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Abstract

SIRT1 is an NAD*-dependent deacetylase that is implicated in prevention of many age-related
diseases including metabolic disorders. Since SIRT1 deacetylase activity is dependent on NAD*
levels and the development of compounds that directly activate SIRT1 has been controversial,
indirectly activating SIRT1 through enhancing NAD* bioavailability has received increasing
attention. NAD" levels are reduced in obesity and the aged, but the underlying mechanisms
remain unclear. We recently showed that hepatic microRNA-34a (miR-34a), which is elevated in
obesity, directly targets and decreases SIRT1 expression. Here we further show that miR-34a
reduces NAD* levels and SIRT1 activity by targeting NAMPT, the rate-limiting enzyme for
NAD™ biosynthesis. A functional binding site for miR-34a is present in the 3' UTR of NAMPT
mRNA. Hepatic overexpression of miR-34a reduced NAMPT/NAD™ levels, increased acetylation
of the SIRT1 target transcriptional regulators, PGC-1a, SREBP-1c, FXR, and NF-kB, and resulted
in obesity-mimetic outcomes. The decreased NAMPT/NAD™* levels were independent of miR-34a
effects on SIRT1 levels since they were also observed in SIRT1 liver-specific knockout mice.
Further, the miR-34a-mediated decreases were reversed by treatment with the NAD™ intermediate,
nicotinamide mononucleotide. Conversely, antagonism of miR-34a in diet-induced obese mice
restored NAMPT/NAD™ levels and alleviated steatosis, inflammation, and glucose intolerance.
Anti-miR-34a-mediated increases in NAD™ levels were attenuated when NAMPT was
downregulated. Our findings reveal a novel function of miR-34a in reducing both SIRT1
expression and activity in obesity. The miR-34a/NAMPT axis presents a potential target for
treating obesity- and aging-related diseases involving SIRT1 dysfunction like steatosis and type 2
diabetes.
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Introduction

Sirtuinl (SIRT1) is an NAD*-dependent protein deacetylase (Imai et a/. 2000) that extends
lifespan in lower organisms and protects against many age-related diseases in mammals
(Guarente 2006; Houtkooper et al. 2012; Finkel et al. 2009; Haigis & Sinclair 2010;
Guarente 2011). By modulating the acetylation status and activity of transcriptional
regulatory proteins, histones, and metabolic enzymes, SIRT1 enhances mitochondrial
function and oxidative metabolism and counteracts obesity. In this regard, activating SIRT1
pharmacologically should be beneficial in treating obesity and age-related diseases.
However, there has been debate and continuing controversy about the mechanisms of direct
activation of SIRT1 by natural and synthetic compounds including resveratrol (Pacholec et
al. 2010; Canto & Auwerx 2012; Kaeberlein ef a/. 2005; Hubbard ef a/. 2013). Since SIRT1
activity is dependent on NAD™ levels (Imai et a/. 2000; Imai 2011), the therapeutic potential
of modulating bioavailability of NAD* to enhance SIRT1 activity has received increasing
attention.

Recent studies have shown that the pathophysiology of age-related metabolic disorders like
obesity and type 2 diabetes were ameliorated by administration of a key NAD* intermediate,
nicotinamide mononucleotide (NMN), or a NAD™ precursor, nicotinamide riboside (NR), or
by downregulation of a major NAD* consumer, poly ADP ribose polymerase-1 (Yoshino et
al. 2011; Canto et al. 2012; Bai et al. 2011). Importantly, cellular levels of NAD* and
nicotinamide phosphoribosyl transferase (NAMPT), the key enzyme in the salvage pathway
for NAD™ biosynthesis, were decreased in metabolic tissues from high fat (HF) diet-induced
obese mice and aged mice (Yoshino et a/. 2011), but the underlying mechanisms of reduced
NAMPT/NAD™ levels in obesity and the aged remain unclear.

MicroRNAs (miRs) are negative gene regulators that have been implicated in many
biological processes including development, differentiation, cell proliferation, and
metabolism (Neilson & Sharp 2008). Emerging evidence indicates that miRs have crucial
functions in metabolic regulation and that miRs are aberrantly expressed in metabolic
disease (Rottiers & Naar 2012; Lee & Kemper 2010). Our group and others recently
reported that miR-34a directly targets SIRT1 and reduces its expression (Lee et al. 2010;
Yamakuchi et a/. 2008). We further showed that hepatic miR-34a levels are highly elevated
in both dietary and leptin-deficient ob/ob obese mice (Lee ef al. 2010). Consistent with these
initial findings, recent microRNA microarray analyses identified miR-34a as the most highly
elevated hepatic miR in dietary and ob/ob obese mice (Trajkovski ef al. 2011). Although it is
known that miR-34a reduces the protein levels of SIRT1 (Lee et al. 2010; Yamakuchi ef a/.
2008), whether SIRT1 deacetylase activity is also affected by miR-34a remains unknown.

Here we report a surprising finding that elevated miR-34a in obesity reduces hepatic NAD™*
levels and SIRT1 activity by directly targeting NAMPT. Further, in vivo silencing of
miR-34a in diet-induced obese mice demonstrates the therapeutic feasibility of targeting
miR-34a for treatment of diseases of obesity and aging including steatosis and type 2
diabetes.
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Inverse correlation between miR-34a and NAMPT/NAD? levels

Our group and others recently showed that miR-34a binds to the 3'UTR of the SIRT1
mMRNA and downregulates its expression (Lee & Kemper 2010; Lee et a/. 2010; Yamakuchi
et al. 2008). Surprisingly, a nucleotide sequence imperfectly complementary to the miR-34a
seed sequence was also detected in the 3' UTR of mouse Nampt mRNA (Fig. S1). The
miR-34a seed sequence in the NAMPT gene is well conserved between mouse and human
(not shown). We, therefore, examined whether elevated miR-34a levels in obesity correlate
inversely with NAMPT levels. In dietary obese mice, hepatic miR-34a levels were elevated
(Fig. 1A), NAMPT and SIRT1 expression levels were decreased and NAD™ levels were also
significantly reduced (Fig. 1B, 1C, Fig. S2). In hepatocytes, overexpression of miR-34a
decreased expression of NAMPT and SIRT1 and reduced NAD* levels (Fig. 1D-F, Fig.
S3A). Conversely, antisense inhibition of miR-34a increased NAMPT protein and NAD™*
levels (Fig. 1G-I, Fig. S3B). These results indicate an inverse correlation between hepatic
miR-34a and NAMPT/NAD" levels, suggesting that miR-34a may target NAMPT.

MiR-34a directly targets the 3'UTR of NAMPT mRNA

To determine whether NAMPT is a direct target of miR-34a, the wild type (WT) or a
mutated sequence of the predicted miR-34a site in the NAMPT 3'UTR was inserted into a
luciferase reporter (Fig. 2A) for comparison with the 3'UTR of the known miR-34a target,
SIRT1 (Lee et al. 2010; Yamakuchi et al. 2008). Overexpression of miR-34a (Fig. 2B-a)
inhibited the activities of luciferase reporters containing either the NAMPT or SIRT1 WT
sequence (Fig. 2B-b, c), but not those of reporters containing mutated 3" UTRs (Fig. 2B-d,
e). Conversely, downregulation of miR-34a with antisense-miR-34a (Fig. 2C-a) increased
reporter activity for the WT sequences (Fig. 2C-b, c), but not the mutated sequences (Fig.
2C-d, e) while the control RNA did not affect reporter activity. These results indicate that
miR-34a negatively regulates NAMPT and that the inhibition is likely mediated by direct
binding of miR-34a to the 3 UTR of NAMPT mRNA.

Hepatic overexpression of miR-34a decreases NAMPT/NAD™ levels and SIRT1 activity

To explore the effects of miR-34a on NAMPT in vivo, miR-34a was adenovirally
overexpressed in lean mice (Fig. 3A). Hepatic overexpression of miR-34a (Fig. 3B)
decreased expression of NAMPT (Fig. 3C) and also significantly reduced NAD* levels
about 30% (Fig. 3D). Since NAD* is required for SIRT1-mediated deacetylation (Imai et a/.
2000; Imai 2011) and NAD" levels are decreased by miR-34a, we next asked if SIRT1
deacetylase activity is also affected by measuring acetylation levels of the known SIRT1
target transcriptional regulators, PGC-1a, SREBP-1c, and NF-kB, which are involved in
fatty acid B-oxidation, lipogenesis, and inflammation, respectively (Rodgers et al. 2005;
Ponugoti ef al. 2010; Walker et al. 2010; Yoshizaki et al. 2009). Overexpression of miR-34a
led to elevated acetylation of each of these transcriptional regulators (Fig. 3E). Elevated
acetylation was also detected for FXR (Fig. 3E), which is also a target of SIRT1 and drives
beneficial transcriptional programs of hepatic lipid metabolism (Kemper et a/. 2009). These
results indicate that overexpression of miR-34a in lean mice reduces NAD* levels and
SIRT1 deacetylase activity.

In vivo silencing of miR-34a in obesity restores NAMPT/NAD™ levels and SIRT1 activity

Since elevated miR-34a reduced NAD™ levels and SIRT1 activity, we tested the idea that
antagonism of abnormally elevated miR-34a in obesity might restore NAD™ levels and
SIRT1 activity. In this study, we used 2'-O-methoxyethyl phosphorothioate-modified RNA
antisense oligonucleotides in order to downregulate miR-34a in vivo. Mice were fed normal
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chow or HF chow for 20 weeks and given three injections of antisense-miR-34a
oligonucleotides, control scrambled RNA, or saline, at 4-day intervals (Fig. 3F). Anti-
miR-34a treatment of obese mice significantly reduced hepatic miR-34a levels toward the
levels observed in lean mice (Fig. 3G) and increased hepatic levels of NAMPT (Fig. 3H,
Fig. S4) and NAD" (Fig. 31). Further, the acetylation levels of SIRT1 target transcriptional
regulators, PGC-1a, SREBP-1c, and NF-kB, were significantly decreased (Fig. 3J). These
results indicate that downregulation of the elevated miR-34a in obese mice increases NAD*
levels and SIRT1 activity toward those observed in lean mice.

NAMPT is important for miR-34a effects on reduced hepatic NAD* levels

The results from in vivo gain- and loss-functional experiments above indicate that miR-34a
reduces hepatic NAMPT/NAD" levels and consequently SIRT1 activity. MiR-34a targets
multiple genes, including Sirt1 and Nampt, which could contribute to the overall
downstream metabolic effects, including NAD™ levels (Lee et a/. 2010; Yamakuchi et al.
2008; Fu et al. 2012). We therefore assessed the relative contribution of NAMPT to anti-
miR-34a-mediated effects on NAD* levels by downregulating NAMPT in primary
hepatocytes from obese mice (Fig. 4A). Anti-miR-34a treatment increased NAMPT protein
levels and treatment with NAMPT siRNA effectively reduced NAMPT and also SIRT1
levels (Fig. 4B). Anti-miR-34a-mediated increases in NAD™ levels were significantly
reversed (Fig. 4C) and acetylation levels of a known SIRT1 target, NF-kB, were increased
by NAMPT siRNA (Fig. S5). Anti-miR-34a treatment increased levels of mRNA for the f3-
oxidation genes, PPARa and PPAR[/) and Mcad, and decreased levels for the lipogenic
genes, Dgat and Acc (Fig. 4D). Downregulation of the NAMPT completely reversed the
increased PPARa and PPARPB/d mRNA levels and partially reversed the decreased Dgat and
Acc mRNA levels, but had little effect on Mcad mRNA (Fig 4D). These results indicate that
NAMPT is important for anti-miR-34a-mediated increases in NAD™ levels and the
beneficial effects on a subset of lipid metabolic genes. This was particularly evident for
PPARa and PPARP/3, nuclear receptors that drive lipid-lowering and insulin-sensitizing
transcriptional programs.

To further assess the direct contribution of NAMPT to miR-34a effects on decreased NAD*
levels, we determined the effects of miR-34a on NAMPT/NAD™ levels in SIRT1 liver-
specific knockout (LKO) mice. Hepatic NAMPT protein and NAD* levels are significantly
decreased in SIRT1-LKO mice compared to those in wild type (WT) littermates and
importantly, miR-34a-mediated decreases in NAMPT and NAD™ levels were still observed
in SIRT1-LKO mice (Fig. 4E, F). These results suggest that miR-34a reduces hepatic NAD*
levels by directly targeting NAMPT in a SIRT1-independent manner although miR-34a
effects on SIRT1 expression also likely contribute to reduced NAMPT/NAD™ levels.

Both NAMPT and SIRT1 form a positive regulatory loop that controls hepatic NAD* levels

To better understand the SIRT1/NAMPT regulatory loop that controls hepatic NAD™ levels,
we examined the effects of fasting on SIRT1 occupancy and histone modifications at the
Nampt and Sirt1 genes by chromatin immunoprecipitation (ChIP) assays. In lean mice,
overnight fasting resulted in dramatically increased occupancy of SIRT1 at the NMampt gene
(Fig. 5A). In addition, in fasted animals, increased histone H3K4 tri-methylation, a gene
activation histone mark, and decreased histone H3K9 di-methylation, a gene repression
histone mark, were observed (Fig. 5A). Strikingly however, these fasting-mediated dramatic
effects on SIRT1 occupancy and histone modifications leading to Mampt gene activation
were not detected in dietary obese mice (Fig. 5A). Interestingly, similar effects on SIRT1
occupancy and histone modifications were detected at the SirtZ gene in lean and obese mice
(Fig. 5A).
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To assess the functional role of SIRT1 in the regulation of the Nampt genes, endogenous
SIRT1 in primary mouse hepatocytes was downregulated by siRNA (Fig. 5B, C) and ChIP
assays were performed. Levels of the gene activation histone mark, histone H3K4-me3, at
the Nampt and Sirt1 promoters were markedly reduced by downregulation of SIRT1 (Fig.
5D). Consistent with these results, expression of the Mampt gene was decreased in primary
hepatocytes by downregulation of SIRT1 (Fig. 5E). These results indicate that SIRT1 under
conditions mimicking fasting in hepatocyte is recruited to the both Nampt and Sirt1 genes
and leads to gene induction.

These findings collectively indicate that during fasting SIRT1 induces NMamptand Sirt1 in
lean mice, but not in obese mice. This results in a positive regulatory loop in which SIRT1
induces its own expression and that of AMamptwhich leads to increased NAD+ levels and
therefore increased SIRT1 activity. In obesity, at least in part due to elevated miR34a, this
positive regulatory loop is disrupted by downregulation of both Sirt1 and Nampt.

Overexpression of miR34a results in obesity-mimetic outcomes

Adenoviral-mediated hepatic overexpression of miR-34a increased acetylation of PGC-1q,
FXR, SREBP-1c, and NF-kB (Fig. 3A-E) which should result in decreased transcriptional
activities of PGC-1a and FXR and increased activities of SREBP-1c and NF-kB (Rodgers et
al. 2005; Ponugoti et al. 2010; Walker et al. 2010; Yoshizaki et al. 2009; Kemper et al.
2009). As expected from these changes in SIRT1 target transcriptional regulators, the f-
oxidation genes, Ppara and Ppara, in addition to Mcad and Cpt, were downregulated and
lipogenic, inflammation, and ER-stress genes were upregulated in mice overexpressing
miR-34a (Fig. 6A, Fig. S6). Consistent with these transcriptional changes, fat deposition in
the liver detected by Qil Red-O (Fig. 6B) and H&E staining was increased and glucose
tolerance was significantly compromised (Fig. S7. S8).

Recent studies have shown that treatment with NAD™ intermediates or precursors that
increase cellular NAD™ levels, including NMN or NR, counteracts obesity and improves
insulin sensitivity in diabetic obese mice (Yoshino et a/. 2011; Canto et a/. 2012; Bai et al.
2011). Therefore, we asked whether detrimental effects due to elevated miR-34a levels can
be reversed by treatment with NMN (Fig. 6C). The decreases in NAMPT/NAD"* levels and
Ppara, Ppar/dand Mcad mRNA levels observed as a result of hepatic overexpression of
miR-34a in mice were significantly reversed and glucose tolerance was significantly
improved by NMN treatment (Fig. 6D-F). Similar results were observed in primary mouse
hepatocytes (Fig. S9). Conversely, treatment with an inhibitor of NAMPT, FK866, also
resulted in decreased NAD™ levels comparable to overexpression of miR-34a in hepatocytes
(Fig. S10). Treatment with the SIRT1 activator, resveratrol, also reversed the decreased
NAMPT/NAD™ levels resulting from miR-34a expression consistent with the induction of
the Nampt gene by SIRT1 (Fig. S11). These results collectively indicate that in lean mice,
overexpression of miR34a results in obesity-mimetic gene expression patterns that are
associated with liver steatosis and glucose intolerance and that these detrimental effects of
miR-34a are likely due to decreased NAD™ levels, at least in part, by direct targeting of
NAMPT.

In vivo silencing of miR-34a results in beneficial functional outcomes

In vivo antagonism of miR-34a in obese mice resulted in decreased acetylation of PGC-1q,
FXR, SREBP-1c, and NF-kB in mouse liver (Fig. 3F-J) which should result in increased
transcriptional activities of PGC-1a and FXR and decreased activities of SREBP-1c and
NF-kB (Rodgers et al. 2005; Ponugoti et al. 2010; Walker ef al. 2010; Yoshizaki ef al. 2009;
Kemper et al. 2009). Consistent with these expectations, in vivo anti-miR-34a treatment
significantly increased expression of the 3-oxidation genes and decreased expression of
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lipogenesis, inflammation, and ER-stress genes (Fig. 6G). Notably, transcriptional responses
of most of these genes to anti-miR-34a in obese mice were the opposite of the responses to
overexpression of miR-34a in lean mice (Fig. 6A). Consistent with improved transcriptional
outcomes, fat deposits in the liver detected by Oil Red-O staining (Fig. 6H), as previously
shown (Fu et al. 2012), and by H&E staining (Fig. 6H) were substantially decreased by anti-
miR-34a treatment. Notably, infiltration of macrophages into the liver was also decreased
(Fig. S12), suggesting inflammation is ameliorated. Consistent with anti-miR-34-mediated
beneficial transcriptional and metabolic outcomes, glucose tolerance and insulin sensitivity
were improved by anti-miR-34a treatment (Fig. 61) to levels similar to those in lean mice.

In order to further assess the therapeutic value of antisense-miR-34a oligonucleotides, we
also measured the serum levels of IL-6, insulin, and triglycerides. Highly elevated serum
levels of IL-6, insulin, and triglycerides in obese mice were significantly decreased by anti-
miR-34a treatment (Fig. 6J). In contrast, serum levels of transaminases, AST and ALT, were
not increased, indicating that anti-miR-34a treatment does not cause liver toxicity (Fig. S13).
These in vivo antagonism studies show that anti-miR-34a treatment of diet-induced obese
mice restores hepatic NAD* levels and SIRT1 activity and these changes are associated with
protection from diet-induced liver steatosis, inflammation, and improved glucose
homeostasis. Further, these findings suggest the therapeutic potential of targeting the novel
miR-34a/NAMPT axis to treat SIRT1-related diseases of obesity and aging like liver
steatosis and type 2 diabetes.

Discussion

In this manuscript, we demonstrate that miR-34a directly targets NAMPT and reduces
hepatic NAD™ levels and SIRT1 deacetylase activity. In diet-induced obese animals, which
have elevated miR-34a levels and reduced NAMPT/NAD™ levels, downregulation of
miR-34a by treatment with antisense oligonucleotides restored the NAMPT/NAD™ levels
toward to those in lean mice. Downregulation of miR-34a also decreased acetylation of the
SIRT1 target transcriptional regulators, PGC-1a, FXR, SREBP-1c, and NF-kB, resulting in
increased expression of B-oxidation genes and decreased expression of lipogenesis, ER-
stress, and inflammation genes. Antisense-miR-34a and NAMPT siRNA experiments in
primary hepatocytes from dietary obese mice, together with functional studies in SIRT1-
LKO mice, indicate that the direct miR-34a effects on NAMPT expression and consequently
NAD* levels are likely major contributors to the overall effects of miR-34a on decreased
SIRT1 activity.

Recent studies have shown that SIRT1 and NAMPT work cooperatively in the regulation of
metabolism including glucose-regulated insulin secretion at pancreatic -cells and circadian
regulation of NAD™ biosynthesis (Nakahata et a/. 2009; Ramsey et a/. 2009; Imai & Kiess
2009). Our findings suggest that NAMPT and SIRT1 constitute a positive regulatory loop
under nutrient-deprived conditions (Fig. 6K). During fasting, SIRT1 binds to the Nampt and
Sirt1 genes leading to gene activation. Induced NAMPT, in turn, raises NAD™ levels, which
results in increased SIRT1 deacetylase activities on its target transcriptional regulators like
PGC-1a and SREBP-1c and consequently, results in increased lipid oxidation and inhibited
lipid synthesis (Rodgers et al. 2005; Ponugoti et al. 2010; Walker et a/. 2010; Y oshizaki et
al. 2009; Kemper et al. 2009). In contrast, elevated miR-34a in obesity inhibits both
NAMPT and SIRT1 expression by directly binding to the 3'UTRs of their mMRNAs and thus,
effectively disrupts the NAMPT and SIRT1 loop. These events in obesity lead to reduced
NAD* levels and SIRT1 activity, resulting in transcriptional responses of decreased lipid
oxidation and increased lipogenesis and inflammation. Since SIRT1 function at the target
genes is normally associated with gene silencing by deacetylating histones, our findings that
SIRT1 acts as a positive regulator of both Mamptand Sirt1 genes are intriguing. A recent
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study has shown that SIRT1 directly upregulates breast cancer-associated aromatase
expression by modulating acetylation status of ERRa (Holloway et a/. 2013). It will be
important to elucidate how SIRT1 is recruited to the Nampt and Sirt1 genes and how SIRT1
functions as a positive gene regulator.

Numerous studies have shown beneficial effects of a natural SIRT1 activator, resveratrol, in
prevention of many aging-related diseases (Baur ef a/. 2006; Lagouge et al. 2006).
Resveratrol was recently shown to inhibit cAMP-specific phosphodiesterases and a cCAMP-
effector protein, Epacl, was identified as a key mediator of the effects of resveratrol, which
results in the activation of AMPK and SIRT1 (Park ef al. 2012). In addition to resveratrol,
SIRT1 is also activated by synthetic compounds, including SRT1720 (Milne et a/. 2007,
Feige et al. 2008). In contrast to these indirect mechanisms for activation of SIRT1, Hubbard
et al. recently demonstrated that all previously known sirtuin-activating compounds,
including resveratrol, directly activate SIRT1 through a common allosteric mechanism and
that remarkably, a single amino acid in the N-terminal domain in SIRT1 is critical for SIRT1
activation by all these compounds (Hubbard et a/. 2013). Thus, there continues to be
significant debate and controversy around the mechanism and specificity of direct SIRT1
activation by these natural and synthetic compounds (Pacholec et a/. 2010; Canto & Auwerx
2012; Kaeberlein et al. 2005). Therefore, the therapeutic potential of indirectly activating
SIRT1 through increasing NAD™ bioavailability is an attractive alternative to direct
activation of SIRT1. In this regard, the miR-34a/NAMPT regulatory axis identified in the
present study reveals novel potential targets to indirectly increase SIRT1 activity through
increasing NAD™ levels.

MicroRNAs often directly downregulate multiple targets critically involved in common
physiological and pathological processes (Rottiers & Naar 2012; Lee & Kemper 2010). In
addition to targeting SIRT1 and NAMPT, miR-34a also targets f-Klotho which is a
membrane coreceptor for an intestinal peptide hormone FGF19 (Fu et al. 2012). We have
shown that downregulation of miR-34a in obese mice restores the impaired FGF19 signaling
observed in dietary obese mice and improved metabolic responses, such as increased
glycogen synthesis and inhibited bile acid and glucose synthesis and decreased lipid
synthesis (Fu et al. 2012). Further, BKL is also the membrane coreceptor for FGF21 in liver
and adipose tissue (Kuro-o 2008). FGF21 plays an important role in mediating hepatic
responses during prolonged fasting (Fisher et a/. 2011) and regulates energy metabolism in
part by activating AMPK (Chau et al. 2010). Importantly, AMPK enhances oxidative
metabolism by increasing NAMPT/NAD?* levels and SIRT1 activity (Canto et al. 2009).
Therefore, targeting the elevated miR-34a in obesity thus restores both SIRT1 levels and
activity, via targeting SIRT1 and NAMPT, and also improves the responsiveness to FGF19
and possibly FGF21. These multiple beneficial effects may provide a substantial advantage
for anti-miR-34a therapy compared to targeting the individual signaling pathways.

Mammalian sirtuins (SIRT1-7) have been intensively studied because of their great potential
to benefit human health (Guarente 2006; Houtkooper et al. 2012; Finkel et al. 2009; Haigis
& Sinclair 2010; Guarente 2011). Mounting evidence indicates that SIRT1 improves many
age-related diseases including metabolic, cardiovascular, and neurodegenerative cognitive
diseases, and prevents the onset of these diseases (Guarente 2006; Houtkooper ef al. 2012;
Finkel et al. 2009; Haigis & Sinclair 2010). Recent studies have provided evidence for
beneficial functions of SIRT1 in protection from diet-induced liver steatosis and
inflammation (Purushotham et a/. 2009; Pfluger et al. 2008). NAD™ is an essential cofactor
for not only SIRT1 but also for other sirtuins, PARPs, CD38, and mono-ADP-
robosylransferases, and many other proteins (Imai ef a/. 2000; Imai 2011; Bai et a/. 2011,
Aksoy et al. 2006) and thus, regulation of cellular NAD* levels by miR-34a may be
important for controlling the activities of these enzymes in addition to SIRT1. Since
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NAMPT and NAD™ levels are reduced in aged mice as well as obese mice (Yoshino et al.
2011), it will be interesting to see whether there is a functional link between elevated
miR-34s and NAMPT/NAD™ levels in aged animals as well. The present study identifying
miR-34a as a novel molecular target for restoring NAD™* levels and consequently the activity
of SIRT1, and possibly other proteins that require NAD™ as an essential cofactor, potentially
provides a new therapeutic option for treating SIRT1-related diseases of aging, as well as
obesity. The beneficial effects of downregulating miR-34a in diet-induced obese mice
demonstrate the feasibility of such an exciting therapeutic approach.

Experimental Procedures

Reagents

Anti-miR-34a (2'-O-methoxyethyl phosphorothioate-modified RNA oligonucleotide),
control RNA, and primers for detecting miR-34a were purchased from Applied Biosystems.
The siRNAs were purchased from Ambion. Antibodies for NAMPT (OMNI379) and SIRT1
(07-131) were from Enzo Life Science and Millipore, Inc. respectively, and acetylated NF-
KB (3045) and acetyl-Lys (9441) antibodies were purchased from Cell Signaling
Technology. Antibodies for lamin (sc-20680), tubulin (sc-5274), PGC-1a (sc-13067),
SREBP-1c (5¢-8984), NF-kB (sc-109R), and FXR (sc-13063) were from Santa Cruz
Biotechnology. Antibodies for H3K4-me3 (#07-521) and H3K9-me2 (#07-030) were from
Millipore, Inc.

Animal Experiments

Eight to 12 week old male BALB/c mice were fed normal chow or HF chow (60% fat,
D12451, Research Diet, Inc.) for 16-20 weeks. SIRT1-LKO mice with deletion of the exon
4 were described previously (Purushotham et al. 2009). Anti-miR-34a experiments were
performed as described previously (Fu et a/. 2012). Ad-miR-34a (0.5-1.0x10° active viral
particles in 200 pl PBS) was injected via the tail vein of mice as previously described
(Ponugoti et al. 2010; Kemper et al. 2009). Ad-miR-34a has been described previously (Lee
et al. 2010). For NMN experiments, mice were injected via the tail vein with Ad-miR-34a
and i.p. treated with 500 mg/kg/day. For GTT and ITT, mice were fasted for 6 h and injected
i.p. with glucose solution (Sigma, Inc, 2 g/kg) or insulin (Sigma, Inc, 2 units/kg) and blood
glucose levels were measured using an Accu-chek Aviva glucometer (Roche, Inc). All
animal protocols were approved by the Institutional Animal Care and Biosafety Committees
at University of Illinois at Urbana-Champaign.

Histological Microscopy

Frozen liver sections were stained with Oil Red O and paraffin-embedded liver sections
were stained with hematoxylin and eosin.

Blood Chemistry

Serum IL-6, insulin, and AST/ALT levels were measured by ELISA.

MiR-34a Measurement and q-RTPCR

For measuring miR-34a, RNA was isolated using Trizol (Invitrogen) and the amount of
miR-34a was normalized to that of control SnoRNA. The amount of mMRNA for each gene
was determined by g-RTPCR and was normalized to that of 36B4 mRNA. The list of g-
RTPCR primer sequences is shown in Fig. S14.
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NAD* and NADH Measurement

NAD* and NADH levels were measured by enzymatic reactions according to the
manufacturer’s instructions (Biovision, Inc., K808-200).

Acetylation Levels of SIRT1 Target Proteins

Acetylation levels of PGC-1a, FXR, and SREBP-1c¢ were detected by the IP/IB method as
previously described (Ponugoti et a/. 2010; Kemper et al. 2009). IP buffer contains 1 yM
TSA and 10 mM nicotinamide to inhibit deacetylation. NF-kB acetylation was detected by
IB using acetyl NF-kB (Lys-310) antibody.

Cell-Based Luciferase Reporter Assays

Luciferase reporter assays were performed as described previously (Lee et al. 2010; Fu et al.
2012). An Spe I/Hind 111 fragment containing the 3'UTR of NAMPT was inserted into the
pPMIR plasmid (Invitrogen) and mutations in the miR-34a site were generated using site-
directed mutagenesis (Stratagene). Positive clones were confirmed by sequencing.
Hepalclc? cells, which express low levels of endogenous miR-34a, were used for miR-34a
overexpression experiments, whereas Cos-1 cells, which express high levels of miR-34a,
were used for anti-miR-34a studies.

Combined Anti-miR-34a and siRNA Experiments

Primary hepatocytes from dietary obese mice were prepared as described (Fu ef al. 2012)
and transfected with anti-miR-34a or control RNA (100 nM) and 24 h later, cells were
further transfected with NAMPT siRNA (5 nM) and 36 h later, harvested for further
analyses.

Chromatin Immunoprecipitation (ChlP) Assays

Lean mice or diet-induced obese mice were fasted or fed overnight (16 h), livers were
collected, and ChIP assays were performed. For ChIP assays in hepatocytes, primary
hepatocytes were isolated and SIRT1 was downregulated by Ad-shSIRT1 infection and
ChIP assays were performed. Primer sequences and detailed mouse liver ChIP procedures
are described in Fig. S15.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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were measured. The mean and SEM are plotted (n=4), *, p<0.05, **,
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Fig. 3. Effects of miR-34a on hepatic NAMPT/NAD" levelsand SIRT1 activity
(A-E) MiR-34a overexpression experiments in lean mice. (A) Experimental outline. (B)

Hepatic miR-34a levels are shown. (C) NAMPT and SIRT1 protein levels are shown and the
ratio of NAMPT or SIRT1 to tubulin is plotted (right panel). (D) Hepatic NAD* and NADH
levels are shown. (E) Acetylation of transcriptional regulators were detected by IP/IB and
the ratio of acetylated to total protein is plotted in panels to the right. The mean and SEM are
plotted (n=4), *, p<0.05, **, p<0.01, NS, statistically not significant. (F-J) Anti-miR-34a
experiments in dietary obese mice. (F) Experimental outline. (G) Hepatic miR-34a levels are
shown. (H) NAMPT protein levels are shown and the ratio of NAMPT to tubulin is plotted
(right panel). (1) Hepatic NAD™ and NADH levels are shown. (J) Acetylated protein levels
were detected by IP/IB and the ratio of acetylated to total protein is plotted in panels to the
right. The mean and SEM are plotted (n=3-5), *, p<0.05; **, p<0.01, NS, statistically not
significant.
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Fig. 4. NAMPT isimportant for anti-miR-34a-mediated increasesin NAD* levels

(A-D) Hepatocyte experiments. (A) Experimental outline. Effects of NAMPT siRNA on
NAMPT/SIRT1 protein levels (B), NAD* and NADH levels (C), and mRNA levels of B-
oxidation and lipogenic genes (D) are shown. The mean and SEM are plotted (n=4), *,
p<0.05; **, p<0.01, NS, statistically not significant. (E, F) SIRT1-LK O experiments. WT
littermates and SIRT-LKO mice were tail vein injected with Ad-empty or Ad-miR-34a and 1
week later, livers were collected for measuring NAMPT/SIRT1 protein levels (E) and
hepatic NAD* and NADH levels (F). The mean and SEM are plotted (n=3), *, p<0.05 and
** p<0.01.

Aging Cell. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Choi et al.

A In vivo Chromatin IP (livers pooled from 4 mice/group)
Nampt gene Sirt1 gene Gapdh gene
(-620/-240) (-42/167) (+184/+459)

ND HFD ND HFD ND HFD

fs fd fs fd fs fd fs fd fs fd fs fd
Input|ﬁ-—-||————||--i-|

o | ] || |
s [= = ||

H3K4-me3

(activation mark) | =e=—

H3K9-me2

(repression mark)

Ad-shSIRT1 36
& ?rfgi:?cc:)tee Ad-sh CTL % s/f media o/n —> Chromatin IP

C D E NamptmRNA

Chromatin IP (Hepatocytes) OA-s

Ad-shRNA : O A-34a(siCTL)

CTL SIRT1 Ab: Total IgG SIRT1 H3K4-me3 -A-34a(siSIRT1)
Ad-sh: cTL SIRT1 CTLSIRT1 CTL SIRT1 CTL SIRTA 15 x
B:Sirt1  Nampt| s we - 10
gene 2
— m— Sirt | e - - & o §0.5
IB: Lamin gene

Page 17

o

Fig. 5. Both NAMPT and SIRT1 form a positive regulatory loop that controls NAD* levels

(A) ChlP assaysin vivo. Lean or diet-induced obese mice were fed or fasted for 16 h and
livers from four mice per experimental group were pooled and ChIP assays were performed.
SIRT1 occupancy and gene activation or repression histone modifications at the Nampt and
Sirt1 genes and the Gapah gene as a control were detected by semi-gPCR analysis. (B-E)
ChIP assaysin hepatocytes. (B) Experimental outline. (C) Effects of Ad-shSIRT1 on
expression of SIRT1 are shown. Primary hepatocytes isolated from lean mice were infected
with Ad-shSIRT1 or Ad-sh control (CTL) and incubated in serum-free media overnight, and
ChIP assays (D) and g-RTPCR (E) were performed. The mean and SEM are plotted (n=3),
*, p<0.05.
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Fig. 6. In vivo gain- or loss-of-function miR-34a experiments

(A,B) In vivo m-34a over expression experiments. Lean mice were injected via the tail
vein with Ad-miR-34a or empty adenoviral vector. (A) The mRNA levels of metabolic
genes, measured by g-RTPCR, are shown. (B) Staining of liver tissue from mice with Oil
Red-O is shown. The mean and SEM are plotted (n=4), *, p<0.05, **, p<0.01, NS,
statistically not significant. (C-F) In vivo Ad-miR-34a/NMN experiments. (C)
Experimental outline. Effects of treatment with NMN on hepatic NAD* and NADH levels
(D), expression of FA B-oxidation genes (E), and glucose tolerance (F). (G-J) Anti-
miR-34ain vivo silencing. Mice were fed normal diets (ND) of HF diets (HFD) for 20
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weeks and injected with anti-miR34a oligonucleotides or control scrambled RNA (SC), and
control mice fed normal diets were injected with saline. (G) The mMRNA levels of metabolic
genes, measured by g-RTPCR, are shown. (H) Staining of liver tissue by H&E and Oil Red-
Oisshown. (1) GTT and ITT: Serum glucose levels, after injection of glucose (GTT) or
insulin (ITT), are shown. (J) Serum cytokine, insulin, and TG levels are shown. The mean
and SEM are plotted (n=3-5), *, p<0.05; **, p<0.01, NS, statistically not significant. (K)
The SIRT1 and NAMPT loop negatively regulated by miR-34a. During fasting under
physiological conditions, SIRT1 is recruited to the Nampt and Sirt1 genes, leading to
epigenetic activation of these genes. Induced NAMPT, in turn, increases NAD™* levels and
SIRT1 mediated deacetylation of its target transcriptional regulators, including PGC-1q,
SREBP-1c, and NF-kB, resulting in increased lipid oxidation and reduced lipogenesis and
inflammation (left panel). In fatty liver in obesity, however, elevated hepatic miR-34a
inhibits both NAMPT and SIRT1 expression by binding to the 3'UTRs of mRNA, which
effectively disrupts the feed-forward positive regulatory loop controlling NAD™* levels and
SIRT1 deacetylase activity, resulting in detrimental transcriptional and metabolic outcomes
(right panel).
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