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Regulation of SIRT1 by MicroRNAs
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Sirtuin 1 (SIRT1) is an NAD*-dependent deacetylase that
connects cellular energy levels to homeostatic responses
by deacetylating and modulating the activities of many
transcriptional regulators. Discovered as a longevity pro-
tein in yeast, the mammalian SIRT1 has been intensively
studied because of its great potential as a therapeutic tar-
get to benefit human health by preventing and improving
many age-related diseases. There has been, therefore,
substantial interest in developing agents that upregulate
SIRT1 expression and activity. SIRT1 is regulated at mul-
tiple levels, including post-transcriptionally by microRNAs
(miRs), powerful regulators of diverse biological pathways.
Here we discuss how expression and activity of SIRT1 and
other sirtuins are inhibited by miRs and further discuss the
therapeutic potential of targeting miRs for age-related dis-
eases that involve SIRT1 dysfunction, focusing on obesity-
related diseases.

INTRODUCTION

Sirtuin 1 (SIRT1) is a highly conserved NAD*-dependent pro-
tein deacetylase that increases life-span in lower organisms
and protects against age-related diseases in mammals (Finkel
et al., 2009; Guarente, 2006; 2011; Haigis and Sinclair, 2010;
Houtkooper et al., 2012; Imai et al., 2000). SIRT1 senses cellu-
lar energy levels through the level of NAD" and conveys the
information into transcriptional outputs to maintain homeostasis.
In response to energy-deprived conditions like fasting, exercise,
and calorie restriction, SIRT1 deacetylates and modulates ac-
tivities of many transcriptional regulators, including PGC-1a,
SREBP-1, FXR, FOXOs, NF-xB, and PPARy (Kemper et al.,
2009; 2013; Kitamura et al., 2005; Ponugoti et al., 2010; Rodg-
ers et al., 2005; Qiang et al., 2012; Walker et al., 2010; Yoshi-
zaki et al., 2009), which results in beneficial metabolic out-
comes. Expression and activity of SIRT1 are dynamically regu-
lated in response to different energy/nutrient status under phy-
siological conditions, but they are constitutively depressed in
obesity and the aged (Canto et al., 2012; Choi et al., 2013;
Houtkooper et al., 2012; Lee et al., 2010). In this regard, under-
standing of how SIRT1 levels and activities are regulated is
important for the development of therapeutic agents for treating
age-related diseases involving SIRT1 dysfunction, such as obe-

sity, diabetes, cardiovascular diseases, and neurodegenerative
disease.

MicroRNAs (miRs) are small (19-23 nt) non-coding RNAs
that act as powerful cellular regulatory molecules (Hobert, 2008;
Neilson and Sharp, 2008). MiRs have been intensively studied
because of their crucial functions in diverse biological pathways,
including development, differentiation, cell proliferation, and
metabolism (Baroukh et al., 2007; Esau et al., 2006; Lee at al.,
2010; Lovis et al., 2008; Najafi-Shoushtari et al., 2010; Rayner
et al.,, 2010). miRs are transcribed as precursor, often polyci-
stronic, RNAs from intragenic and intergenic positions, and
mature miRs are generated by a series of enzymatic process-
sing steps in the nucleus and cytoplasm (Hobert, 2008; Neilson
and Sharp., 2008; Yang and Lai., 2011). Mature miRs bind to
the 3' untranslated regions (UTRs) of target mRNAs and inhibit
protein translation and/or mRNA stability (Lewis et al., 2003).
Emerging evidence indicates that miRs suppress expression
and/or deacetylase activity of SIRT1 by directly targeting SIRT1
and NAMPT, a key NAD" biosynthetic enzyme (Choi et al.,
2013; Lee et al., 2010; Yamakuchi et al., 2008; Zhang et al.,
2013). Remarkably, miRs are aberrantly expressed in metabol-
ic disease, cancer, and other human diseases (Lee and Kem-
per, 2010; Rottiers et al., 2011; Zhang et al., 2013), revealing
the potential of such miRs as therapeutic targets for treating
these diseases associated with SIRT1 dysfunction.

In this review, we will discuss how the key metabolic regula-
tor SIRT1 and other sirutin family proteins are post-transcriptio-
nally regulated by miRs. We will focus on miR-34a, which is
highly elevated in obesity and inhibits SIRT1 expression and
also the deacetylase activity of SIRT1 and possibly other sir-
tuins by reducing cellular NAD" levels (Choi et al., 2013; Lee
and Kemper., 2010; Lee et al., 2010; Zhang et al., 2013). We
will also discuss the potential and advantages of downregulat-
ing sirtuin-inhibiting miRs for treating human disease, focusing
on obesity-related metabolic diseases.

REGULATION OF SIRT1 EXPRESSION BY MIRS

miR-34a regulation of SIRT1 expression

Expression of SIRT1 is controlled at multiple levels by transcrip-
tional, post-transcriptional, and post-translational mechanisms
under physiological and pathological conditions. In response to
fluctuating nutrient/energy levels during fasting/feeding cycles
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Table 1. miRNAs that target SIRT1

MicroRNA Tissue Function (Reference)
Liver, Lipid metabolism, promote fatty liver (Lee et al., 2010)
Pancreas Insulin seceretion, beta cell apoptosis (Lovis et al., 2008)
miR-34a Adipose Adipocyte differentiation (Ortega et al., 2010)
Brain Neurodegenerative age-associated disease (Zovailis et al., 2011)
Vascular endothelial cell Endothelial cell senescence (lto et al., 2010)
miR-181a Liver Hepatic insulin signaling, Glucose homeostasis (Zhou et al., 2012)
miR-9 Insulin secretion (Ramachandran et al., 2011)
. Pancreas . )
miR-146 Beta cell apoptosis (Lovis et al., 2008)
miR-143 Adipocyte differentiation, triglyceride accumulation
miR-132 Adipose tissue (Pramanik et al., 2011; Xie et al., 2009)
Induction of inflammatory cytokine (Strum et al., 2009)
miR-34c Brain Memory impairment (Khanna et al., 2011; Zovoilis et al., 2011)
miR-217 Vascular endothelial cell Endothelial cell senescence (Menghini et al., 2009)

under physiological conditions, expression of SIRT1 is dynami-
cally controlled to maintain energy homeostasis and metabolic
adaptation (Finkel et al., 2009; Guarente, 2006; 2011; Haigis
and Sinclair, 2010; Houtkooper et al., 2012; Imai et al., 2000).
In contrast, SIRT1 expression levels are constitutively depress-
sed in pathological conditions like obesity and diabetes and in
aged animals (Guarente, 2011; Lee et al., 2010; Rodgers and
Puigserver, 2007; Yamamoto et al., 2007).

Emerging evidence indicates that miRs are important regula-
tors of SIRT1 expression (Ito et al., 2010; Lee et al., 2010; Lovis
et al., 2008; Ortega et al., 2010; Zovoilis et al., 2011). miRs that
directly target SIRT1 are summarized in Table 1. Our group
and others showed that miR-34a directly binds to the &
untranslated region (UTR) of SIRT1 mRNA and reduces its
expression (Lee et al., 2010; Yamakuchi et al., 2008). We further
showed that hepatic miR-34a levels are highly elevated in high
fat diet-induced obese mice and leptin-deficient genetic obese
mice (Lee et al., 2010). Interestingly, miR-34a was the miR
most highly aberrantly elevated in metabolic disease-prone
mice lacking the nuclear receptor FXR (Lee et al., 2010). Con-
sistent with our initial findings, miR-34a was indeed identified as
the most highly elevated hepatic miR in both dietary and gene-
tic obese mice based on miR microarray analysis (Trajk-ovski
et al, 2011). Remarkably, hepatic miR-34a levels are also
dramatically elevated in obesity-induced liver steatosis patients
(Cheung et al., 2008).

Our group recently showed that downregulation of miR-34a
by in vivo treatment with a miR-34a antisense oligonucleotide
restored SIRT1 levels in fatty livers of diet-induced obese mice,
resulting in beneficial transcriptional and metabolic responses,
including decreased liver fat and increased glucose tolerance
and insulin sensitivity (Choi et al., 2013; Fu et al., 2012). In line
with the role of miR-34a in the inhibition of SIRT1 in age-related
metabolic diseases, recent studies have shown that expression
of miR-34a is increased during aging in rat liver (Li et al., 2011),
miR-34 levels are increased with aging in drosophila and in-
creased neurodegenerative disorders (Liu et al., 2012), and
that miR-34a levels are also elavated in aged heart and down-
regulation of miR-34a reduced age-related cardiomyocyte cell
death (Boon et al., 2013).

Regulation of SIRT1 expression by other miRs
SIRT1 is also inhibited by other miRs in peripheral metabolic
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tissues and brain (Table 1). miR-181a inhibits expression of
SIRT1 by directly binding to the 3’ UTR of SIRT1 mRNA and
miR-181a levels are highly elevated in insulin-resistant hepato-
cytes and also in the serum of diabetes patients (Zhou et al.,
2012). Indeed, overexpression of miR-181a attenuated hepatic
insulin signaling and conversely, the downregulation of miR-
181a improved glucose homeostasis in diet-induced obese
mice (Zhou et al., 2012). miR-9 and miR-146, as well as miR-
34a, were also shown to directly target SIRT1 in pancreatic
cells, which resulted in attenuated insulin secretion as a result
of decreased exocytosis and in B-cell apoptosis (Lovis et al.,
2008; Ramachandran, 2011). miR-143 was shown to inhibit
expression of SIRT1 in adipose tissue by directly targeting its 3-
UTR, resulting in stimulation of adipogenesis and decreased
glucose uptake and glucose intolerance (Pramanik et al., 2011;
Xie et al., 2009). Further, miR-132 directly targets SIRT1 and
increases the acetylation levels of a SIRT1 target gene, the
inflammatory gene activator, NF-xB, and the production of the
chemokines, IL-8 and MCP-1 (Strum et al., 2009).

Expression levels of several miRs, including miR-34a/c, miR-
217, and miR-22, that directly target SIRT1 increase during
aging and accelerate cellular senescence in liver, heart, and
neurons, which is associated with reduced SIRT1 levels (Liu et
al., 2012; Zovoilis et al., 2011). Notably, miR-34c is highly ele-
vated in brains of mice that are models of Alzheimer disease
and also human patients (Zovoilis et al., 2011). miR-217 and
miR-34a are inversely correlated with SIRT1 expression and sig-
nificantly upregulated in human umbilical vein endothelial cells
in old compared to young individuals (Ito et al., 2010; Menghini
et al.,, 2009). miR-217 was also shown to be important in se-
nescence for the development of atherosclerosis by inhibiting
SIRT1, reducing nitric oxide availability, and deacetylating FoxO1
(Menghini et al., 2009).

Regulation of expression of sirtuin members by miRs

The mammalian sirtuin family is comprised of seven members
(SIRT1-7). All are NAD*-dependent deacetylases, SIRT4 and
SIRT6 have additional ADP-ribosyl transferase activities
(Nakagawa et al., 2009), and SIRT5 catalyzes desuccininyla-
tion and demalonylation in mitochondria (Du et al., 2011). Sir-
tuin proteins have distinct subcellular localiza-tions, target pro-
teins, and tissue distributions (Table 2). SIRT1, SIRT2, SIRTS6,
and SIRT7 are nuclear proteins and SIRT1 shuttles between
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Table 2. Sirtuins regulated by miRNAs
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Sirtuin Localization Activity Target Function miRNAs
PGC-10, FOXO, p53, Metabolism, miR-9, miR-22, miRt-34a,
. miR-34c, miR-132,
Nucleus, . HIF1a, SREBP-1c, Inflammation, . .
SIRT1 Deacetylation . miR-143, miR-146,
Cytosol CREB, NF-kb, FXR, Cell cycle/apoptosis, . )
miR-181, miR-217
LXR, and more Stress response
and more
Cytosol, . PEPCK, FOXOf1, Cell cycle
SIRT2 Nucleus Deacetylation PARS3, Tubulin Tumorigenesis Not known
Mitochondria, ) LCAD, HMGCS2, )
SIRT3 Nucleus Deacetylation GDH, IDH2 and more Metabolism Not known
SIRT4  Mitochondria  ADP-ribosylation GDH Insulin secretion, Not known
Fatty acid oxidation
Deacetylation,
SIRT5 Mitochondria Demalonylation, CPS1 Urea cycle Not known
Desuccinylation
SIRT6 Nucleus Deacetylation, 13,09 113k56, SIRT6 DNA repair, miR-33a/33b, miR-766
ADP-ribosylation Metabolism
SIRT7 Nucleus Not Known Not Known rDNA transcription miR-125a, miR-125b

the nucleus and cytoplasm. SIRT3, SIRT4, and SIRT5 are
mitochondrial proteins although SIRT3 was also shown to dea-
cetylate histones in the nucleus (Gurd et al., 2012; Hout-kooper
et al., 2012; Iwahara et al., 2012; Pirinen et al., 2012). Regar-
ding cellular functions, SIRT1 has been most intensively studied
and as noted above has beneficial impacts on numerous
diseases. SIRT3 was shown to repress reactive oxygen spe-
cies in mitochondria and interestingly, genetic polymorphism in
the SIRT3 promoter is associated with extreme longevity of life
in an ltalian population (Bellizzi et al., 2005; Guarente, 2011;
Kong et al., 2010; Rose et al., 2003). SIRT6 plays an important
role in the epigenomic regulation of metabolic path-ways and
possible the aging process by deacetylating histone H3K9 and
H3K56, and SIRT6-null mice show severe metabolic defects
early in life and develop other age-related metabolic abnorma-
lities (Mostoslavsky et al., 2006). Functions of SIRT7 are not
clear, although it may have a role in preventing cardiac hyper-
trophy through p53 deacetylation (Vakhrusheva et al., 2008).
While regulation of SIRT1 by miRs is well known, miR regu-
lation of other sirutins has just begun to be understood. Only
three sirtuins, SIRT1, SIRT6 and SIRT7, are known to be direct
targets of miR regulation (Table 2). Inhibition of SIRT6 expres-
sion by miR-33 resulted in increased histone acetylation at lipid
metabolic target genes and derepression of SREBP-dependent
lipogenesis (Davalos et al., 2011). Notably, miR-33a and miR-
33b, transcribed from the introns of SREBPs, together with
SREBPs have crucial roles in the regulation of cholesterol and
lipid metabolism (Davalos et al., 2011; Najafi-Shoushtari et al.,
2010; Rayner et al., 2010). A recent study showed that there is
an inverse correlation between expression of SIRT6 and miR-
766 and that miR-766 inhibits expression of SIRT6 in dermal
fibroblasts from different aged groups while in turn, SIRT6
inhibits transcription of miR-766, suggesting a feedback regula-
tory loop in reprogramming of aging cells (Sharma et al., 2013).
Levels of SIRT7 are high in metabolically active tissues, such
as liver and spleen, but very low in non-proliferating tissues,
including heart and brain (Barber et al., 2012; Ford et al., 2006;
Yamamoto et al., 2007). Notably, expression of SIRT7 is highly
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elevated in hepatocellular carcinoma patients. In line with these
findings suggesting that SIRT7 increases cellular proliferation, a
recent study reported that miR-125a and miR-125b directly
target SIRT7, reducing SIRT7 levels, which results in the
inhibition of cyclin D1 expression and induction of G1 cell cycle
arrest (Kim et al., 2013).

REGULATION OF NAD*-DEPENDENT SIRT1 ACTIVITY
BY MIRS

Regulation of cellular NAD" levels

The NAD'/NADH redox state reflects cellular energy levels.
SIRT1 and other sirutin proteins are NAD*-dependent deacety-
lases and their enzymatic activities are increased in response
to elevated NAD" levels under energy-deprived conditions (Imai
et al., 2000). Since NAD" acts as an essential cofactor for sir-
tuins and also for other NAD*-consuming enzymes, we will briefly
summarize how the production and consumption of NAD*
modulates its intracellular content.

Cellular NAD" levels are increased via three pathways: a de
novo biosynthetic pathway from tryptophan, the Preiss-Halder
pathway from nicotinic acid, and a salvage pathway from nico-
tinamide (Fig. 1). The salvage pathway is the main mechanism
for increasing cellular NAD* levels (Belenky et al., 2007), and
nicotinamide phosphoribosyltransferase (NAMPT) is the rate-
limiting enzyme in this pathway (Houtkooper et al., 2010). Re-
cent studies have demonstrated the therapeutic potential of
increasing the bioavailability of NAD* for treating obesity-related
metabolic disorders. Nicotinamide mononucleotide (NMN), a
key NAD" intermediate, ameliorates glucose intolerance by re-
storing NAD" levels in obesity-induced diabetic mice, and nico-
tinamide riboside (NR) supplementation protects against diet-
induced metabolic abnormalities by increasing NAD" levels and
thus, activating SIRT1 and SIRT3 (Canto et al., 2012). Con-
versely, cellular NAD" levels are reduced by NAD*-consumers,
such as, poly (ADP-ribose) polymerase (PARP) and cADP ribose
synthase 38 (CD38) (Fig. 1). PARPs, upon activation by DNA
damage and oxidative stress, rapidly consume NAD®, resulting
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De novo pathway
Tryptophan

Preiss-Halder NAT—) NaMN —> NaAD

pathway
Salvage = AM@T NMNT —
pathway T

NA: nicotinic acid NAM: nicotinamide
NaMN: NA mononucleotide

NaAD: NA adenine dinucleotide

Fig. 1. Therapeutic approaches to in-
crease cellular NAD" levels. The three
major pathways for the biosynthesis of
NAD* are shown. Approaches to in-
crease NAD' levels include administer-
ing the metabolites, NA, NR, or NMN to
increase their levels or increasing NAMPT
activity (up arrowheads). In addition, down-
regulation (down arrowhead) of the
NAD* consumers, PARP and CD38/

157, will result in increased cellular NAD*

levels. The increased NAD" levels will

1 increase the levels and activity of NAD*-

PARP
CD38/157

dependent SIRT1 and other sirtuins
with beneficial metabolic outcomes.

(other sirtuins)

NAMPT: Nicotinamide phosphoribosyltransferase
NMN: NAM mononucleotide

NAD: NAM adenine dinucleotide

NR: NAM riboside

in decreased SIRT1 activity (Bai et al., 2011; Pillai et al., 2005).
Consistent with these results, deletion of CD38 significantly
activates SIRT1 and results in functional outcomes similar to
those of SIRT1 activation, including decreased acetylation levels
of SIRT1 target proteins and protection against diet-induced
obesity (Aksoy et al., 2006). These findings suggest that inhibi-
tion of the NAD* consumers, PARPs or CD38, or metabolic
supplementation that increases cellular NAD" levels have bene-
ficial metabolic effects by increasing the deacetylase activities
of SIRT1 and other sirtuins.

MiR regulation of NAD* levels by directly targeting NAMPT
NAD" levels and SIRT1 activity are decreased in obesity and in
the aged (Choi et al, 2013; Finkel et al., 2009; Haigis and Sin-
clair, 2010; Houtkooper et al., 2012; Lee et al., 2010; Yoshino
et al., 2011), but the underlying mechanisms are unclear. Re-
cent studies have indicated that miRs, highly elevated in obesi-
ty and the aged (Boon et al., 2013; Cheung et al., 2008; Khan-
na et al 2011; Lee et al., 2010; Liu et al., 2012), reduce NAD*
levels and SIRT1 activity by directly targeting NAMPT. Our
group recently discovered a surprising functional link between
decreased NAD" levels and elevated miR-34a in obesity (Choi
et al., 2013). As noted above, miR-34a is the most highly ele-
vated hepatic miR in both diet-induced and genetic obese mice
and also substantially elevated in liver steatosis patients (Car-
melli et al., 2011; Cheung et al., 2008; Lee et al., 2010; Li et al.,
2009; Trajkovski et al., 2011). miR-34a inhibits NAMPT expres-
sion by directly binding to the 3'UTRs of NAMPT mRNA.
Adenoviral-mediated hepatic overexpression of miR-34a in
mice in vivo reduced NAMPT/NAD" levels, and consequently
SIRT1 deacetylase activity, and increased acetylation of the
SIRT1 target transcriptional regulators, a key transcriptional
coactivator for mitochondrial function and fat oxidation PGC-1a.,
the bile acid nuclear receptor showing beneficial metabolic
outcomes FXR, a key lipogenic transcriptional activator SREBP-
1c, and a key inflammatory gene activator, NF-xB (Choi et al.,
2013; Kemper et al., 2013). Increased protein acetylation levels
increase transcriptional activities of SREBP-1c and NF-kB,
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whereas decrease those of PGC-1a. and FXR (Kemper et al.,
2009; 2013; Ponugoti et al., 2010; Rodgers et al., 2005; Walker
et al., 2010; Yoshizaki et al., 2009), resulting in obesity-mimetic
detrimental transcriptional and metabolic outcomes (Fig. 2).
Remarkably, in vivo downregulation of elevated miR-34a in
diet-induced obese mice restored hepatic NAD* levels and
SIRT1 deacetylase activity, ameliorated liver steatosis, and im-
proved insulin sensitivity (Choi et al., 2013). These recent find-
ings collectively indicate that elevated miR-34a in obesity inhi-
bits deacetylase activity of SIRT1 as well as its expression.

In addition to miR-34a, miR-26b was also shown to decrease
NAD" levels by directly targeting the Nampt 3' UTR. Notably,
miR-26b levels were decreased in cancer tissues relative to
adjacent normal tissues in 18 colorectal cancer patients. Over-
expression of miR-26b indeed strongly inhibits survival and
invasion of LoVo colon cancer-derived cells and these effects
were partially abrogated by the addition of NAD", suggesting
that this miR functions as a tumor suppressor (Zhang et al.,
2013). Intriguingly, some PARP members that also utilize
cellular NAD* form a complex with miRNA-binding Argonaute
family members (Ago-1-4) under stressful conditions to relieve
miR-mediated gene repression (Leung et al., 2011).

A SIRT1/NAMPT regulatory loop in physiology and disease
Previous studies have suggested that both SIRT1 and the key
NAD" biosynthetic enzyme NAMPT work together in the
regulation of metabolic pathways, including circadian regulation
of metabolism in liver and insulin secretion by B-cells (Imai and
Kiess, 2009; Nakahata et al., 2009; Ramsey et al., 2009). In
line with these studies, we recently reported a positive regula-
tory loop between SIRT1 and NAMPT that was disrupted in
obesity by elevated miR-34a (Choi et al., 2013). In response to
fasting under physiological conditions, SIRT1 occupancy is sub-
stantially elevated at the Nampt and Sirt1 genes during fasting,
which is associated with increased levels of the gene-activating
histone mark, H3K4 methylation, and decreased levels of the
gene-repressing mark, H3K9 methylation, leading to induction
of these genes. The resulting induction of NAMPT, in turn,
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Fig. 2. Effects of miR-34a on NAMPT/NAD" levels, SIRT1 activity, and
metabolic outcomes. Adenoviral-mediated hepatic overexpression of
miR-34a decreases expression of NAMPT/NAD® levels by directly
binding to the 3'UTR of Nampt transcript and consequently, reduces
NAD"-dependent SIRT1 deacetylase activities. Decreased SIRT1
activity increases acetylation levels of SIRT1-target transcritpional (Tf)
regulators, inclduing SREBP-1c, NF-xB, FXR, and PGC-1a, which
results in detrimental transcirptional and mebaolic outcomes that pro-
mote hepatic lipogenesis, inflammation, and ER-stress, and reduced
fatty acid -oxidation.

Physiology Pathology (obesity) Fig. 3. Model of the SIRT1/NAMPT

regulatory loop and its inhibition by miR-

34a in disease. In the fed state, NAD"

levels and SIRT1 activity are low. During

/ energy-deprived conditions like fasting,
_ NAD" levels are high resulting in in-
AL 3’ creased SIRT1 activity. SIRT1 is rec-

ruited to the Nampt and Sirt1 genes,

— n 3 resulting in epigenomic activation of

these genes. Induced NAMPT, in turn,
’ w/ increases cellular NAD" levels and SIRT1
NAMPT/SIRT1 Expression T NAMP IRT1 Expression ¢ deacetylase activity, thus completing a

positive regulatory loop. The increased

NAD* Levels and SIRT1 ActivityT NAD* Levels and SIRT1 Activity ¢ SIRT1 activity results in beneficial outco-

mes, such as increased lipid oxidation

Positive Regulatory Loop Disrupted Loop by miR-34a and reduced lipogenesis and inflamma-

tion (left panel). In fatty liver in obesity,

however, miR-34a is elevated in both the fasting and fed states and inhibits both NAMPT and SIRT* expression by binding to the 3' UTRs of
these mRNAs, which effectively disrupts the positive regulatory loop. The decreased SIRT1 expression and activity results in detrimental

metabolic outcomes (right panel).

raises cellular NAD* levels, which results in increased SIRT1
activity (Fig. 3, left). Since SIRT1 is known as a gene silencer
by deacetylating histones at target genes, these recent findings
that SIRT1 acts as a positive regulator of Nampt and Sirt1 genes
are intriguing. It will be important to see how SIRT1 functions as
a positive gene regulator.

In sharp contrast, however, in diet-induced obese mice, these
fasting-mediated effects on SIRT1 occupancy and histone
maodifications are absent. Abnormal cellular signaling and many
other factors may contribute to the dysregulated SIRT1/NAMPT
loop in obesity, but elevated miR-34a alone, which inhibits both
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NAMPT and SIRT1 expression, should effectively disrupt this
positive regulatory loop. This disruption by miR-34a in obesity
contributes to reduced NAD" levels and SIRT1 deacetylase
activity, resulting in detrimental outcomes of decreased lipid
oxidation and increased lipogenesis and inflammation (Fig. 3,
right). These findings identify a novel function for miR-34a in
reducing NAMPT/NAD" levels and SIRT1 activity, revealing the
potential therapeutic value of targeting miR-34a to increase
SIRT1 activity and possibly other NAD*-dependent sirtuin
deacetylases.
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Therapeutic potential of targeting sirtuin-inhibiting miRs
miRs were first identified in C. elegans about 20 years ago and
since then, miRs have received increasing and substantial
interest because of their potential as powerful therapeutic
targets. Gain- or loss-of-functional approaches have been used
to restore aberrant expression of miRs toward normal utilizing
downregulation or miR-mimetics. The levels of nearly all of the
known sirtuin-inhibiting miRs, including miR-34a, are highly
elevated in metabolic and neurodegenerative disease (Boon et
al., 2013; Carmelli et al., 2011; Cheung et al., 2008; Lee et al.,
2010; Li et al., 2009; Liu et al., 2012; Trajkovski et al., 2011;
Zovoilis et al.,, 2011). To downregulate miRs in vivo, several
antisense approaches have been used: antagomiRs, which are
conjugated to cholesterol to facilitate cellular uptake; locked
nucleic acid (LNA) phosphorothioate chemistry; and chemical
modification of the oligonucleotide at the 2'-sugar and phos-
phate backbone moiety with MOE (2'-O-methoxyethylphospho-
rothioate). All of these modifications are designed to facilitate
cellular uptake of miRs and to protect them from nuclease
digestion.

miRs may target multiple genes involved in the same func-
tional pathway (Van Rooji, 2011), as shown by the regula-tion
of SIRT1 by miR-34a which directly targets SIRT1 and NAMPT
(Choi et al., 2013). In addition, miR-34a also targets B-Klotho
which is a coreceptor for the recently emerging impro-tant
metabolic hormones, FGF19 (Fu et al., 2012) and FGF21. In
particular, FGF21 mediates fasting responses and regulates
energy metabolism in part by activating an AMPK/SIRT1 regu-
latory axis (Chau et al., 2010), although whether miR-34a atte-
nuates FGF21 signaling by directly targeting bKL in adipsoe
tissues has not been shown. Therefore, downregulation of
elevated miR-34a in obesity should have beneficial effects by
restoring functions of multiple targets in metabolic tissues, which
may provide a therapeutic advantage compared to the classical
therapeutic approaches that target a single protein. Indeed,
downregulation of miR-34a by treatment with the MOE-modified
antisense-miR34a in dietary obese mice restored SIRT1 activity
and expression levels, resulting in dramatic improvement in
metabolic outcomes (Choi et al., 2013). However, since indivi-
dual miRs regulate multiple genes, targeting miRs could also
result in detrimental non-specific side effects. Therefore, it will
be important to understand the global functions and tissue-
specific expression of miRs in vivo in order to understand the

possible consequences of their inhibition or increased expression.

Another important issue is that miRs that are aberrantly
elevated in obesity may also function as tumor suppressors.
One such an example is miR-34a. miR-34a expression is regu-
lated by the tumor suppressor p53 and induces apoptosis, cell
cycle arrest, and senescence when miR-34a is overexpres-sed
in cancer cells (Chang et al., 2007). Indeed, recent in vivo
studies using gain- and loss-of-function approaches have shown
that miR-34a suppresses tumor growth and metastasis in liver
cancer and prostate cancer (He et al., 2007; Kota et al., 2009;
Liu et al., 2011). Therefore, targeting miRs for treating obesity-
related metabolic diseases will require careful modulation of
miRs levels to optimally repress miRs and correct metabolic
abnormalities without causing carcinogenic side effects. In this
regard, the treatment time and dose of the antisense oligonu-
cleotide used to downregulate miRs will be critical.

CONCLUSION
Aging is the single most important risk factor for many human

diseases. While there has been a continuous debate on the
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role of SIRT1 as an anti-aging protein, it is more certain that
SIRT1 prevents the onset of many age-related diseases and
slows down disease progression. Therefore, identification of
molecular strategies to increase and restore SIRT1 activity and
expression levels, which are often downregulated in age-rela-
ted metabolic disease, will be important for the development of
therapeutic agents. An attractive strategy is targeting miRs that
both directly inhibit SIRT1 expression and inhibit SIRT1 activity
by decreasing cellular NAD* levels.
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