19, 20]. In addition, through its powerful NAD-hydrolyzing activity, the
multifunctional enzyme cluster of differentiation 38 (CD38) can also influence cellular NAD
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levels and module the activity of Sirtl [21]. Taken together, the levels of NAD™, an essential
substrate for Sirtl, have a profound effect on the regulation of Sirt1.

Post-translational modifications

Post-translational modifications (PTMs) are known to impact the activity of a multitude of
enzymes, and Sirtl is no exception. Here, we describe several of them and their influence on
Sirtl activity and function (Figure 2).

Regulation through phosphorylation(s)—Protein phosphorylation is one the most
common biological approaches of protein regulation. It involves the covalent addition of a
phosphate group by kinases to serine, threonine, tyrosine, or in rare cases, histidine residues.
Early mass spectrometry experiments detected at least 13 serine/threonine phosphorylation
sites in the N- and C-terminal domains of Sirtl, and it is likely that many more exist [22].
Studies on the impact of these modifications have only recently begun, but the initial results
have already yielded valuable information about how they influence Sirtl activity and
function. JUN N-terminal kinase 1 (JNK1), for instance, is capable of phosphorylating Sirtl
at Ser 27 and 47, and Thr 530, particularly under stressful cellular conditions. Intriguingly,
these phosphorylations appear to increase the deacetylase activity of Sirt1 towards one of its
substrates, histone H3, but have no effect towards another substrate, p53. This suggests that
some or all of these PTMs can alter the activity of Sirtl in a substrate-specific manner [23].
Physiologically, the INK1-Sirt1 signaling pathway has recently been found to protect the
heart from oxidative stress [24].

In addition to JNK1, other kinases can also alter the activity of Sirtl with important
biological effects. Two pro-survival dual specificity tyrosine phosphorylation-regulated
kinases (DYRKSs), DYRK1A and DYRK3, have been shown to phosphorylate murine Sirtl
Thr 522 (homologous to human Thr 530) in response to genotoxic stress [25, 26]. This PTM
substantially enhances Sirtl deacetylase activity towards acetylated p53 independently of
NAD*, and protects cells from genotoxic stress-induced apoptosis [25]. Intriguingly, this
phosphorylation is transient; it peaks within one hour and lasts less than two hours after the
initial genotoxic or heat stress. Therefore, it appears that the primary biological role of this
PTM is to delay apoptosis, providing cells extra time to repair before committing to suicide.

Casein kinase Il (CK2) phosphorylates Ser 154, 649, 651, and 683 of murine Sirt1, and Ser
659 and 661 of human Sirtl [27-29]. These PTMs increase the substrate affinity and
therefore activity of Sirtl towards acetylated p53 and p65 (a main component of the pro-
inflammatory Nuclear Factor Kappa B (NFxB) complex)[28]. Like Sirt1 phosphorylation at
Thr 522, these PTMs increase cellular survival after genotoxic treatment [27, 28].

Additionally, the cyclin B/cyclin-dependent kinase 1 (CDK1) complex also phosphorylates
Sirtl Thr 530 and Ser 540 [22]. However, although it is still unclear how these PTMs
influence the activity of Sirtl, mutating these residues disrupts cell cycle progression and
slows cellular proliferation, indicating that at least some of the downstream targets of Sirtl
are affected [22, 30].
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Finally, a serine residue located at the highly conserved core domain of Sirtl, Ser 434, has
recently been shown to be a phosphorylation target of the cyclic AMP/Protein kinase A
(cAMP/PKA)-signaling pathway [31]. This PTM rapidly enhances the intrinsic deacetylase
activity of Sirtl independently of cellular NAD* levels, stimulating fatty acid oxidation and
energy expenditure in response to several stimuli.

Regulation through methylation—Methylation of lysine or arginine is another PTM
that can influence the biological activities of proteins. Sirtl is methylated at Lys 233, 235,
236, and 238 by the lysine methyltransferase SET domain containing 7 (Setd7 or Set7/9),
but the roles of these PTMs are still unclear. In vitro, these PTMs do not alter Sirtl
deacetylase activity per se, but the interaction of Sirtl and Set7/9 is able to prevent Sirtl
from binding to p53. This raises the possibility that Sirtl methylation promotes the Sirt1-
Set7/9 interaction, thereby reducing the Sirt1-p53 interaction. Thus, methylation could
modify Sirtl activity by changing the affinity of Sirtl towards its protein substrates [30].

Regulation through SUMOylation—SUMOylation is the reversible covalent addition
of the relatively small (~12 kDa) Small Ubiquitin like-Modifier (SUMO) protein to lysine
residues. Human Sirtl is SUMOylated at Lys 734, and Lys 734 point mutants exhibit
severely reduced deacetylase activity towards p53, suggesting that SUMOylation potentiates
the activity of Sirtl. The deSUMOylating enzyme sentrin-specific protease (SENP) is
capable of interacting with SUMOylated Sirt1l and removing this PTM. Consistently,
knocking down SENP increases the SUMOylation levels of Sirtl and cellular resistance to
stress-induced apoptosis, a trait often associated with increased Sirtl activity [32]. However,
the lysine 734-sumoylation site is not conserved in mouse Sirtl, raising the possibility that
Sirtl activity is differentially regulated in different species.

Regulation through nitrosylation—Nitrosylation is yet another PTM that affects the
activity of Sirtl [33]. It involves the covalent incorporation of a nitric oxide moiety into
thiol groups [reviewed in [34]]. S-nitrosylated glyceraldehyde-3-phosphate dehydrogenase
(SNO-GAPDH) appears to be responsible for the nitrosylation of Sirtl at Cys 387 and 390.
These residues are localized in the catalytic core of Sirtl, therefore, it is not surprising that
their nitrosylation reduces the deacetylase activity of Sirtl, at least in relation to peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), a widely reported
protein substrate of Sirt1 [33].

Regulation through protein-protein interactions—Several transient protein-protein
interactions also play key roles in the regulation of Sirtl (Figure 3). For instance, interaction
with active regulator of Sirtl (AROS) enhances the activity Sirtl towards acetylated p53.
AROS appears to bind to the N terminus of Sirt1, but little is known about how this
interaction increases the Sirtl activity [35].

In contrast to AROS, deleted in breast cancer 1 (DBCL1) is a negative regulator of Sirtl [36].
The discovery of the ‘essential for Sirt1 activity’ (ESA) domain within Sirtl protein has
been crucial to understanding how DBC1 impairs the activity of Sirtl. The ESA domain isa
25 amino acid region in the C terminus o f Sirtl that intramolecularly interacts with the Sirtl
deacetylase core to activate its enzymatic activity. DBC1 also interacts with the Sirtl
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deacetylase core, potentially displacing ESA, decreasing the accessibility of the core domain
to protein substrates, and thereby inactivating Sirtl [37]. Interestingly, cellular stress results
in phosphorylation of DBCL1 at Thr 454, which appears to create a second binding site for
Sirtl to augment the DBC1-Sirtl interaction [38]. In cells, expression of DBC1 results in a
marked inhibition of the Sirtl deacetylase activity, as judged by the acetylation levels of
three of its substrates: p53, forkhead box O1 (FOXO01), and FOXO3. Consistently, knocking
down DBC1 increases the ability of cells to tolerate genotoxic stress in a Sirt1-dependent
manner [36, 38, 39]. Furthermore, deletion of DBC1 in mice leads to increased Sirtl activity
in several tissues, protecting animals from high-fat diet-induced liver steatosis and
inflammation [39].

In addition to endogenous cellular factors, foreign proteins can also control the activity of
Sirtl. Similar to DBC1, the Tat protein encoded by the human immunodeficiency virus
(HIV) binds the Sirt1 catalytic core and impairs its ability to deacetylate p65 [40, 41].
Unlike the interaction between Sirtl and DBC1, however, the Tat-Sirtl binding did not
decrease the ability of Sirtl to interact with acetyl-p65, suggesting that allosteric changes
rather than substrate access are responsible for the decrease in Sirt1 activity [41].

Regulation by small chemicals—L.ike the vast majority of enzymes, the activity of
Sirtl can also be modified by small chemicals [reviewed in [42, 43]]. Sirtl activity is
associated with decreased apoptosis, a feat likely accomplished by the deacetylation and
inactivation of p53, therefore Sirtl inhibitors could be useful for the treatment of cancers
[reviewed in [42]]. Increased Sirtl activity, conversely, has been implicated in the
prevention and treatment of metabolic disorders as well as several aging-associated diseases
[reviewed in [44]]. Therefore, Sirtl activators are promising compounds for the treatment of
a wide variety of conditions, most notably the metabolic syndrome [reviewed in [43]].

The most prominent among Sirtl-activating compounds is the polyphenol resveratrol, a
small chemical that was initially proposed as a broad activator of sirtuins nearly a decade
ago. But although resveratrol can promote the activity of Sirtl, it is still inconclusive and
hotly debated whether its effects are direct or indirect [reviewed in [45, 46]]. Resveratrol
also targets many other enzymes and can act as a powerful antioxidant on its own, making
its effects difficult to interpret [reviewed in [47]]. Therefore, it is evident that the
resveratrol-Sirtl relationship is more complex than initially proposed and that more research
is needed to fully elucidate the mechanism(s) by which resveratrol stimulates Sirtl activity.
Several potential Sirtl-activating artificial compounds have also been developed [reviewed
in [43]]. Like resveratrol, however, there is much debate as to whether they act directly on
Sirtl or mediate their biological effects through other means [reviewed in [46]].

Unlike the muddy field of Sirt1 activators, there is more clarity with regards to Sirtl
inhibitors. Among them, sirtinol was the first compound reported to inhibit the activity of
sirtuins [48]. Its mechanism of action is still unclear, but sirtinol can bind directly to Sirtl
and inhibit its enzymatic activity Sirtl with an 1C50 of about 40 pM [49]. More recently,
however, many sirtinol-related inhibitors with far greater potency have been developed [50].
Splitomicin and its derivatives constitute yet another family of sirtuin inhibitors [51, 52]. In
contrast to sirtinol, splitomicin is a poor Sirtl inhibitor [40, 53], but derivative compounds
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that have much greater inhibitory potency have since been synthesized [54]. One such
inhibitor is HR73, which exhibits an IC50 towards Sirtl that is lower than 5 uM [40]. Other
compounds capable of inhibiting Sirt1 have also been developed in the past few years and
include: EX-527 (1C50 ~38 nM towards Sirt1) [49], tenovins (IC50 ~20 uM for tenovin-6
towards Sirtl) [55], and suramin (IC50 ~0.3 uM towards Sirtl) [56]. Nicotinamide, another
commonly used sirtuin inhibitor, is a natural precursor of NAD™ and the by-product of the
Sirtl enzymatic reaction. However, with an IC50 of about 85 pM towards Sirt1, and a
concentration of less than 1 uM in mammalian serum, nicotinamide is unlikely to actually
impair Sirtl function in vivo [49, 57-59]. Nonetheless, it is possible that the concentration of
nicotinamide could be far greater in the immediate vicinity of Sirtl and, if so, it could at
least partially inhibit Sirtl and generate a negative feedback loop, a common regulatory
feature of enzymes. It should be noted that many of these Sirt1 inhibitors not only inhibit
other sirtuins but also several unrelated enzymes, making it difficult to sort out their Sirt1-
specific effects.

As discussed above, the levels of NAD, a substrate of Sirtl, post-translational modifications
of Sirtl, protein-protein interaction with Sirt1, and small chemicals have been found to
modulate Sirtl activity independently of Sirtl transcriptional changes. The overall activity
level of Sirt1, however, is also subject to its own expression levels. Next, we discuss
mechanisms that alter Sirtl expression levels.

Modulation of Sirtl activity by altering its expression levels

Regulation by transcription factors

Sirtl activity is not only controlled by the accessibility of its substrates but also by its
expression levels (Figure 4). Interestingly, a synergistic system seems to have evolved,
whereby the levels of factors that impact the activity of Sirt1 coordinately shift with Sirtl
expression levels. For instance, low-energy conditions that favor increased Sirtl activity
through higher levels of NAD™* also tend to increase Sirtl expression [4, 6, 60, 61]. As a
result, it is often impossible to determine the exact contribution of Sirt1 expression towards
its in vivo activity levels. Nonetheless, here we explore several factors and conditions can
influence the expression levels and activity of Sirtl.

A long and growing list of transcription factors can mediate changes in the expression of
Sirtl (Figure 4). In response to fasting, for instance, cyclic AMP response-element-binding
protein (CREB), a transcription factor whose activation is mediated by protein kinase A
(PKA) in response to low nutrient availability, induces the expression of Sirt1 [60, 62].
Conversely, the carbohydrate response-element-binding protein (ChREBP) responds to re-
feeding and represses Sirtl [60]. Unlike CREB, which acts through several CREB-binding
sites distributed throughout the Srt1 gene, ChREBP works through a single ChREBP-
response element located in the Srt1 promoter [60].

Members of the FOXO family of transcription factors also regulate the expression of Sirt1.
FOXOL1 induces Sirtl expression by binding to FOXO1-response elements in the Sirtl
promoter [63, 64]. Interestingly, Sirtl can also deacetylate FOXOL1 and increase its
transcriptional activity, suggesting a positive feedback loop between Sirtl and FOXO1 [64].
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FOXO3A, by contrast, translocates into the nucleus under low-energy conditions, where it
interacts with p53 at p53 response-elements in the Sirtl promoter to activate Sirtl [63].
FOXO3A is also a target of the Sirtl deacetylase activity, but unlike FOXO1, Sirtl can
either activate or inhibit the transcriptional activity of FOXO3A, depending on
environmental stimuli [65, 66].

Peroxisome proliferator-activated receptors (PPARS) are nuclear receptors that function as
transcription factors and are also able to regulate the expression levels of Sirtl. PPARa can
increase Sirtl expression levels during a 24-hour fast in mice, presumably through a PPAR-
responsive element (PPRE) present in the Sirtl promoter [6]. Unlike FOXOs, there is no
evidence that PPARa is a deacetylation target of Sirt1, but Sirtl can enhance the activity of
PPARa through its co-activators, suggesting a positive feedback loop [67]. PPARp/c is yet
another transcription factor capable of increasing the expression of Sirtl [68]. Its actions
seem to be mediated by Sp1, another positive regulator of Sirtl expression [68]. PPARY, by
contrast, represses the Sirtl gene, presumably by directly interacting with the Sirtl promoter
[69]. In addition, because PPARY is a deacetylation target of Sirt1, its negative effects on
Srtl suggest the existence of a negative PPARy-Sirtl feedback loop [69].

Finally, the hypermethylated in cancer protein 1 (HIC1) can negatively regulate the
expression of Srtl [70]. The repression exerted by HIC1 is dependent on CtBP (carboxyl-
terminal-binding protein), an NAD*/NADH redox sensor, consistent with low Sirt1
expression observed during abundant energy conditions [71]. Interestingly, like PPARY,
Sirtl is able to interact with and deacetylate HIC1, thereby reducing its inhibitory actions
and suggesting the existence of yet another negative feedback loop [72].

Regulation by RNA stability

The abundance of Sirtl is not only controlled at the transcriptional level, but also by post-
transcriptional events, such as RNA stability. In this regard, the Hu antigen R (HuUR) plays a
major role in stabilizing the Sirtl mRNA transcript (Figure 5). In the presence of HuR, Sirtl
MRNA exhibits a half-life more than 8 hours, but in its absence, the Sirtl mRNA half-life
declines to only about 1 hour; such a decline inevitably leads to lower Sirtl expression and
activity [73]. HuR stabilizes the Srt1 mRNA transcript by binding with high affinity to three
HuR RNA-recognition motifs located at the 3’-untranslated region of the Srt1 mRNA [73].
This stabilizing interaction, however, is regulated by certain physiological conditions.
During oxidative stress, for instance, the checkpoint kinase 2 (Chk2) phosphorylates HuR at
multiple residues and promotes its dissociation from the Srt1 mRNA, leading to a reduction
in the expression levels and activity of Sirtl [73].

Regulation by miRNA

Sirtl expression and its activity are also under the influence of several microRNAs
(miRNAS) (Figure 5). These short RNA molecules (~22 nucleotides) bind target mMRNAs
and are capable of suppressing their translation or reducing their stability. Several miRNAs
target Sirtl mRNA and subsequently decrease its expression levels [reviewed in [74]].
miR-34a was the first miRNA that was shown to regulate Sirt1, therefore it is the most
studied. Not surprisingly, miR-34a has been found to have wide-ranging effects in cells,
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tissues, and organs. For instance, it has been implicated in apoptosis and several cancers
[reviewed in [74]]. The effects of miR-34a on many cancers are not unexpected, considering
that Sirt1 controls the activity of p53 through deacetylation [reviewed in [75]]. Similarly,
miR-34a also affects the cardiovascular system by influencing angiogenesis and cellular
senescence in a Sirtl-dependent manner [76, 77]. Finally, miR-34a has also been linked to
metabolism. In the livers of obese (ob/ob) mice or wild-type fed a high-fat diet, the
expression of miR-34a expression increases, while that of Sirtl decreases, suggesting that
miR-34a might control the expression of Sirtl during these conditions [78]. The farnesoid X
receptor (FXR), a major regulator of bile acid metabolism, also appears to influence the
expression of Sirtl through miR-34a [78].

Aside from miR-34a, many other miRNAs have also been found to target Sirtl. In
cardiomyocytes, for instance, miR-195 is induced by the fatty acid palmitate to inhibit Sirt1,
and miR-199a represses both Sirt1 and hypoxia-inducible factor (HIF)-1alpha under hypoxic
conditions. Both of these miRNAs can promote apoptosis in a Sirt1-dependent manner [79,
80]. Yet another miRNA, miR-9, targets Sirtl in pancreatic beta cells; Sirtl is a regulator of
insulin secretion, therefore miR-9 has the potential to play a major role in glucose
metabolism [81, 82]. Finally, miR-132 appears to regulate Sirtl in adipose tissue and,
therefore, might play a role in the metabolic syndrome by influencing secretion of pro-
inflammatory chemokines in a Sirt1-dependent manner [83].

Regulation through ubiquitylation

Ubiquitin is an 8.5-kDa protein present in all eukaryotic cells. Although it has many
functions, ubiquitin is mainly associated with protein degradation through its covalent
attachment to proteins as a PTM called ubiquitylation. Once a protein is mono-ubiquitylated,
multiple other ubiquitins are often subsequently added to create a sizeable poly-ubiquitin
chain. Ultimately, proteins that are ubiquitylated in this manner are rapidly degraded by the
proteasome. Thus, ubiquitylation can be thought of as a cellular tag that signals when to
degrade specific proteins.

Like many proteins, the expression of Sirtl can be controlled by ubiquitylation. Upon
phosphorylation at Ser 47 by JNKZ1, Sirtl is rapidly ubiquitylated and degraded.
Interestingly, this phosphorylation increases the activity of Sirtl in the short-term, but, by
promoting the ubiquitylation and subsequent degradation of Sirtl, decreases the expression
of Sirtl in the long-term [84]. Consistently, in an animal model of obesity, which leads to
the persistent activation of INK1, the expression of Sirtl is reduced [24]. Ubiquitylation,
therefore, provides yet another viable avenue to regulate Sirt1.

As discussed above, the expression of Sirtl expression is dependent on transcription factors
like CREB, ChREBP, FOXO1, FOXO03, several PPARs, and HIC1. In addition, Sirtl
expression can also be modulated by several miRNAs that affect the stability of its MRNA,
and by ubiquitylation, which shortens the half-life of the Sirt1 protein.
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Concluding remarks

As one of the most conserved mammalian sirtuins, Sirtl plays essential roles in many
biological processes. Nature has evolved a variety of strategies to tightly modulate the
activity of Sirtl in response to different stimuli. First, as an enzyme, the activity of Sirtl can
be directly regulated by substrate availability, PTMs, interacting protein partners, or small
molecule activators or re pressors. A second approach involves the alteration of Sirtl
expression levels through transcription factors, RNA binding proteins, miRNAs, or the
ubiquitin-proteasome system. Interestingly, both of these approaches seem to act in concert
to bring about the desired level of Sirtl activity. It is clear that Sirtl is temporally and
spatially regulated in response to various environmental cues, and that the dysregulation of
this master regulator can lead to a multiple pathological conditions.
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Figure 1. The enzymatic reaction catalyzed by Sirtl
Sirtl catalyzes the deacetylation of several proteins by consuming nicotinamide adenine

dinucleotide (NAD+), generating nicotinamide (NAM) and 2/-O-Acetyl-ADP-Ribose. NAM
is recycled back into NAD+ by the enzymes nicotinamide phosphorybosyltransferase
(NAMPT), nicotinamide mononucleotide adenylyltransferase (NMNAT), and the
nicotinamide mononucleotide (NMN) intermediate.
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Figure 2. Sirtl post-translational modifications and their effects
(a) The human protein Sirtl contains several domains, including NLSs (nuclear localization

signals), NESs (nuclear export signals), the ESA (essential for Sirtl activity), and an
enzymatic core (indicated in light blue) from residues 244 through 498. Residue numbers for
each domain are shown in parentheses beneath each domain name. In addition, Sirt1 is also
subject to a variety of post-translational modifications, including phosphorylation (P),
methylation (M), nitrosylation (N), and SUMOQylation (S). (b) Phosphorylation and
SUMOylation (above, right), can increase the deacetylase activity of Sirtl towards p53,
whereas methylation and nitrosylation (below, right) decrease this activity.
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Figure 3. Protein interactions alter Sirtl activity
Sirtl association with AROS (Active Regulator of Sirtl) increases the deacetylase activity

of Sirtl towards acetylated p53, whereas Sirtl binding to DBC1 (Deleted in Breast Cancer
1) leads to decreased Sirt1 activity.

Trends Biochem Sci. Author manuscript; available in PMC 2014 July 17.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Revollo and Li

—
VAVAANAVANA

Promoter Sirt1 Gene

Transcription and translation

S\ t7
/ Sirt1 \
Basal expression

Fasting or low
energy state

|

Transcriptional
Inducers
* CREB
* FOX01, FOX03A
* PPARa, PPARB/o

|—)
VAW

Promoter Sirt1 Gene

Transcription and translation

Increased expression

Sirt1

Figure 4. Transcriptional regulation Sirtl
In a low energy state, several transcription factors, like CREB (cyclic AMP response-

element-binding protein), FOXO1 (forkhead box O1), FOXO3A, PPARa (Peroxisome
proliferator-activated receptors alpha), and PPARp/a, can increase and the expression of
Sirt1; in a high energy state, ChREBP (carbohydrate response-element-binding protein),
PPARY, and HIC1 (hypermethylated in cancer protein 1) can repress Sirtl expression.
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Figure 5. Factors that alter Sirtl mRNA stability can alter the levels of Sirtl
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HuR interacts with the 3’-untranslated region of the Sirtl mRNA, thereby increasing its
stability and Sirt1 protein levels; miRNAs such miR-34a, -195, -9, and -132, target
SirtimRNA and leads to its degradation, which results in decreased levels of Sirtl

expression.
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