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Abstract

Calorie restriction (CR) is a dietary intervention that extends lifespan, delays the onset of
age-related diseases, and induces a wide-ranging metabolic adaptation in multiple model
organisms. One of its primary effectors is the mitochondrial NAD"-dependent deacetylase
sirtuin 3 (SIRT3). SIRT3 expression is upregulated by CR in multiple tissues, yet the
mechanism of this induction is unclear. We therefore pursued multiple avenues in the study of
the regulation of SIRT3 expression. To study SIRT3 transcriptional activity, we developed a
plasmid with the SIRT3 promoter driving expression of the reporter gene luciferase, and we used
it to demonstrate that SIRT3 expression in human 293T cells is upregulated by rapamycin, an
inhibitor of the nutrient-sensing Target of Rapamycin pathway. Because SIRT3 expression level
is a predictor of clinical outcome in breast cancer, this construct could be applied as a diagnostic
and prognostic tool. We next conducted a bioinformatic analysis to identify transcription factors
that may induce SIRT3 expression and identified nuclear respiratory factor 2 (NRF-2) as a top
candidate. We showed that SIRT3 levels respond to NRF-2 overexpression or knockdown and
that NRF-2 binds the SIRT3 promoter. Notably, NRF-2 and estrogen-related receptor o — the
only other transcription factor previously identified as binding the SIRT3 promoter directly — are
both co-activated by peroxisome proliferator-activated receptor y coactivator 1-a (PGC-1a), a
major regulator of the expression of mitochondrial and metabolic genes. Future study will be
necessary to determine whether this pathway underlies the upregulation of SIRT3 expression in

CR. Finally, we also used high-throughput RNA sequencing to suggest that calorie restriction

il



was capable of reversing not just age-related changes in gene expression, but also age-related
changes in the usage of different isoforms of the same gene. This may be a new mechanism by
which CR controls the biological activity of certain genes. Together, these studies provide novel

tools and insights in the study of the regulation of SIRT3 expression and the effects of CR.
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Introduction
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Over three-quarters of a century ago, Clive McCay and colleagues first noted that rats
kept on a calorie-restricted diet lived longer than freely fed controls (McCay et al., 1935). Since
then, calorie restriction (CR), defined as undernutrition without malnutrition, has been shown to
increase lifespan in several model organisms, including yeast, worms, flies, and mice
(Weindruch et al., 1986). Yet despite the length of time that has elapsed since its initial
discovery, the molecular mechanisms that drive this lifespan extension have remained elusive.
In 1999, it was discovered that a Saccharomyces cerevisiae gene named silent information
regulator 2 (Sir2), which controls transcriptional silencing by deacetylating histones (Ivy et al.,
1986; Dang et al., 2009), shortened lifespan in yeast when deleted and extended it when
overexpressed (Kaeberlein et al., 1999). Moreover, Sir2 was required for the lifespan of yeast to
be extended by calorie restriction (Lin et al., 2000). These discoveries launched a new field in

biology — the study of Sir2 and its homologs, called sirtuins.

The sirtuins

Following the discovery that Sir2 promoted longevity in yeast, sirtuins were shown to
regulate lifespan in other organisms (Haigis and Guarente, 2006). In Caenorhabditis elegans,
lifespan was extended by increased levels of the Sir2 homolog sir-2.1 (Tissenbaum and
Guarente, 2001). In flies, an increase in levels of the Drosophila melanogaster gene dSir2
extended lifespan, while a decrease blocked the lifespan-extending effects of calorie restriction
(Rogina and Helfand, 2004). Both of these results were later called into question (Burnett et al.,
2011), but subsequent studies verified the essential findings. The initial study in C. elegans
overestimated lifespan extension by sir-2.1 because of an unlinked mutation that was not

controlled for, but a significant effect still remained with proper controls (Viswanathan and



Guarente, 2011), and other studies also found that sir-2.1 overexpression in worms extended
lifespan (Rizki et al., 2011; Mouchiroud et al., 2013). In flies, meanwhile, follow-up studies
determined that expression of dSir2 specifically in the fat body was crucial to lifespan regulation.
Levels of dSir2 were normally increased during yeast restriction, a CR-like intervention, and
deletion of dSir2 in the fat body abrogated the lifespan-extending effects of yeast restriction
(Banerjee et al., 2012). Overexpression of dSir2 in the fat body also extended lifespan (Banerjee
et al., 2012; Hoffman et al., 2013). This body of work reinforced the idea that sirtuins were
important for the regulation of lifespan through pathways activated during calorie restriction.

In mammals, and in most vertebrates, there are seven sirtuins (SIRT1-7), and they
possess NAD -dependent deacetylase, deacylase, and ADP-ribosyltransferase activities (Vaziri
et al., 2001; Blander and Guarente, 2004; Liszt et al., 2005; Haigis et al., 2006; Du et al., 2011).
The seven sirtuins arose early during animal evolution (Greiss and Gartner, 2009) and are found
in different subcellular locations, with the primary localizations of each being the nucleus
(SIRT1, SIRT6, SIRT7), cytosol (SIRT2), and mitochondria (SIRT3, SIRT4, SIRTS). SIRTI is
the closest mammalian homolog to yeast Sir2, and SIRT3 is the closest of the mitochondrial
sirtuins (Frye, 2000). In fact, so close is the homology between SIRT1 and SIRT3 that they
deacetylate homologous substrates (Hirschey et al., 2011a). Together, the sirtuins have
important functions in a diverse yet interrelated set of physiological processes, including aging,
metabolism, and several age-related pathologies.

Though the data suggests that the effect may be context-dependent, sirtuins have been
shown to regulate lifespan in mice. Importantly, one study suggests that loss of SIRT1 removes
the ability of CR to extend lifespan (Boily et al., 2008). Lifespan is also extended by brain-

specific overexpression of SIRT1 (Satoh et al., 2013), although not by whole-body



overexpression (Herranz et al., 2010), perhaps due to increased cancer incidence (Guarente,
2013). Nor is SIRTI alone in its impact — evidence for a positive effect of sirtuins on longevity
also comes from the recent discovery that SIRT6 overexpression extends lifespan (Kanfi et al.,
2012). Early experiments using SIRT6 knockout mice suggested that it could be involved in
aging (Mostoslavsky et al., 2006), and although the effects of its transgenic overexpression are
modest (the median lifespan increases between 10 and 15%) and gender-specific (affecting males
only), they are significant. The role of all seven sirtuins in longevity is still being investigated,
but at least a subset of them has a positive influence on lifespan.

Sirtuins are also central mediators of the metabolic effects of calorie restriction. CR
induces a metabolic reprogramming at the cellular level that includes an enhancement of
mitochondrial function and a preference for fat over glucose as a source of fuel (Anderson and
Weindruch, 2010). In multiple tissues, the relative energy deficit wrought by CR also increases
intracellular levels of NAD", the metabolite which is reduced to NADH during energy-
generating processes such as glycolysis (Chen et al., 2008). Because sirtuin enzymatic activity is
dependent upon the presence of NAD", their activity is directly linked to the metabolic state of
the cell. This is a very suggestive link, and indeed nearly every sirtuin has been shown to play a
role in regulating metabolism and energy homeostasis, often in roles that help the cell adapt to
periods of low energy input. SIRT1, for example, promotes the oxidation of fatty acids (Gerhart-
Hines et al., 2007), helping the body to draw energy from its fat reserves. SIRTS activates the
urea cycle during fasting (Nakagawa et al., 2009), helping to reduce levels of ammonia in the
blood when amino acids are used as a source of energy. Additionally, administration of
resveratrol, a small-molecule activator of SIRT1 (Howitz et al., 2003; Hubbard et al., 2013),

mimics the transcriptional (Barger et al., 2008; Pearson et al., 2008) and physiological effects of



CR (Lam et al., 2013). It is the mitochondrial SIRT3, however, that is the major sirtuin player in

the metabolic adaptation to CR.

SIRT3 in metabolism

SIRT3 is upregulated by calorie restriction in liver and brown adipose tissue (Shi et al.,
2005; Hallows et al., 2011). It in turn upregulates several metabolic functions that promote
adaptation to periods of low energy input (Figure 1.1), including activation of the urea cycle via
ornithine transcarbamoylase (Hallows et al., 2011), ketone body synthesis via mitochondrial 3-
hydroxy-3-methylglutaryl-CoA synthase 2 (Shimazu et al., 2010), and the electron transport
chain via subunit A of the succinate dehydrogenase complex (Finley et al., 2011a). SIRT3 also
promotes mitochondrial oxidative metabolism via deacetylation of long-chain acyl coenzyme A
dehydrogenase, an enzyme involved in fatty acid catabolism (Hirschey et al., 2010). This
activity has been linked to the phenotype of SIRT3 knockout mice, which exhibit an abnormal
accumulation of fatty acid oxidation intermediates and, when fasted, show reduced ATP
production and intolerance to cold. SIRT3 knockout mice are also unable to cope with a high-fat
diet and gain more weight than their wildtype counterparts, developing hepatic steatosis and
exhibiting signs of inflammation (Hirschey et al., 2011b). On a proteomic scale, loss of SIRT3
leads to a loss of the widespread reprogramming of mitochondrial protein acetylation patterns
normally seen with CR (Hebert et al., 2013), showing that SIRT3 is deeply involved in the
cellular adaptation to CR. Conversely, wildtype mice on a high-fat diet have reduced SIRT3
levels, reduced hepatic SIRT3 activity, and increased protein acetylation relative to those on a
control diet (Hirschey et al., 2011b, Kendrick et al., 2011), highlighting the dynamic nature of

the interplay between SIRT3, diet, and metabolism.
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Figure 1.1. Overview of SIRT3 expression and function. Calorie restriction induces activity of
the transcriptional coactivator PGC-1a and expression of SIRT3. The PGC-1a effector ERRa
regulates SIRT3 in certain contexts, but this connection has not been studied in CR. Other
transcription factors may play a role. Once expressed and translated into protein, SIRT3
localizes to the mitochondria and activates several pathways that are adaptive during periods of
nutrient scarcity, such as the tricarboxylic acid cycle, mitochondrial respiration, fatty acid
oxidation, ketone body production, antioxidant activity, and the urea cycle. Example SIRT3
enzymatic targets (green ovals) are given for each pathway.



SIRT3 also mediates the prevention of age-related hearing loss by CR (Someya et al.,
2010), providing perhaps the strongest link between mammalian sirtuins and a specific anti-
aging effect of calorie restriction. Hearing loss is a hallmark of mammalian aging and is
characterized by a gradual loss of spiral ganglion neurons and sensory hair cells in the cochlea of
the inner ear, which is triggered by oxidative damage in these cells (Liu and Yan, 2007).
Remarkably, CR prevents hearing loss and oxidative damage in wild-type mice, whereas SIRT3-
deficient mice remain subject to hearing loss with age. In addition, the same study demonstrated
that SIRT3 is required for the CR-mediated reduction of oxidative damage in multiple tissues via
regulation of the glutathione antioxidant system (Someya et al., 2010). This evidence suggested
that SIRT3 may play a broader role in raising the cell’s defenses against inflammation and
cellular damage resulting from superoxide and peroxide byproducts of the electron transport

chain, collectively termed reactive oxygen species (ROS).

SIRT3 in inflammation and disease

Inflammation driven by ROS plays a central role in the pathogenesis of many age-related
diseases, and current research points to an anti-inflammatory role for sirtuins, especially SIRT1
and SIRT3 (e.g. Gillum et al., 2011; Wu et al., 2012). Inflammation typically increases with age
(e.g. Lietal., 2010), and sirtuins counteract the effects of ROS-induced inflammatory factors
such as nuclear factor NF-kB (Schug et al., 2010) and tumor necrosis factor (Yoshizaki et al.,
2010) and also fight ROS directly. For example, in primary cultures of cardiomyocytes, SIRT3
reduced ROS by activating mitochondrial superoxide dismutase (SOD2), a mitochondrial matrix
protein which transforms toxic superoxide into hydrogen peroxide and oxygen, and catalase,

which decomposes hydrogen peroxide into oxygen and water (Sundaresan et al., 2009). The



presence of functional SIRT3 was also necessary for the reduction of oxidative damage seen in
mouse liver during calorie restriction (Qiu et al., 2010). These signs pointed to SIRT3-mediated
activation of SOD2 as key for fighting inflammation, and several groups have shown that SIRT3
directly deacetylates and activates SOD2, though the studies do not all agree on which residue is
most important (Qiu et al., 2010; Chen et al., 2011; Tao et al., 2010). SIRT3 also deacetylates
and activates mitochondrial isocitrate dehydrogenase, a tricarboxylic acid cycle enzyme which
generates the NADPH necessary for regenerating the cell’s reserves of reduced glutathione, and
this may contribute to its ability to protect cells from oxidative stress and stress-induced
inflammation (Yu et al., 2012). In support of SIRT3’s anti-inflammatory role, SIRT3 mRNA
levels were reduced in a cellular mouse model of kidney inflammation, while SIRT3
overexpression reduced markers of inflammation (Koyama et al., 2011).

One inflammation-driven pathology in which SIRT3 plays a protective role is
cardiovascular disease. Cardiovascular disease involves the deterioration of heart and blood
vessel function and is the leading cause of death worldwide. Inflammation and increased
oxidative damage are two of the major contributors to its pathogenesis (Malik et al., 2004).
Remarkably, calorie restriction protects from cardiovascular disease by improving both
endothelial and heart function (Weiss et al., 2011). Given the role of sirtuins in mediating the
effects of CR, multiple studies have explored their function in cardiovascular disease. SIRTI,
for example, plays a role in endothelial function, vessel inflammation, vascularization, and
cholesterol metabolism (Haigis and Sinclair, 2010; Borradaile and Pickering, 2009). SIRT3 has
also emerged as a critical regulator of cardiac function (Pillai et al., 2010a; Sack, 2011). SIRT3-
deficient mice develop cardiac hypertrophy, while transgenic animals overexpressing SIRT3 in

the heart are protected against agonist-mediated cardiac hypertrophy (Sundaresan et al., 2009).



In addition to its induction of SOD2 and catalase, SIRT3 also deacetylates and activates LKB1,
leading to active AMPK. This suppresses AKT phosphorylation, which in turn leads to
downregulation of mTOR-driven growth (Pillai et al., 2010b). Both increased ROS levels and
AKT activation play a crucial role in the development of cardiac hypertrophy (Lang, 2002;
Condorelli et al., 2002). Thus, by downregulating these two pathways, SIRT3 exerts a key anti-
hypertrophic function in cardiomyocytes.

SIRT3 also plays a protective role in cancer. Tumorigenesis is a multi-step process that
involves the acquisition of several mutations leading to cell transformation and cancer initiation
(Hanahan and Weinberg, 2000). Among the hallmarks of cancer cells, metabolic reprogramming
is an important regulator of tumor growth, allowing tumor cells to meet their energetic and
anabolic demands (Vander Heiden et al., 2009). While differentiated cells under normal
conditions obtain energy by oxidizing fuels such as glucose through mitochondrial oxidative
phosphorylation, rapidly proliferating cancer cells often upregulate glycolysis, allowing them to
generate the macromolecules needed for cellular proliferation. This metabolic switch is known
as the Warburg effect, and SIRT3 normally counteracts it by destabilizing hypoxia inducible
factor 1-a via downregulation of ROS (Finley et al., 2011b). Additionally, overexpression of
SIRT3 slowed tumorigenesis in xenograft models (Bell et al., 2011), suggesting that SIRT3 may
be a tumor suppressor. Consistent with this role, SIRT3 expression is downregulated in human
breast cancers, and SIRT3 knockout mice have a higher incidence of spontaneous mammary

tumors (Kim et al., 2010).



Regulation of SIRT3 and mitochondrial gene expression

Because of the enormous importance of the diseases in which active SIRT3 plays a
protective role, it is of major therapeutic significance to better understand the conditions under
which SIRT3 is expressed and is active. Surprisingly little about this is actually known. Only
one transcription factor, estrogen-related receptor a (ERRa), has been identified which binds the
SIRT3 promoter directly (Figure 1.1) (Kong et al., 2010; Giralt et al., 2011). ERRa is a
transcription factor with an important role in mitochondrial metabolism. Among its targets are
medium-chain acyl coenzyme A dehydrogenase, an enzyme which is central to the mitochondrial
B-oxidation of fatty acids (Sladek et al., 1997), and several components of the tricarboxylic acid
cycle and mitochondrial electron transport chain (Giguére, 2008). ERRa is co-activated by
peroxisome proliferator-activated receptor y coactivator 1-a (PGC-1a) and carries out part of the
PGC-1a transcriptional program (Schreiber et al., 2003; Scarpulla, 2011). Overexpressing ERRa
in cardiac myocytes, for example, upregulates PGC-1a target genes involved in mitochondrial
respiration and fatty acid oxidation (Huss et al., 2004). In at least mouse adipocytes and
hepatocytes, this includes inducing SIRT3 expression upon co-activation by PGC-1a (Kong et
al., 2010; Giralt et al., 2011).

PGC-1a itself drives a wider transcriptional program controlling mitochondrial
biogenesis, mitochondrial metabolism, and other processes. PGC-1a was originally identified
for its key role in upregulating thermogenesis in response to cold exposure (Puigserver et al.,
1998). It is upregulated in several tissues in response to nutrient stress in order to increase
mitochondrial function and cellular capacity for energy production. It is induced in skeletal
muscle by exercise (Baar et al., 2002), and it is important for exercise capacity and fatigue

resistance (Leone et al., 2005). It is induced in mouse heart by short-term fasting, where it
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stimulates mitochondrial biogenesis and respiration (Lehman et al., 2000), and it is induced by
fasting in the liver, where it activates gluconeogenesis (Yoon et al., 2001). Calorie restriction
also induces PGC-1a in skeletal muscle, where it underlies the upregulation of many
mitochondrial genes in CR (Finley et al., 2012). In skeletal muscle, PGC-1a activity also
increases fatty acid oxidative capacity (Hoeks et al., 2012) and lessens age-related pathologies
such as inflammation (Wenz et al., 2009).

Another important effector of PGC-1a is nuclear respiratory factor 2 (NRF-2). NRF-2 is
an E26 transformation specific-family transcription factor that is important for the expression of
many mitochondrial genes (Scarpulla, 2002). NRF-2 functions as a heterodimer composed of a
and [} subunits, with the NRF-2a subunit binding DNA and the NRF-2f subunit facilitating
binding between heterodimers (Batchelor et al, 1998). Like ERRa, NRF-2 is bound and co-
activated by PGC-1a and is central to mitochondrial biogenesis and metabolism (Mootha et al.,
2004; Baldelli et al., 2013; Yang et al., 2014). Among its targets are all ten nuclear-encoded
cytochrome c oxidase subunits (Ongwijitwat and Wong-Riley, 2005; Ongwijitwat et al., 2006),
ATP synthase subunit B, and succinate dehydrogenase subunits B, C, and D (Scarpulla, 2002).
Noteably, both NRF-2 and ERRa drive the expression not only of oxidative genes but also each
other (Mootha et al., 2004). However, it is not known whether one is more active than another in
different tissues or different physiological contexts such as calorie restriction. NRF-2 has
received comparatively less study than ERRa and is sometimes confused in the literature with
the transcription factor nuclear factor erythroid 2-related factor 2 (often abbreviated NRF2),

which induces antioxidant pathway genes (Baldelli et al., 2013).
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Study overview

Do PGC-1la and its effectors represent the pathway responsible for upregulating SIRT3
expression during CR? What are the transcription factors controlling SIRT3 expression? With
so much being discovered about the downstream effects of SIRT3 and other sirtuins, we focused
our efforts on uncovering upstream factors that control SIRT3 expression. Chapter II describes
the development of a luciferase-based plasmid reporter to assay SIRT3 expression. SIRT3
shares a short bidirectional promoter with the 26S proteasome non-ATPase regulatory subunit 13
(PSMD13), and we cloned the PSMD13-SIRT3 promoter into a reporter plasmid, with activation
of the promoter driving expression of the luciferase reporter gene. We validate that it functions
as expected in control situations, and we use it to demonstrate that SIRT3 expression is induced
by rapamycin, a small molecule inhibitor of the nutrient-sensing target of rapamycin (TOR)
pathway.

One of the studies which originally detailed the interplay between PGC-1a, ERRa, and
NRF-2 was driven by bioinformatic analysis (Mootha et al., 2004). To identify transcription
factors involved in activating oxidative phosphorylation, either PGC-1a or a control vector were
overexpressed in cultured mouse C2C12 myotubes, followed by microarray analysis of gene
expression. Genes were then ranked based on induction by PGC-1a and the genes’ DNA
sequences were analyzed for transcription factor binding motifs which were enriched in the
promoters of genes ranked near the top of the list. ERRa and NRF-2 were the two top-scoring
motifs identified. In chapter III, we use a similar approach developed by Warner et al. (2008) to
identify transcription factors which may control SIRT3 induction. Using publicly available
microarray data, we identify datasets in which SIRT3 is upregulated by fasting or CR. We then

analyze enrichment of transcription factor binding motifs in the DNA sequences of not only
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SIRT3, but also the genes whose expression profiles are most highly correlated with SIRT3,
under the hypothesis that genes which are co-expressed may be controlled by the same
transcription factor(s). Using a set of several genes increases the statistical power over an
analysis of one gene alone. With this method, we identify NRF-2 as a top candidate regulator of
SIRT3. We then experimentally verify that NRF-2 overexpression and knockdown affect SIRT3
mRNA levels in human 293T cells and that NRF-2a binds the SIRT3 promoter. We thus
establish that SIRT3 expression is controlled by both arms of the PGC-1a — ERRa and PGC-1a —
NRF-2 pathway.

In chapter IV, we take a different view of regulation during CR using a high-throughput
RNA sequencing (RNA-seq) approach. RNA-seq enables analysis of not just raw gene
expression level but also of relative isoform expression levels and start site usage for a particular
gene. Using liver and heart tissue from young control, aged control, and aged CR mice, we
examine both gene expression and isoform usage changes that occur with age and with calorie
restriction. We note that calorie restriction opposes the effects of aging for a large proportion of
the gene expression changes we observed in the liver, and we also identify genes whose age-
related changes in isoform usage are reversed by CR. We examine SIRT3 specifically and
observe that a particular 8 bp insert is incorporated into SIRT3 transcripts twice as often in liver
as in heart, suggesting a previously unappreciated role for the regulation of isoform expression in
SIRT3 biology.

Finally, we also include an appendix from a “targeted screen” looking at the effect of six
small molecule CR mimetics on SIRT3 expression in 293T cells. This series of experiments

initially identifies rapamycin’s effect on SIRT3 levels, and we subsequently investigate the effect
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of rapamycin on expression levels of the mitochondrial sirtuins — SIRT3, SIRT4, and SIRTS — in
multiple cell lines and with multiple methods of inhibiting the TOR pathway.

Together, these chapters provide an important step in elucidating the pathways which
induce SIRT3. SIRTS3 is induced during calorie restriction and mediates some of its benefits.
SIRT3 also plays an important role in the suppression of inflammation and the delayed onset of
age-related disease. A fuller knowledge of the mechanisms by which it is expressed may in the
future lead to therapeutic strategies for the mimicry of calorie restriction and the treatment or

prevention of age-related disease.
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Abstract

Sirtuin 3 (SIRT3) is a major regulator of oncometabolism. Its activity or lack thereof
significantly affects cellular oxidative stress, glycolytic gene expression, and tumorigenic
potential. Thus, a system to accurately measure the level of SIRT3 transcriptional activation
could lead to the identification of new cancer therapies and may have diagnostic applications.
Here, we describe the development of a luciferase-based plasmid reporter system to measure
activation of the human SIRT3 promoter. We detail the steps involved in construction of the
system, including primer design, promoter fragment amplification, cloning, bacterial
transformation, and mutagenesis. We validate this system in human 293T cells using the known
activation of the STRT3 promoter by the transcription factor estrogen-related receptor o, and we
further show novel activation by the small molecule rapamycin, which has been used as a calorie
restriction mimetic. Finally, we give an overview of the complementary molecular biology

techniques that may be used to verify the results of this system.

Introduction

Sirtuins are mammalian homologs of the yeast enzyme silent information regulator 2
(Sir2), a regulator of chromatin packing and transcription which may also be involved in the
regulation of replicative lifespan (Lin et al., 2000). The seven mammalian sirtuins possess
NAD -dependent activities including deacetylation, deacylation, and ADP-ribosylation (as
reviewed in Houtkooper et al., 2012). Their best-known biological functions involve helping the
cell adapt to nutrient challenges and stress. For example, SIRT1 and SIRT3 levels are
upregulated during calorie restriction to promote fatty acid oxidation (Cohen et al., 2004;

Chakrabarti et al., 2011; Hallows et al., 2011; Hirschey et al., 2010). Recently, the sirtuins have
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come under close study by cancer biologists because several of them — at least SIRT3, SIRT4,
and SIRT6 — function as tumor suppressors through their regulation of cellular metabolism (e.g.
Kim et al., 2010; Finley et al., 2011; Jeong et al., 2013; Sebastian et al., 2012).

SIRT3 in particular seems to lie at the nexus of metabolism and tumor suppression. In
addition to promoting fatty acid metabolism, SIRT3 activates superoxide dismutase 2 (SOD2),
one of the cell’s main defenses against reactive oxygen species (ROS) (Tao et al., 2010). By
fighting ROS, SIRT3 plays dual roles: first, it helps to promote genomic integrity (Kim et al.,
2010), and second, it maintains hypoxia inducible factor la (HIF1a) in a destabilized state,
preventing it from inducing the glycolytic gene expression and Warburg effect which are typical
of cancer cells (Finley et al., 2011; Bell et al., 2011). When SIRT3 activity is low, tumor
formation is more likely — in fact, one copy of SIRT3 is deleted in approximately 20% of all
human tumors (Finley et al., 2011). Because SIRT3 plays such an important role in metabolism
and tumor suppression, it is important to develop quantitative and sensitive methods to monitor
its expression.

This chapter details the construction of a luciferase-based reporter system for assaying
the activity of the SIRT3 promoter. The system was inspired by previous work (Bellizzi et al.,
2007) but greatly expands and improves upon it. The first part of the protocol describes cloning
the SIRT3 promoter into an otherwise promoter-less luciferase reporter plasmid. The construct
can then be mutagenized site-specifically to test the effects of ablating certain sequence
elements. Assaying SIRT3 promoter activation with the construct involves transfecting it into
cells under different conditions and measuring the activity of the luciferase reporter gene; we
present two example applications to illustrate validation and use of the system, including the

novel upregulation of SIRT3 expression by rapamycin, a small molecule inhibitor of the nutrient-
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responsive kinase mammalian target of rapamycin (mTOR) (Zoncu et al., 2011). The protocol
concludes by describing verification of reporter results by quantitative PCR and western blot.
Though tailored specifically for SIRT3 in this chapter, these same methods could be applied to

any target gene of interest.

Protocol for construction of reporter plasmid
Primer design

Perhaps the most crucial step in creating a reporter construct is to decide which DNA
fragment to clone. Because this fragment will be bounded by the primers used to amplify it, the

first step is therefore a decision about where to place the primers.

Place the reverse (downstream) primer. The reverse primer is more straightforward to
place than the forward (upstream) primer. In most cases, place the reverse primer in the region
after the transcriptional start site for the gene of interest but before the translation start codon.
This will allow the construct to respond to the transcriptional machinery that normally controls
the gene but instead produce the reporter enzyme after translation. The location of a gene’s
transcriptional and translational start sites can be read from DNA sequence information
annotated by the National Center for Biotechnology Information (NCBI), displayed via the
NCBI’s own website (searchable by gene at http://www.ncbi.nlm.nih.gov/gene) or the University
of California, Santa Cruz Genome Browser (http://genome.ucsc.edu/index.html).

We followed these guidelines and placed our downstream primer between the SIRT3

transcription start site and translation start codon (Table 2.1).
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Table 2.1. Location of salient features within the SIRT3-PSMD 13 promoter (using the
NM_001017524.2 transcript annotation for SIRT3 and NM_002817.3 transcript annotation for
PSMD13 from the National Center for Biotechnology Information).

Feature

Location (DNA base) relative to SIRT3
transcription start site

PSMD13 start codon

First homologous base of forward primer

Last base of forward primer

PSMD13 transcription start site

First base of reverse primer

Last homologous base of reverse primer

SIRT3 start codon

First base of Bellizzi reverse primer

Last homologous base of Bellizzi reverse primer
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-687 to -685
-682

-663

-446

+8

+29
+35 to +37
+150

+169



Place the forward (upstream) primer. Placement of the forward (upstream) primer
depends on the size of the promoter and the locations of known upstream regulatory sequences.
Use DNA sequence analysis algorithms such as MAPPER (http://genome.ufl.edu/mapper/) or
TFSearch (http://www.cbrc.jp/research/db/TFSEARCH.html) to identify upstream regions
containing potential transcription factor binding sites, and combine this information with any
regulatory sequences already known to exist in the promoter. When possible, place the primer to
include these regions in the amplified fragment. For genes with lengthy promoters or vague
promoter boundaries, the number of kilobases between the forward and reverse primers may
depend on how large a region you are able to amplify via PCR. Approximately one in ten human
genes has a bidirectional promoter — that is, a short (generally less than 1 kb) stretch of non-
coding DNA between the 5’ ends of two genes on opposite strands that may be functionally
related and co-regulated (Lin et al., 2007). This situation establishes more definite bounds for
the promoter region.

SIRT3 shares a bidirectional promoter with the proteasome subunit gene PSMDI3. The
intergenic sequence is not prohibitively long (only 721bp between start codons for PSMD13 and
the “canonical” SIRT3 isoform, using the NCBI NC 000011.9 human chromosome 11 sequence
and UniProt.org for isoform information). We therefore placed the forward primer between the
PSMD1 3 translation start codon and transcription start site (Figure 2.1, Table 2.1). This
symmetric design allowed for the amplified fragment to be used in assaying either SIRT3 or

PSMD13 promoter activity depending on its orientation in the reporter vector.

Design the exact primer sequences. Having selected the rough locations, design the exact

primer sequences using the NCBI Primer Blast tool (http://www.ncbi.nlm.nih.gov/tools/primer-
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Figure 2.1. Overview of promoter fragment amplification, cloning, and experimental use.
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blast/). This tool designs primer pairs that have minimal sequence similarity to other regions in
the genome while maintaining desirable estimated hybridization properties to a given input
sequence. To enable subsequent cloning, add the recognition site for a restriction enzyme to the
5’ ends of the primers, as well as an overhang of three bases to allow the restriction enzyme to
bind. The forward and reverse primers may optionally be designed to have recognition sites for
different restriction enzymes, which will direct the insert to adopt a definite orientation during its
later ligation into the vector (ensure that the order of recognition sites in the vector’s multiple
cloning site matches the planned directionality of the insert). Check that the recognition
sequences do not occur in the region you plan to amplify.

For SIRT3, the NCBI Primer Blast algorithm identified a primer pair which fit the desired
regions. We added a recognition site (ggtacc) for the restriction enzyme Kpnl on the 5° end of
each primer, as well as a three-base (ctc) overhang. The specific primers we used for the
reversible insert were thus:

Forward: 5’-ctcggtaccCAGGAAGACCCCCGGCACAG-3’

Reverse: 5’-ctcggtaccGCGCAGTCCAAGGAGTCCTCCG-3’

Their positions within the SIRT3-PSMD 13 promoter are given in Table 2.1. (It should be
noted that our construct does not contain bases -97 to -20, as we sequenced human DNA from
multiple sources and none contained that fragment.)

We additionally made a SIRT3 reporter using the reverse primer from Bellizzi et al.
(2007), which is 5’-ctcggtaccATCGTCCCTGCCGCCAAGCA-3’. This primer falls after the
SIRT3 translation start codon. Transcription factor binding sites or other regulatory elements

may in some instances overlap the start codon (Xi et al., 2007), necessitating its inclusion in the

31



amplified promoter fragment. In this scenario, it is important to design the reverse primer so that

the reporter gene encoded by the construct remains in frame.

Promoter fragment amplification
Following primer design, the next step is to amplify the promoter fragment. This process
involves generating a starting material to use as template, amplifying the promoter fragment via

PCR, and verifying correct amplification.

Extract template genomic DNA. A single 10 cm dish or T75 flask of cultured cells that is
near confluence will provide ample DNA for use as template. Collect the cells and proceed to
DNA extraction. We extracted DNA from a pellet of human embryonic kidney 293T cells using

a DNEasy kit (Qiagen, cat. # 69504), following manufacturer’s instructions.

Amplify promoter fragment via PCR. Amplify the promoter fragment using the primers
designed above and the template DNA extracted in the previous step. We used a FastStart PCR
Master kit (Roche, cat. # 04710444001) with 50 ng template DNA in 20 pl total volume,
following manufacturer’s instructions. The recommended length of the elongation step is 1
minute for every 1 kb of DNA to be amplified (up to 3 minutes); because the SIRT3-PSMD13

intergenic promoter sequence is slightly less than 1 kb, we used a 1 minute elongation step.

Verify amplification. Check for successful amplification by running a small amount of

PCR product (2 pl of the reaction, plus 2 ul of DNA loading dye, New England Biolabs, cat. #

B7021S) on a 2% agarose gel with SYBR Safe DNA Gel Stain (Life Technologies, cat. #
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S33102) incorporated into the gel at a 1:10,000 dilution. Include control lanes (e.g. 5 pl of
100bp DNA ladder alongside 5 pl of 1kb DNA ladder, New England Biolabs, cat. #s N3231S
and N32328S) for size comparison. Bands may be visualized by exciting the gel with blue or
ultraviolet light (if using UV light, use proper shielding to limit personal UV exposure). If the
PCR bands are clean and the expected size, proceed to cloning the promoter fragment into the

vector.

Troubleshoot. 1If the PCR results are not clean, try one or more troubleshooting
strategies. To optimize the reaction, use annealing temperatures 5°C warmer or cooler than
recommended, or design entirely new primers. To control for template quality, include reactions
with a pair of primers known to amplify well. If these steps do not lead to improved PCR
results, then it may help to use as template a bacterial artificial chromosome (BAC) with the
segment of the genome that includes the promoter of interest. BACs generally contain only a
few hundred kilobases, greatly increasing the chances that primers will encounter the desired
region for amplification rather than a different genomic location of similar sequence.

Though our PCR results with genomic template were usable, we found that our reactions
were cleaner when using BACs as a template. We tested two BACs which contain SIR73: CTD-
2344F1 (a clone with human DNA from sperm, developed by the California Institute of
Technology, available from Life Technologies) and RP11-652018 (a clone with human male
DNA from white blood cells, developed by the Roswell Park Cancer Institute, available from

Life Technologies).
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Inserting the promoter into the vector

After verifying that a band of the desired length is the major PCR product, insert it into
the reporter vector. This process involves digesting both the PCR products and the vector
plasmid with a restriction enzyme. The vector is additionally treated with alkaline phosphatase
to prevent re-circularization prior to the ligation reaction, which inserts the amplified promoter

fragment into the vector.

Purify PCR product. Remove excess primer from the PCR product by prepping the
reactions with a PCR purification kit (Qiagen, cat. # 28104), eluting into 40 ul of water in the
final step. This typically gives PCR products with concentrations of 100-200 ng/ul, of which

only ~1% is residual template.

Digest PCR product with restriction enzyme. Cleave the PCR products with the
restriction enzyme corresponding to the recognition sites that were added to the primers designed
above. To digest the PCR products and create the insert for our SIRT3 reporter construct, we
used 35.5 pl of each product and 0.5 pl of the restriction enzyme Kpnl-HF (New England
Biolabs, cat. # R3142S) with 4 ul of NEBuffer 4. We then incubated in a 37°C water bath for
1.5 hours. The 0.5 pl of restriction enzyme was 10 units, which was sufficient to cut 10 pg of

DNA in one hour at that temperature.

Similarly cleave the vector. As with the PCR products, cleave the vector. We used the

vector pGL3 basic (Promega, cat. # E1751). A similar vector may also be used, provided it is a

promoterless vector with a luciferase reporter gene immediately following the recognition site(s)
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for the restriction enzyme(s) used in amplifying the promoter fragment. We cleaved with Kpnl-
HF, again using 10 units of enzyme with approximately 10 pg of DNA in a 37°C water bath for

1.5 hours.

Treat the vector with alkaline phosphatase. Treat the vector with alkaline phosphatase
(from calf intestine, New England Biolabs, cat. # M0290S) to ensure that it does not self-ligate
and re-circularize after digestion. An efficient way to do this is to prep the post-digest vector
DNA using the same purification kit as above (Qiagen, cat. # 28104) and elute with 40 pl of
water directly into a microtube containing 5 pl of the 10x buffer, 2 pl of water, and 3 ul of
alkaline phosphatase (or approximately 0.5 units per pg of DNA). Then mix and incubate in a

37°C water bath for 1 hour.

Gel extract the PCR products and vector. To prepare pure DNA samples for ligation, run
the cleaved fragments (PCR product and vector alike) on a 2% agarose gel with 1:10,000 SYBR
Safe. Under blue or UV light, carefully excise the desired DNA bands (if using UV light, work
quickly to avoid excessive DNA crosslinking). Extract the DNA from the bands with a gel
extraction kit (Qiagen, cat. # 28704), eluting into 40 pl of water. Yields are typically ~20 ng/pl

for the PCR products.

Perform ligation. Ligate the fragment into the vector using T4 DNA ligase (New
England Biolabs, cat. # M0202S). Each reaction is 20 pl total volume and should contain 1 pl of
a 1:10 dilution of the ligase and 2 ul of the 10x buffer. Use 50 ng of vector DNA with a 5-to-1

molar ratio of insert to vector and incubate at 16°C in a thermal cycler for 30 minutes. Include
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two control ligation reactions: one with no DNA, and one with vector DNA but no ligase. These
will be important for troubleshooting in the next section. (Note that molarity of DNA need not
be calculated explicitly. To calculate the ng of insert to use per ng of vector, multiply the desired
5-to-1 molar ratio by the insert/vector length ratio. In our case, the promoter fragment was only

0.13 times the length of the vector, so we used approximately 0.65 ng insert per ng vector DNA.)

Transforming the bacteria with the reporter construct

At this point, the reporter construct may be finished, but usable quantities of it must be
produced in order to verify proper incorporation of the insert. This is accomplished by
electroporating and growing bacteria, followed by extracting DNA from individual colonies.

This section follows standard biological procedures with bacteria.

Electroporate. Transform electrocompetent bacteria with the reporter construct by
electroporation. To do this, add 1 pl of ligation product to 60 pl of DH5a E. coli bacteria, place
into an electroporation cuvette (Bio-Rad, cat. #165-2089), and electroporate with a Gene Pulser
(Bio-Rad) or similar instrument. Resuspend the bacteria in 600 pl LB medium (Sigma, cat. #
L7275) and incubate for one hour at 37°C. Next, spread 200 pl of each onto a 10 cm dish
containing LB-agar (Sigma, cat. # L2897) and 100 pg/mL ampicillin (EMD Millipore, cat. #
171254) and at grow overnight at 37°C. Include control plates which contain bacteria treated

with the no-DNA and the no-ligase control reactions from the previous step.

Pick and grow colonies. The next day, pick colonies from the plates to seed mini (~7

mL) LB-ampicillin cultures (final concentration of ampicillin 100 pg/mL, as in the agar plates).
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The control plate with no DNA should not grow colonies unless the ampicillin selection is faulty,
and the control with no ligase should not grow more than a few colonies unless the vector was
able to re-circularize itself efficiently, which would indicate a problem with alkaline phosphatase

treatment. After seeding the cultures, grow them overnight (with shaking) at 37°C.

Extract DNA. After growing overnight, set aside ~500 pl of each culture at 4°C for later
use. Prep the rest using a Wizard Plus SV Miniprep DNA Purification kit (Promega, cat. #
A1460). Eluting each sample into 50 pl of water typically gives a yield of about 5 pg DNA,

which is sufficient to test for incorporation of the insert into the clone.

Verify incorporation of insert by restriction digest. First, test for incorporation of the
insert by cleaving 1 pg of each clone with restriction enzyme, following manufacturer’s
instructions as above. Run on a 2% agarose gel (with SYBR Safe, adding loading dye to the
DNA and running ladder lanes as above) and visualize. If the insert has been incorporated, the
lane will have one band for the insert and one band for the vector. If the insert is not present in

the clone, the vector will be the only visible band.

Verify proper insert sequence and orientation by sequencing. For the clones which
contain an insert, verify proper sequence and proper insert orientation by sequencing. The
forward and reverse cloning primers may be used as sequencing primers; additional internal
primers may also be designed to obtain better read coverage of the entire insert. Because the

construct will be used as template, primers can be designed with tools such as Primer3
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(http://bioinfo.ut.ee/primer3/) without worrying about potential homology to other locations in
the genome.
We designed and used multiple internal primers to verify the sequence of our SIRT3
constructs:
5’-GTGGGCGCCTGTGGTCGAAC-3’ (starts at position -441)
5’-TCACCGCCATCCGGGTTGAA-3’ (starts at position -277)
5’-AGGTTTGACCTCCGGGGCGA-3’ (starts at position -221)
Our sequencing runs were performed by the Dana-Farber / Harvard Cancer Center DNA

Sequencing Facility and required 1 pg of template per reaction.

Grow larger amounts of correct construct(s). After identifying which constructs contain
the correct insert in the desired orientation, take 50 pl of the saved aliquot from these samples
and seed larger (~50 mL) LB-ampicillin cultures. Grow them overnight (with shaking) at 37°C,
then prep the DNA from each. We used Plasmid Plus Midi Kits (Qiagen, cat. # 12945) because
the vacuum manifold allowed for quick sample preparation (although it was necessary to clear
the bacterial lysate by centrifugation prior to the syringe filtering step in order to prevent the
DNA-binding column from becoming overloaded with debris). We then eluted into 200 pl of

elution buffer. Yields were on the order of 100 pg DNA.

Mutagenesis
To disrupt specific sequence elements by introducing site-specific mutations into the
promoter construct, use the QuikChange II Site-Directed Mutagenesis Kit (Agilent, cat. #

200523). This kit uses mutagenized primers to amplify a new version of the construct in a PCR
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reaction followed by cleaving methylated template DNA with the restriction enzyme Dpnl,
leaving behind only the newly synthesized mutagenized strands which can then be used to

transform bacteria.

Design primers. As with the original construct design, primer design is important. This
depends on identifying the specific sequence element to alter and deciding upon the specific
mutation(s) to introduce. Once these decisions are made, use the Agilent mutagenesis primer
design tool (http://www.genomics.agilent.com/primerDesignProgram.jsp) to design primer pairs
which introduce the desired mutations while adhering to the parameters of the kit.

The SIRT3 promoter contains a binding site for the transcription factor estrogen-related
receptor o (ERRa), and this site plays a role in mediating induction of SIRT3 expression by the
transcription factor peroxisome proliferator-activated receptor gamma coactivator 1-a (PGC-1a)
(Kong et al., 2010). We created a version of our plasmid with an abrogated ERRa element by
mutating the native binding site (TGCCATTG) to TGTAATTG (as Kong et al. did with murine
SIRT3). We used the following mutagenic primers (with the binding site underlined):

Forward ERRa mutagenic primer: 5’-ccgcgcacttggetgtgtaattgaggegttaaagag-3°

Reverse ERRa mutagenic primer: 5’-ctctttaacgcctcaattacacagccaagtgegegg-3’

Amplify mutagenized construct. Create a mutagenized construct by using the mutagenic
primers in a PCR reaction. The manufacturer’s instructions can largely be followed, though we
slightly modified the PCR protocol to better handle a large amplification product. In our
mutagenesis reactions, we used a 7-minute elongation step and repeated the denaturation-

annealing-elongation cycle 18 times. We then added 1 pl of Dpnl restriction enzyme directly to
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each amplification reaction and incubated at 37°C for 1 hour to degrade the original template,
and we subsequently checked for presence of amplified plasmid by running 5 pl of each reaction
(mixed with 5 pl of DNA sample buffer) on a 2% agarose gel (with SYBR Safe). We ran an

equal volume of a 1:50 template dilution to use as comparison.

Transform bacteria. To introduce the mutagenized vector into bacteria, we found that
electroporation of DH5a electrocompetent cells worked more efficiently than the heat shock
system described in the manufacturer’s protocol. We electroporated and then grew these bacteria
in the same manner as described above for cloning the construct. We also verified introduction
of the correct mutation by sequencing. Note that the internal sequencing primers designed above
are especially important when high-quality sequences are needed to examine a few specific base

pairs.

Assaying SIRT3 promoter activity with the construct
Assay protocol

The completed constructs may be used to assay promoter activity when transfected into
cells growing in an opaque tissue culture plate. The assay involves transfecting the cells with the
construct along with a second, constitutively expressed plasmid (to control for transfection
efficiency), applying one or more treatments to the cells, waiting 24-48 hours, and measuring
luciferase activity after addition of a substrate for the luciferase reporter. The resulting data
indicate which treatments stimulate activity from the promoter fragment cloned into the reporter

construct.
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Seed cells. Grow cells on an opaque 96-well plate (Corning, cat. # 3917). Seeding
densities will vary by cell line; for 293T cells, use 10,000 cells per well. It may be helpful to
simultaneously grow cells on a clear plate (Corning, cat. # 3595) at an identical density to allow

for visual inspection of population confluence and health through a normal light microscope.

Transfect cells. Prepare the transfection mixture by adding 0.2-0.4 pl per well of FuGene
6 transfection reagent (Promega, cat. # E2691) to 4 ul per well of serum-free medium, then
adding 0.03-0.06 ug per well of construct and 0.01-0.03 pg per well of a pRL renilla control
vector (used to control for cell number and transfection efficiency, Promega, cat. # E2261). The
exact amounts of these two plasmids should be empirically determined for each assay in order to
obtain optimal luciferase and renilla signals. (Note that the constitutive promoter of the renilla
vector is quite strong and, in some cases, a larger construct/renilla ratio may be necessary than
the typical values given here.) Mix according to the manufacturer’s instructions, then add to

cells.

Add chemicals or apply other treatment. Depending on the hypothesis being tested, add

chemicals, transfect additional plasmids, or apply another treatment to the cells.

Measure luciferase activity. 24 to 48 hours after the initial transfection, assay luciferase
activity using a Dual-Luciferase Reporter Assay kit (Promega, cat. # E1910). Begin by
aspirating the medium from the cells, then add 25 pl per well of the included passive lysis buffer
(dilute the 5x stock to a 1x working solution with distilled water). Place the cells on a shaker

with gentle movement for at least 20 minutes to ensure lysis.
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Following lysis, add 100 pl of the provided luciferase assay reagent to each well. Use a
multichannel pipettor to do this quickly, as the luminescence signal degrades with time. Measure
the luminescence of each well in a luminescence-equipped plate reader such as a Cary Varian
Eclipse fluorescence spectrophotometer with a gate time of 200 ms and an emission slit of 2.5
nm around a target emission wavelength of 560 nm (the first two of these parameters may be
adjusted to optimize signal capture). Next, add 100 pl per well of the provided “Stop & Glo”
reagent to quench the luciferase reaction and begin the renilla luminescence. Measure the
luminescence of each well again, changing the target emission wavelength from 560 nm to 500
nm.

For data analysis, divide the first (luciferase) luminescence reading by the second
(renilla) luminescence reading. This provides a signal value for each well that is normalized by
transfection efficiency. Average by condition to obtain a readout of the relative activity of the

luciferase promoter construct under different treatments.

Example application: Importance of ERRa for SIRT3 promoter activity in 293T cells

We used the reversible SIRT3-PSMD13 promoter construct to verify the effect of ERRa
binding on SIRT3 promoter activity in 293T cells. To do this, we generated both forward and
reverse SIRT3 promoter reporter constructs, making versions for each with either wildtype
sequence or a mutated ERRa binding site, as described above. We also used Gateway cloning
techniques to generate an HA-tagged ERRa overexpression plasmid (starting from the
HsCD00079872 ORF in a pDONR221 entry clone from the PlasmID database of the Dana-

Farber / Harvard Cancer Center DNA Resource Core).
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We then seeded an opaque 96-well plate with 10,000 293T cells per well. Cells were
grown in Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies, cat. # 11995) with
10% fetal bovine serum (FBS) (HyClone, cat. # SH30910.03) and 1% penicillin-streptomycin
supplement (Life Technologies, cat. #15140). The next day, we mixed and applied to each well
4 ul DMEM, 0.2 pl FuGene6 transfection reagent, 0.03 pg renilla plasmid, and 0.06 pg of a
reporter plasmid construct. We additionally combined and added 4 ul DMEM, 0.2 ul FuGene6,
and 0.02 pg ERRa-HA expression plasmid or vector control (as well as 0.02 ng PCDNA3.1
empty vector for comparison to wells overexpressing a PGC-1a construct - data not shown).
Forty-eight hours later, we assayed luciferase activity as described above and saw that ERRa
overexpression increased promoter activity from the wildtype sequence promoter construct in the
SIRT3 direction (Figure 2.2A), but not from the mutated promoter in the SIR73 direction (Figure
2.2A) or from either sequence variant in the PSMD13 direction (Figure 2.2B). This verified that

the previously reported activation of the SIRT3 promoter by ERRa was exhibited by our system.

Example application: Effect of rapamycin on SIRT3 promoter activity in 293T cells

Because SIRT3 expression is known to be upregulated by calorie restriction, we also
tested the responsiveness of our longer SIRT3 promoter construct to rapamycin (Sigma, cat. #
R0395), a small molecule that inhibits the nutrient-sensing TOR pathway and has been used in
certain contexts as a calorie restriction mimetic (Harrison et al., 2009; Zoncu et al., 2011). To do
this, we seeded 293T cells into 24 wells of a 96-well plate at 10,000 cells per well. The next day,
we mixed and applied to each well 4 ul DMEM, 0.4 pl FuGene6 transfection reagent, 0.03 pg
renilla plasmid, and 0.06 pg of a reporter plasmid construct or promoterless vector control. The

following day, we treated with DMSO or one of two concentrations of rapamycin, to final
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Figure 2.2. Luciferase reporter results after transfection of wildtype sequence or mutated
estrogen-related receptor a (ERRa) reporter constructs plus vector (empty bars) or ERRa-HA
overexpression constructs (filled bars) in human 293T cells. Promoters were oriented in the A)
forward or B) reverse orientation relative to SIRT3. N =4 wells per condition. * indicates p <
0.05. Two-tailed student’s t test was used for p values.
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concentrations of 0, 0.1, or 100 nm of rapamycin in 0.01% DMSO. Forty-eight hours later we
assayed luciferase activity as described above and observed that increasing rapamycin dosage led

to increased activity from the SIRT3 promoter construct (Figure 2.3).

Verifying reporter results with complementary methods

Multiple molecular biology methods may be used to verify the results of the luciferase
reporter system. Quantitative polymerase chain reaction (QPCR) is conceptually similar, as it
assays promoter activity by measuring the amount of RNA transcript detected by a pair of
primers specific to the gene of interest. A standard western blot can also be used to estimate

sirtuin expression by measuring protein level.

Quantitative PCR

Quantitative PCR protocol. Begin by extracting RNA with an RNEasy Mini kit (Qiagen,
cat. #74104). One well of a six-well plate (or 10 mg of tissue) is sufficient for each biological
replicate. Reverse transcribe RNA into cDNA with an iScript cDNA synthesis kit (Bio-Rad, cat.
# 170-8891), using 1 pg of RNA as starting material.

Quantitative PCR may be performed using 2x LightCycler 480 SYBR Green I Master
mix (Roche, cat. #04707516001) on a LightCycler 480 thermal cycler (Roche). Halve the 20 pl
reaction volume called for by the manufacturer’s protocol and use 5 pl of master mix, 0.5 pl each
of the forward and reverse primers (at 10 pM stock concentration), and 4 pl of a 1:50 working
cDNA dilution for each qPCR reaction. Run two technical replicates for each biological
replicate. In addition, prepare a set of six standards, beginning with a 1:4 dilution of pooled

cDNA and serially diluting 1:4 five times to create a basis for software estimation of the relative
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student’s t test was used for p values.
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concentrations of target RNA in each sample. Run each plate through 45 amplification cycles,
following manufacturer’s instructions, and end with a melting curve to verify homogeneity of the
amplified DNA.

Before concentration estimates for the gene of interest in each sample can be compared to
one another, they must be normalized by the levels of a reference gene within the same sample.
We found that 2 microglobulin (B2M), ribosomal protein S16 (RPS16), and peptidylprolyl
isomerase A (PPIA) were generally stable in expression across different treatments in human
293T cells and made good reference genes. In cases where detection of small perturbations in
target gene level was important, we ran all three and used the geometric mean of their expression

as reference.

Verification of ERRa results by gPCR. To assay SIRT3 expression in 293T cells
following overexpression of the ERRa-HA construct described above, we seeded 100,000 cells
per well in a six-well plate. The next day, we treated each well with a mix of 8 ul FuGene6 and
0.5 ng ERRa-HA or vector. Two days later, we extracted RNA, synthesized cDNA, and
analyzed SIRT3 expression by qPCR. Consistent with our luciferase data, we saw that SIRT3
mRNA was upregulated with ERRa overexpression (Figure 2.4A, Figure 2.4B). For this data, n
=3 and B2M was used as the reference gene.

We also created an ERRa knockdown 293T cell line using the shRNA construct
TRCN0000330191 from the RNA1 consortium (via the Dana-Farber / Harvard Cancer Center
RNAL1 Core facility). We conducted qPCR on these cells and saw the complementary result, that

ERRa knockdown led to lower SIRT3 transcript levels (Figure 2.4C, Figure 2.4D). For this data,
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Figure 2.4. Quantitative PCR results. A) Verification of ERRa overexpression in 293T cells
and B) effect on SIRT3 expression following transfection with vector control (empty bar) or
ERRoa-HA (filled bar). C) Verification of ERRa knockdown in 293T cells and D) effect on
SIRT3 expression with control knockdown (empty bar) compared to ERRa knockdown (striped
bar). E) SIRT3 expression following 8-hour treatment with DMSO control (empty bar) or 100
nM rapamycin (filled bar). F) SIRT3 expression following 8-hour treatment with DMSO control
(empty bar) or 250 nM Torinl (filled bar). G) SIRT3 expression following 24-hour treatment
with control culture medium (empty bar) or culture medium lacking amino acids (filled bar). *
indicates p < 0.05; ** indicates p < 0.01. Two-tailed student’s t test was used for p values.
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n =3 and B2M was used as the reference gene. Primer sequences used are given in Table 2.2;

the ERRa pair is from Schreiber et al. (2003).

Verification of rapamycin results by gPCR. To verify the rapamycin luciferase results,
we inhibited the TOR pathway in three different ways. We inhibited by treatment with
rapamycin for 8 hours at 100 nM (Figure 2.4E); by treatment with the small molecule Torinl,
which inhibits the catalytic site of mMTOR (Thoreen et al., 2009), for 8 hours at 250 nM (Figure
2.4F); and by 24-hour amino acid deprivation (Figure 2.4G). In all three cases, inhibition of the
TOR pathway led to greater expression of SIRT3, validating our luciferase results. In this case,
n =4, and we used the geometric mean of B2M, RPS16, and PPIA expression as a reference.

Primer sequences used are given in Table 2.2.

Western blot
Additional verification may be performed by western blot, which looks at protein rather
than mRNA levels. We used this to further verify the upregulation of SIRT3 expression by

rapamycin treatment because it represented a novel finding.

Western blot protocol. Briefly, obtain whole cell lysate by applying 1% NP40 buffer (1%
NP40 detergent with 150 mM NaCl, 50 mM Tris [pH 8], 1 mM dithiothreitol, plus 1x Roche
cOmplete Mini protease inhibitor tablets [cat. # 11836170001] and 1% each of Sigma
phosphatase inhibitor cocktail #s 2 [cat. # P5726] and 3 [cat. # P0044]) to a pellet of collected
cells. Use 150 pl of lysis buffer for mostly confluent cells in a 35 mm well, or 300 pl for cells in

a 10 cm dish (providing a more concentrated lysate). Separate the proteins by running the lysate
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Table 2.2. Sequences of qPCR primers used in this study. All sequences are for human genes.

Gene Direction Sequence

SIRT3 Forward 5’-AGCCCTCTTCATGTTCCGAAGTGT-3’
Reverse 5’-TCATGTCAACACCTGCAGTCCCTT-3’

ERRa Forward 5’-AAGACAGCAGCCCCAGTGAA-3’
Reverse 5’-ACACCCAGCACCAGCACCT-3’

B2M Forward 5’-AGATGAGTATGCCTGCCGTGTGAA-3’
Reverse 5’-TGCTGCTTACATGTCTCGATCCCA-3’

PPIA Forward 5’-AGCATACAGGTCCTGGCATCTTGT-3’
Reverse 5’-CAAAGACCACATGCTTGCCATCCA-3’

RPS16 Forward 5’-AGATCAAAGACATCCTCATCCAG-3’
Reverse 5’-TGAGTTTTGAGTCACGATGGG-3’
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on a polyacrylamide gel (Bio-Rad, cat. # 345-0043), transfer to nitrocellulose membrane (Bio-
Rad, cat. # 162-0112), and blot for the protein of interest using standard molecular biology

techniques.

Verification of rapamycin results by western blot. For detection of human SIRT3, we
used Cell Signaling C73E3 (cat. # 2627) as the primary antibody at a dilution of 1:1000 in 3%
BSA with 0.02% sodium azide (note that this antibody detects human but not mouse SIRT3,
while Cell Signaling D22A3 [cat. # 5490] detects both). We observed that our western blot
reproduced at the protein level the induction of SIRT3 expression that we saw at the RNA level.
In 293T cells grown in DMEM with 10% FBS and 1% penicillin-streptomycin, inhibition of the
TOR pathway by 100 nM rapamycin for 48 hours (Figure 2.5A) or 250 nM Torin1 for 48 hours
(Figure 2.5B) led to an increase in SIRT3 expression, as did inhibition of the mTOR target p70-
S6 kinase (S6K) via the S6K inhibitor PF-4708671 (Pearce et al., 2010) at 10 uM for 24 hours
(Figure 2.5C). An 8-hour time course of 100 nM rapamycin treatment displayed gradual SIRT3
induction (Figure 2.5D). In these experiments we used phosphorylation of S6K (Cell Signaling,
cat. # 9234, 1:1000) as a marker of mTOR pathway activation (except in the case of direct SOK
inhibition, where we used phosphorylation of ribosomal protein S6 [Cell Signaling, cat. # 4856,
1:1000]). HSP60 (Abcam, cat. # ab3080, 1:5000) was used as a control for total amount of
mitochondria, and the loading controls were total S6K (Cell Signaling, cat. # 9202, 1:1000) or
total S6 (Cell Signaling, cat. # 2317, 1:1000) and a-tubulin (Santa Cruz Biotechnology, cat. # sc-

8035, 1:5000).
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Figure 2.5. Western blot results. SIRT3 protein level after treatment with A) rapamycin, B)

Torinl, or C) PF-4708671, an inhibitor of p70-S6 kinase (S6K); D) rapamycin-induced increase
in SIRT3 protein level over 8 hours.
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Summary

In this chapter we have detailed the development of a luciferase-based plasmid reporter
system to measure activation of the human S/R73 promoter, we have validated its activity, and
we have shown that SIRT3 expression is upregulated by inhibition of the nutrient-sensing TOR
pathway in 293T cells. Not only can this system be used with cell lines in culture, as described
above, but it could also see future utilization as a diagnostic tool for use with primary tumor cell
lines to assay the level of SIRT3 activation. Furthermore, future studies using such a system may
identify small molecule compounds and proteins that activate or inhibit SIRT3 expression.
Because SIRT3 exerts a range of metabolic effects on tumors, including fighting against the
Warburg effect, the knowledge gained by implementations of this system could have important

diagnostic, prognostic, and therapeutic consequences.
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Abstract

The mitochondrial deacetylase SIRT3 regulates several important metabolic processes.
SIRT3 is transcriptionally upregulated in multiple tissues during nutrient stresses such as calorie
restriction and fasting, but the molecular mechanism of this induction is unclear. We conducted
a bioinformatic study to identify transcription factor(s) involved in SIRT3 induction. Our
analysis identified an enrichment of binding sites for nuclear respiratory factor 2 (NRF-2), a
transcription factor known to play a role in the expression of mitochondrial genes, in the DNA
sequences of SIRT3 and genes with closely correlated expression patterns. In vitro, knockdown
or overexpression of NRF-2 modulated SIRT3 levels, and the NRF-2a subunit directly bound to
the SIRT3 promoter. Our results suggest that NRF-2 is a transcriptional regulator of SIRT3

expression and may shed light on how SIRT3 is upregulated during nutrient stress.

Introduction

The NAD"-dependent mitochondrial deacetylase sirtuin-3 (SIRT3) is central to the
regulation of cellular metabolism, including the adaptation to nutrient stresses such as fasting and
calorie restriction (CR) (Lombard et al., 2007; Hebert et al., 2013). SIRT3 protein levels are
upregulated by fasting and calorie restriction in liver, where it stimulates fatty acid oxidation
(Hirschey et al., 2010) and activates key nodes of ketone body production (Shimazu et al., 2010)
and the urea cycle (Hallows et al., 2011). SIRT3 mRNA levels are also upregulated by calorie
restriction in brown adipose tissue, where SIRT3 activates mitochondrial thermogenesis (Shi et
al., 2005). In addition, SIRT3 mediates some of the beneficial effects of CR, such as the
activation of mitochondrial superoxide dismutase to reduce oxidative stress (Qiu et al., 2010;

Tao et al., 2010) and the prevention of age-related hearing loss in mice (Someya et al., 2010).
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Conversely, livers of mice fed a chronic high-fat diet exhibit reduced SIRT3 mRNA and protein
levels (Hirschey et al., 2011), indicating that SIRT3 expression is dynamically regulated by
nutrient intake.

Surprisingly, little is known about the molecular control of SIRT3 expression. In murine
adipocytes and hepatocytes, the transcription factor estrogen-related receptor o (ERRa) has been
shown to induce SIRT3 expression in conjunction with peroxisome proliferator-activated
receptor y coactivator 1-o (PGC-1a) (Kong et al., 2010; Giralt et al., 2011). In this study, we
employed a bioinformatic approach to identify additional transcription factors which regulate
SIRT3 expression. We searched publicly available microarray data to identify datasets with an
induction of SIRT3 by either CR or fasting and then computationally identified transcription
factor binding motifs enriched in the regulatory regions of SIRT3 and co-induced genes. Our
bioinformatic analysis and experimental validation in cell culture identified nuclear respiratory

factor 2 (NRF-2) as a novel transcriptional regulator of SIRT3 expression.

Results
Bioinformatic analysis

To identify transcription factors involved in SIRT3 induction, we undertook a systematic
bioinformatic approach (Figure 3.1A). We first identified datasets in which SIRT3 mRNA
expression was increased with CR in neocortex (GSE11291; Barger et al., 2008), cochlea
(GSE4786, Someya et al., 2007), and liver (GSE26267, Streeper et al., 2012), and with fasting in
kidney (GSE24504, Hakvoort et al., 2011). We conducted gene set enrichment analysis (Table
3.1) to determine that this induction was part of a larger metabolic adaptation. Next, based on

the rationale that co-expressed genes may share common transcriptional regulators, we identified
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Figure 3.1 (Next page). Bioinformatic identificiation of NRF-2 binding site enrichment in DNA
sequences of SIRT3 and co-expressed genes. A) Overview of bioinfomatic steps analyzing
transcription factor binding motif enrichment in the DNA sequences of SIRT3 and co-expressed
genes. B) Top 25 most-SIRT3-correlated genes (by Pearson’s r) in the mouse neocortex dataset.
C) Enrichment of selected gene ontology terms in top 50 most-SIRT3-correlated genes in
neocortex (full results in Supplementary File 3.2). D-F) Heat maps of transcription factor motif
enrichment in the (D) 25 most SIRT3-correlated genes, (E) 50 most SIRT3-correlated genes, and
(F) 100 most-SIRT3-correlated genes (by expression levels across samples) for the neocortex
dataset. All genes = analyzed most-SIRT3-correlated genes from all genes in dataset.
Mitochondrial = analyzed most-SIRT3-correlated mitochondrial genes in dataset. Top ten motifs
are shown, ordered by motif’s maximum AUC score, a measure of enrichment. Red = greater
enrichment; white = less enrichment. * indicates q < 0.05; ** indicates q < 0.01. G) Overlap of
significantly enriched transcription factor motifs identified in (D-F), showing results from
analyzing the 25 (red circle), 50 (blue circle), and 100 (yellow circle) most-SIRT3-correlated
genes for the neocortex dataset.
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Figure 3.1 (Continued).
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Table 3.1. Gene set enrichment analysis summary for datasets with significant induction of Sirt3
in mouse tissue by calorie restriction or fasting. The false discovery rate (FDR) rankings for the
kidney dataset are an average across four time points.

# gene sets with FDR < 0.05

Dataset and nominal pval < 0.01

Top ten enriched gene sets with CR (by FDR)

Neocortex 9 Replication Fork
Structural Constituent of Ribosome
Ribonuclease Activity
Neuropeptide Hormone Activity
Organellar Ribosome
Mitochondrial Respiratory Chain
Proton Transporting Two Sector ATPase Complex
Endoribonuclease Activity
Cellular Respiration
Endonuclease Activity

Cochlea 72 Ligase Activity
Protein Folding
Microbody Part
mRNA Binding
GTPase Activity
Peroxisomal Part
Structural Constituent of Ribosome
Phosphatase Inhibitor Activity
Organellar Ribosome
Mitochondrial Ribosome

Liver 21 Mitochondrial Membrane Part
Mitochondrial Membrane
Organelle Inner Membrane
Mitochondrial Inner Membrane
Mitochondrial Envelope
Mitochondrial Part
Mitochondrion
Structural Constituent of Ribosome
Cellular Respiration

Envelope
Kidney 12 hrs: 10 Fatty Acid Metabolic Process
24 hrs: 9 Fatty Acid Oxidation
48 hrs: 7 Monocarboxylic Acid Metabolic Process
72 hrs: 3 Cellular Lipid Catabolic Process

Solute Sodium Symporter Activity
Peroxisomal Part

Lipid Catabolic Process
Microbody Part

Microbody

Peroxisome
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the genes most closely co-induced with SIRT3 in each dataset (Figure 3.1B, Supplementary File
3.1). Groups of 25, 50, and 100 genes were analyzed, allowing for greater statistical power than
an analysis of SIRT3 alone. Gene ontology analysis showed that the genes most closely co-
induced with SIRT3 were enriched in metabolism-related annotations, as well as processes such
as the cellular response to stress (Figure 3.1C, Supplementary File 3.2), suggesting that many co-
regulated genes are functionally related to SIRT3. For each dataset, a DNA sequence analysis
algorithm (Warner et al., 2008) was then used to calculate the enrichment of a set of transcription
factor motifs in 20 kbp of sequence surrounding 1) the most-SIRT3-correlated genes overall or ii)
the most-SIRT3-correlated mitochondrial genes (as determined by inclusion in the MitoCarta,
Pagliarini et al., 2008; Supplementary File 3.3). The mitochondrial group was included because
SIRT3 is a mitochondrial protein, and factors which regulate its expression may act specifically
on nuclear-encoded mitochondrial genes during processes induced by nutrient stress such as
mitochondrial biogenesis (e.g. Scarpulla, 2002).

The highest-scoring transcription factor motif identified by this study was nuclear
respiratory factor 2 (NRF-2, also known as GA binding protein, or GABP) (Rosmarin et al.,
2004) from the neocortex dataset, regardless of number of genes analyzed (Figure 3.1D, Figure
3.1E, Figure 3.1F; for the other datasets, Figure 3.2; full results for all datasets are in
Supplementary File 3.4). NRF-2 was also the only motif significantly enriched across the
analyses of 25, 50, and 100 genes (Figure 3.1G). NRF-2 is an E26 transformation specific
(ETS)-family transcription factor that is important for the expression of many mitochondrial
genes (Scarpulla, 2002). NRF-2 is bound and co-activated by PGC-1a, and it is central to
mitochondrial biogenesis and metabolism (Mootha et al., 2004; Baldelli et al., 2013). All ten

nuclear-encoded cytochrome ¢ oxidase subunits have functional NRF-2 binding sites
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Figure 3.2. Heat maps of transcription factor motif enrichment in DNA sequences of SIRT3 and
co-expressed genes for cochlea (A-C), liver (D-F), and kidney (G-I) datasets based on sequence
analysis of the top 25, 50, and 100 SIRT3-correlated genes in each dataset. Top ten motifs are
shown, ordered by motif’s maximum AUC score. Full results are given in Supplementary File
3.4. AUC = area under curve, a measure of enrichment. All genes = analyzed most-SIRT3-
correlated genes from all genes in dataset; Mitochondrial = analyzed most-SIRT3-correlated
mitochondrial genes in dataset. * indicates q < 0.05; ** indicates q < 0.01.



(Ongwijitwat and Wong-Riley, 2005), and recognition sites for NRF-2 are also present in the
promoters of ATP synthase subunit f§ and succinate dehydrogenase subunits B, C, and D
(Scarpulla, 2002). SIRT3 directly interacts with several components of the electron transport
chain, including ATP synthase subunit § and succinate dehydrogenase subunit A (Finley et al.,
2011; Vassilopoulos et al., 2014), and one of its few known regulators is PGC-1a. This
functional overlap supports our bioinformatic finding of NRF-2 as a candidate regulator of

SIRT3.

Analysis of SIRT3 promoter

To investigate whether NRF-2 regulated SIRT3 expression, we first probed whether
NRF-2 binding sites were present in the SIRT3 promoter. SIRT3 shares a short bidirectional
promoter with the 26S proteasome non-ATPase regulatory subunit 13 (PSMD13) (Bellizzi et al.,
2007). The two genes are coded on opposite strands, with their 5’ ends toward each other and
less than 1 kbp apart. Because of the bidirectional promoter, any binding sites in the SIRT3
promoter are also in the PSMD13 promoter. Dissection of the promoter using a separate
sequence analysis tool (MAPPER, http://genome.ufl.edu/mapper/; Marinescu et al., 2005)
identified several transcription factor binding motifs (Figure 3.3A). Notably, NRF-2 was the
only overlap between our significant DNA sequence analysis results for the neocortex dataset
and the MAPPER results (Figure 3.3B). Moreover, NRF-2 sites often occur in tandem
(Virbasius and Scarpulla, 1991), and the best-conserved region of the entire SIRT3 promoter is a
pair of NRF-2 consensus sequences (Figure 3.3C). NRF-2 is also known to direct transcription
from many bidirectional promoters (Collins et al., 2007). Taken together with the motif

enrichment results above, our findings strongly suggested that NRF-2 may play a role in
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SP1 -9 -24 ELF1 -173 -201

EGR1 -12 -34 NFYA -181 -191
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EGR1 -93 -115 PAX1 -529 -558

SP1 -97 -112 ETS1 -530 -550

HSF1 -149 -164 NRF-2

C
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sP3 | sP1 sp1

Tandem NRF-2 consensus binding motifs

Mouse 5’ ~CACGGAAGTGC TCGCTCACTT CCGGCACCGC-3’

Most well-conserved Rat 5’ —~GACGGAAGTGC TCACTCACTT CCGGCGCCGC-3’
region in promoter Boar 5’ -GCCGGAAGTGC TCACTCACTT CCGGCGCCGC-3'
Orangutan 5’ ~GCCGGAAATGC TCACTCACTT CCGGCGCCGC-3'

Human 5’ -GCCGGAAATGC TCACTCACTT CCGGCGCCGA-3'

Figure 3.3. Analysis of SIRT3 promoter. A) List of transcription factor binding sites identified
by MAPPER in the mouse SIRT3 promoter. B) Overlap of enriched transcription factor motifs
identified by analysis of SIRT3 correlated genes in the neocortex dataset (pink circle) with
transcription factors identified in the SIRT3 promoter (green circle). C) Schematic of PSMD13-
SIRT3 promoter, highlighting tandem NRF-2 binding sites in yellow and showing evolutionary
sequence conservation.
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regulating SIRT3 expression, and perhaps PSMD13 expression as well, via the PSMD13-SIRT3

promoter.

Experimental investigation of NRF-2 and SIRT3

We tested experimentally whether NRF-2 regulated SIRT3 and PSMD13 gene expression
using human 293T cells. NRF-2 functions as a heterodimer, with the o subunit binding DNA
and the B subunit facilitating binding between heterodimers (Batchelor et al, 1998). When NRF-
20 and NRF-2B1 were transiently overexpressed together (Figure 3.4A, Figure 3.4B), SIRT3
mRNA levels were significantly induced (p = 0.046 for HA-tagged NRF-2, p = 0.003 for
untagged NRF-2, Figure 3.4C) to a greater degree than known NRF-2 target mitochondrial DNA
polymerase subunit y-2 (POLG2) (p = 0.26 for HA-tagged NRF-2, p = 0.44 for untagged NRF-2,
Figure 3.4D). PSMD13 levels were not significantly affected (p = 0.21 for HA-tagged NRF-2, p
= (.77 for untagged NRF-2, Figure 3.4E), and were likewise only weakly correlated with SIRT3
expression in the four datasets examined (Supplementary File 3.1). Conversely, when the DNA-
binding NRF-2a subunit was knocked down (Figure 3.4F), SIRT3 mRNA levels significantly
dropped (p = 0.005, Figure 3.4G). These data demonstrate that SIRT3 expression responded
dynamically to NRF-2 levels.

Having identified the presence of canonical NRF-2 binding sites in the SIRT3 promoter
and characterized the response of SIRT3 expression to NRF-2 overexpression, we next tested
whether the response to NRF-2 occurred via the SIRT3 promoter. A luciferase reporter plasmid
driven by the shared promoter in either the SIRT3 or PSMD13 direction (Satterstrom and Haigis,
2014) was transfected into 293T cells. NRF-2 was then overexpressed and luminescence

measured. Overexpression of NRF-2 increased activation of the reporter when driven by the
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Figure 3.4. Experimental investigation of NRF-2 control of the SIRT3 promoter. A) Validation
of NRF-2a overexpression and B) NRF-21 overexpression in 293T cells by quantitative PCR.
The two subunits together compose NRF-2. C) Effect of NRF-2 overexpression on mRNA
levels of SIRT3, D) mitochondrial DNA polymerase subunit y-2, and E) PSMD13. F) Validation
of NRF-2a knockdown in 293T cells and G) effect on SIRT3 mRNA levels. H) Relative
luminescence from forward (SIRT3) and I) reversed (PSMD13) bidirectional promoter luciferase
reporter following overexpression of vector control or NRF-2-HA in 293T cells. J) Chromatin
immunoprecipitation of HA tag in 293T cells following overexpression of NRF-2-HA, showing
percent input (relative to B-actin) of SIRT3 and positive (nNTERF) and negative (mTERF3,
RPL30) NRF-2 controls. For A-G, n = 3 samples per condition, and B2M was used as the
reference gene; for H-I, n = 4 samples per condition; for J, n = 3 separate precipitations; for all,
bars are standard error. * indicates p < 0.05; ** indicates p < 0.01. Two-tailed student’s t test
was used for p values.
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SIRT3 promoter (p < 0.01, Figure 3.4H) but did not have a significant effect when the promoter
was inserted in the PSMDI13 direction (activity decreased, p = 0.09, Figure 3.41). Together with
the quantitative PCR data, this data suggests that NRF-2 may control SIRT3 expression by direct
interaction with the SIRT3 promoter.

To test physical binding of the SIRT3 promoter by NRF-2, a chromatin
immunoprecipitation was performed in 293T cells transiently overexpressing HA-tagged NRF-
20, the DNA-binding subunit of the NRF-2 heterodimer. Following chromatin isolation, HA tag
was immunoprecipitated and qPCR was used to quantify levels of target DNA.
Immunoprecipitation and quantification were carried out three times. Using B-actin to normalize
background across experiments, SIRT3 was significantly enriched in the NRF-2a-treated
condition compared to the untreated condition (p = 0.005). This enrichment was to
approximately the same degree as genes known to be transcriptionally regulated by NRF-2, such
as mitochondrial transcription termination factor (mTERF) (p = 0.99) (Bruni et al., 2010), and to
a significantly greater degree than non-NRF-2-regulated genes such as mTERF3 (p = 0.01) and
ribosomal protein L30 (RPL30) (p = 0.002) (Figure 3.4J). These results suggest that NRF-2a

physically binds the SIRT3 promoter in order to affect SIRT3 gene expression.

Discussion

In this study, we have discovered that nuclear respiratory factor 2 (NRF-2) is a novel
regulator of SIRT3 expression. We used a bioinformatic analysis to show that NRF-2 binding
sites are highly enriched in the regulatory regions of SIRT3 and genes that are similarly induced
by calorie restriction. We have also demonstrated that SIRT3 mRNA levels respond to

overexpression or knockdown of NRF-2 in 293T cells, and that the same effect occurs when
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using a luciferase reporter with the SIRT3 promoter. Finally, we have shown by chromatin
immunoprecipitation that the o subunit of NRF-2 binds the SIRT3 promoter directly, suggesting
a model wherein NRF-2 binds the SIRT3 promoter, leading to expression of SIRT3 mRNA. Our
data also suggest that SIRT3 and PSMD13 are regulated independently, as NRF-2 induces
expression of SIRT3 but not PSMD13 under the conditions studied.

NRF-2 binds and is co-activated by PGC-1a, leading to an increase in its induction of
target genes (Mootha et al., 2004, Baldelli et al., 2013). Because PGC-1a is induced in certain
tissues by fasting or calorie restriction (Lehman et al., 2000), this pathway may underlie the
upregulation of SIRT3 and other mitochondrial genes in CR. Noteably, ERRa, which is already
known to play a role in activating SIRT3 transcription, is also co-activated by PGC-1a (Shreiber
et al., 2003). Both NRF-2 and ERRa drive the expression of oxidative genes as well as each
other (Mootha et al., 2004), but they may be active at different times or in different tissues; in
support of this idea, NRF-2 was a significant result for our analysis of the neocortex dataset,
while one significant result for our analysis of the liver dataset was ERRf (which has a nearly
identical binding motif to ERRa; ERRa was not in the set of Jaspar motifs). Further study is
therefore needed to determine the importance of these transcription factors for the induction of
SIRT3 in different physiological contexts.

Our analysis additionally identified multiple transcription factors of interest which may
be involved in the regulation of SIRT3 expression. CCAAT/enhancer-binding protein o
(CEBPa), whose motif was enriched in the neocortex dataset, and c-MYC, whose motif was
enriched in the kidney dataset, regulate metabolic processes and would be reasonable candidate
regulators of SIRT3. CEBPa regulates transcription of the human fat mass and obesity-

associated gene (FTO) (Ren et al., 2014), and the proto-oncogene c-MYC is well known for its
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role in cancer metabolism (reviewed in Miller et al., 2012). Additionally, our inspection of the
SIRT3 promoter identified binding sites for transcription factors known to interact with NRF-2,
including SP1 and SP3 (Galvagni et al., 2001), or share common targets with it, including
ZNF143 (Gérard et al., 2007) and Egrl (Fromm and Rhode, 2004). Finally, ETS-1, ELF-1,
ELK1, and ELK4 are all members of the same ETS family of transcription factors as NRF-2. It
is possible that one or more was identified because of its similar binding motif without actually
playing a role in SIRT3 expression; it is also possible that they are important in different contexts,
or, when they are co-expressed, multiple factors may bind the same promoter element to activate
gene expression with different strengths (Takahashi et al., 2008).

Our findings are an important step toward elucidating the molecular regulation upstream
of SIRT3 expression. SIRT3 levels are increased in multiple tissues during nutrient stresses such
as calorie restriction. CR is associated with increased lifespan (Anderson and Weindruch, 2010),
as is a SIRT3 allele with increased transcriptional activity (Bellizzi et al., 2005). We have shown
that NRF-2 plays a role in the induction of SIRT3, and this may help to uncover the molecular
pathways activated by calorie restriction and to inform therapies that delay the onset of age-

related disease.

Methods
Analysis of SIRT3 levels in microarray datasets

Microarray series data and corresponding platform annotations from CR/fasting
experiments were downloaded from the Gene Expression Omnibus at

http://www.ncbi.nlm.nih.gov/geo/. Significance of the effect on SIRT3 was determined using a
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two-tailed student's t-test with a significance threshold of p < 0.05. In cases where the platform

had more than one probe for SIRT3, each probe was examined individually.

Gene set enrichment analysis

Gene set enrichment analysis of each dataset showing a significant induction of SIRT3 by
CR/fasting was performed using the GSEA version 2.0.10 java program from
http://www.broadinstitute.org/gsea/downloads.jsp. Data files were prepared with the Broad
GEOImporter preprocess utility and were analyzed for enrichment of gene ontology-related gene
sets as contained in the c5.all.v3.1.symbols.gmt gene sets database. Datasets were collapsed
from probes to gene symbols using default settings and 1000 permutations were conducted.
Gene set permutations were used because none of the datasets had a sufficient number of
samples per condition to allow use of phenotype permutations. Datasets which showed no

significant induction of any gene sets were not included in subsequent analysis.

Calculation of co-regulated gene sets

The robust multiarray average (RMA) algorithm as implemented in the Bioconductor
package “affy” (Gautier et al., 2004) for R was used to background adjust and normalize the raw
data files for each dataset that showed upregulation of SIRT3 and gene ontology-related gene
sets upon CR (except for GSE24504, for which the GEO series matrix was used). Correlations
(Pearson’s r) were then computed between the SIRT3 probe and each probe in the array. To
control for probe specificity, probes whose label contained an s _or x_were removed from

datasets generated from the Affymetrix Mouse Genome 430 2.0 Array unless doing so would
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leave the gene without any valid probes. For genes with multiple probes, correlations were

averaged to compute a single correlation value for the gene.

Gene ontology analysis

Analysis of overrepresented gene ontology terms was carried out within the Cytoscape
software program using the BiNGO plugin (Maere et al., 2005), with the whole mus musculus
annotation as the reference set. The hypergeometric statistical test and Benjamini & Hochberg

FDR correction options were used.

DNA sequence analysis

Analysis was conducted using the PhylCRM-Lever algorithm (Warner et al., 2008). The
sequence analysis looked at 20 kbp for each gene, from -10 kbp to +10 kbp surrounding the
transcription start site. Motif enrichment was calculated for all 130 mammalian motifs hosted by
version 4 of the JASPAR database (Portales-Casamar et al., 2010; http://jaspar.genereg.net/).
The analysis included weighting based on conservation of transcription factor motifs across
genomes of multiple species: mouse (mm?9), rat (rn4), human (hg18), chimpanzee (panTro2),
rhesus macaque (rheMac2), cow (bosTau3), dog (canFam?2), and chicken (galGal3). SIRT3 itself
was included in lists of SIRT3-correlated genes.

Additional DNA sequence analysis was performed using MAPPER (Marinescu et al.,
2005). MAPPER database runs with default filtering options examined 2 kbp of mus musculus
DNA sequence upstream of the transcription start, using TRANSFAC, MAPPER, and JASPAR

models.
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Cell culture

Human embryonic kidney 293T cells were grown in Dulbecco’s Modified Eagle Medium
(Life Technologies, cat. # 11995) with 10% fetal bovine serum (HyClone) and 1% penicillin-
streptomycin supplement (Life Technologies) and maintained in an incubator at standard tissue
culture conditions (37°C, 5% CO,). A control knockdown line was created using a GFP shRNA
construct, and a 293T NRF-2a knockdown cell line was created using shRNA construct
TRCN0000235698 from the RNAI consortium (both via the Dana-Farber / Harvard Cancer

Center RNAIi Core facility).

Expression and reporter plasmids

HA-tagged overexpression plasmids for NRF-2a and NRF-231 were generated using
Gateway cloning techniques, starting from the HsCD00080063 and HsCD00370955 entry clones,
respectively, from the PlasmID database of the Dana-Farber / Harvard Cancer Center DNA
Resource Core. Untagged overexpression plasmids were generated via Gateway cloning
techniques from HsCD00296808 and HsCD00338810. The reversible PSMD13-SIRT3 promoter
reporter construct was cloned as described (chapter II; Satterstrom and Haigis, 2014). Plasmid
DNA was transfected into 293T cells using FuGene6 (Roche) according to the manufacturer’s

instructions, and cells were allowed to grow for 48 hours prior to analysis.

Luciferase

Cells were grown in an opaque 96-well plate. Following co-transfection of the SIRT3

reporter plasmid and the pRL renilla control vector (Promega), the Dual-Luciferase Reporter
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Assay System (Promega) was used according to manufacturer’s instructions. Sample

luminescence was assayed with a Cary Varian Eclipse fluorescence spectrophotometer.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed with the SimpleChIP Enzymatic
Chromatin IP Kit (Cell Signaling) with antibodies against HA tag (Cell Signaling), histone H3
(Cell Signalig), or normal rabbit IgG (Cell Signaling). Relative quantities of precipitated DNA

fragments were obtained using quantitative PCR.

Quantitative PCR

For overexpression experiments in cells, RNA was extracted using RNEasy Mini Kits
(Qiagen) and cDNA was synthesized using iScript cDNA Synthesis Kits (Bio-Rad). For both
overexpression experiments and ChIP analysis, quantitative PCR was performed with 2x
PerfeCTa SYBR Green FastMix (Quanta). Control primers for ChIP analysis were from Bruni et
al. (2010); other primer sequences are given in Table 3.2 (except RPL30, Cell Signaling). For

non-ChlIP analysis, B2 microglobulin (B2M) was used as a reference gene.
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Table 3.2. Sequences of primers used in this study. All sequences are for human genes. The
control mMTERF, mTERF3, and B-actin ChIP sequences are from Bruni et al. (2010).

Gene Purpose Direction Sequence

SIRT3 gPCR Forward 5’-AGCCCTCTTCATGTTCCGAAGTGT-3’
Reverse 5’-TCATGTCAACACCTGCAGTCCCTT-3’

NRF-2a qPCR Forward 5’-GGCGCGTAGGTTTGTTCTAC-3’
Reverse 5’-ACTCCAGCCATGACTAAAAGAGA-3’

NRF-2p1 qPCR Forward 5’-ACCAACCAGTGGGATGGGTCAG-3’
Reverse 5’-GCACATTCCACCCGGCTCTCAAT-3

POLG2 qPCR Forward 5’-AAGGTTGCTTTGGATGTAGGAAGA-3’
Reverse 5’-GGCCACACAGAAATCCCATT-3’

B2M qPCR Forward 5’-AGATGAGTATGCCTGCCGTGTGAA-3’
Reverse 5’-TGCTGCTTACATGTCTCGATCCCA-3’

SIRT3 ChIP Forward 5’-CATGACAGCAGGAAGACCCC-3’
Reverse 5’-CAAACGCCGGAGAGTTTTGT-3’

mTERF ChIP Forward 5’-GACCAACGACATCACCTCTGC-3’
Reverse 5’-CACCCATCCACTGTAGTTCGC-3’

mTERF3 ChIP Forward 5’-CTGTCTCCCCGCGTAACC-3’
Reverse 5’-CTCCTCAGCCCGCCCTAC-3’

B-actin ChIP Forward 5’-CCCAGCCATGTACGTTGCTA-3’

Reverse

5’-CGTCACCGGAGTCCATCAC-3’
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Abstract

Calorie restriction (CR), which increases lifespan in several model organisms, is known
to reverse age-related changes in gene expression. However, it is not known whether CR is also
able to reverse age-related changes in the relative proportions of different isoforms expressed
from the same locus. We used high-throughput RNA sequencing (RNA-seq) to examine gene
expression in liver and heart tissue of aged short-term calorie-restricted mice, aged control mice,
and young control mice. We found that calorie restriction reversed many age-related changes in
gene expression, with changes more pronounced in liver than in heart. Using a scoring system to
quantify differences in read profile between samples, our data suggested that calorie restriction
reversed many age-related changes in isoform usage as well. These data suggest a new

mechanism which calorie restriction may use in achieving its biological effects.

Introduction

Calorie restriction (CR) increases lifespan in several model organisms, including yeast,
worms, flies, and mice (Weindruch et al., 1986), although the exact mechanisms are not clear.
On a molecular level, CR also reverses age-related changes in gene expression (Lee et al., 1999).
To date, most studies of gene expression in CR have used microarrays, which generally do not
give a finer level of granularity than expression for the gene as a whole. Recently, high-
throughput RNA sequencing (RNA-seq) techniques have been developed which provide
information about the RNA expression of each base along the DNA coding for a gene. When
transcripts are sequenced, the number which map to any given base is termed that base’s read
depth, and the progression of read depths along a gene’s DNA strand is termed the gene’s read

profile. Read profiles allow assessment of not only overall expression levels but also of factors
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such as start site usage and exon usage, enabling an assessment of differential isoform
expression.

Despite the significant attention that calorie restriction has received, RNA-seq methods
have not yet been used to determine whether CR can reverse age-related changes in isoform
usage. One recent RNA-seq study of calorie-restricted mice demonstrated that CR can affect
which mRNA isoform of a gene is preferentially expressed in skeletal muscle (Dhahbi et al.,
2012), but this study did not compare young versus old samples. To determine whether CR
could reverse age-related changes in overall gene expression as well as isoform usage, we
performed high-throughput RNA sequencing on liver and heart tissue from young (5 month)
control mice, aged (21 month) control mice, and aged (21 month) mice that had been 40%
calorie restricted for 11 weeks. We assayed overall gene expression changes, and we also
applied a scoring system (Christodoulou et al., 2014) to quantify the differences in read profile
between samples, enabling the identification of specific genes which may have experienced a

change in the relative expression of their different isoforms.

Results
Gene expression

The RNA-seq data show that aging (i.e. comparing the young control and the aged
control samples) and calorie restriction (comparing the aged control and aged CR samples) each
led thousands of genes to change expression levels significantly between samples (full results in
Supplementary File 4.1). Volcano plots (Figure 4.1) show that more genes in the liver were up
with aging (8329) than were down with aging (2438) (Table 4.1). In fact, the number up with

aging was more than 50% of all genes (15694) which had at least 10 reads in either sample (the
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Figure 4.1. Volcano plots of gene expression results. Plots are shown for A) liver, young
control vs. aged control samples; B) heart, young control vs. aged control samples; C) liver, aged
control vs. aged CR samples; and D) heart, aged control vs. aged CR samples. Only genes which
had at least 10 reads in one or both of the samples being compared were included.
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Table 4.1. Overview of gene expression results. Within each organ, results are shown for three
different read thresholds. Each comparison involves two samples (i.e. aging compares young
control with aged control; CR compares aged control with aged). A gene was included in the
analysis if either of the two samples being compared had a number of reads equal to or higher
than the specified minimum reads per gene threshold. Median FC = median fold change among
all genes in the analysis for the given treatment.

Liver Heart
Min reads/gene: 10 100 1000 10 100 1000
Aging
Genes 15694 11176 3541 | 15902 10563 2555
Median FC  1.365 1.378 1396 | 0.962  0.961 0.951
Up with aging 8329 7073 2450 2383 1964 719
Percentage 53% 63%  69% 15% 19% 28%
Down with aging 2438 1980 829 3669 3178 1226
Percentage 16% 18%  23% 23% 30% 48%

CR

Genes 15871 11435 3875 | 15926 10492 2520

Median FC  0.997 1.024 1.111 0.931 0.933  0.966

Up with CR 5717 4883 2033 1505 1253 597
Percentage 36% 43%  52% 9% 12% 24%
Down with CR 5358 4370 1592 4317 3620 1085
Percentage 34% 38%  41% 27% 35% 43%

Overlap
Up w/ aging & down w/ CR 4556 3985 1481 1059 964 394

Percentage of up with aging 55% 56%  60% 44% 49% 55%
Percentage of down with CR 85% 91%  93% 25% 27% 36%
Down w/ aging & up w/ CR 2051 1762 734 633 563 294

Percentage of down with aging 84% 89%  89% 17% 18% 24%
Percentage of up with CR 36% 36%  36% 42% 45% 49%
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minimum to enable proper statistical analysis of gene expression changes and corresponding
significance levels), while only 16% of genes had decreased expression with age. Calorie
restriction had a more even effect, with 36% of liver genes up with CR and 34% down with CR.
These effects became more pronounced for genes with a higher expression level — for all genes
which met a 1000 read requirement, for example, 69% were increased with aging and 52% were
increased with CR.

Gene expression changes in the heart were less pronounced than in the liver. While 69%
of genes were either increased or decreased by aging in the liver, only 38% of genes were
changed in the heart. With calorie restriction, 70% of genes were changed in the liver, while
only 36% were changed in the heart. Aging and CR both increased the expression levels of more
genes than they decreased in the liver, but they had the opposite effect in the heart. As in the
liver, the percentage of total genes whose expression changed significantly increased when
looking at only genes with higher overall expression levels (Table 4.1). This is in part due to our
method of calculating p values, which gains increased statistical certainty with increased read
depth, but it also demonstrates that the changes in gene expression were not being driven by
weakly expressed genes. The percentage of total genes whose expression changed significantly
was also much higher in our study than in the wildtype mice of several microarray studies of
aging liver (e.g. GSE3129, Boylston et al., 2006; GSE34378, Jonker et al., 2013) or aging heart
(e.g. GSE8146 Reiter et al., 2007; GSE11291, Barger et al., 2008); this is likely due to the
greater sensitivity of our experimental method as well as the greater statistical power of
calculating a gene’s p value with Bayesian inference based on read depth rather than with a t-test

based on one expression value per sample.
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Reversal of age-related expression changes by CR

Interestingly, many of the gene expression changes that happened with aging were
reversed by CR. This was most striking in the liver, where 84% of the genes that were down
with age were also up with CR. Similarly, 85% of the genes that were down with CR were also
up with age. This is depicted visually in Figure 4.2. For each segment of Figure 4.2A, the top
10 most-changed genes are shown (Figure 4.2B), and gene ontology analysis was also conducted
to determine enriched GO terms among the genes in each segment (the top 10 are shown) (Figure
4.2C) (likewise for Figures 4.2D-F). In the liver, the genes whose age-related expression
changes were reversed by CR were enriched in GO terms related to metabolism, including
“metabolic process” and “electron transport chain.” This shows the high sensitivity of metabolic
genes, especially in the liver, to aging and calorie restriction, and it is consistent with a
hypothesis of calorie restriction showing anti-aging effects.

Just as the heart had less pronounced gene expression changes than the liver overall, it
also exhibited a smaller proportion of age-related changes that were reversed by CR (Figure 4.3).
Nonetheless, several hundred genes did show reversed changes, and over 40% of the genes
increased by CR had also been down with age. This included genes such as mitochondrial 3-
hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2), whose protein product is the rate-
limiting step in the production of ketone bodies and which is normally activated as a metabolic
adaptation to reduced nutrient intake (Shimazu et al., 2010). The cardioprotective gene
uncoupling protein 1 (UCP1) (Hoerter et al., 2004) was also increased by CR, though not
affected by age. GO term analysis of genes in the heart which were affected by aging and/or CR

identified similar sets of metabolism-related terms for all groups.
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Figure 4.2 (Next page). Overview of reversal of age-related changes in gene expression in
mouse liver by CR. A) Venn diagrams showing genes whose expression significantly (p < 0.05)
increased with age (yellow), decreased with calorie restriction (blue), or both. Only genes which
had at least 10 reads in one or both of the samples being compared were included. B) The top
ten genes increased with age but not affected by CR (ranked by highest FC,g), the top ten genes
increased with age and decreased by CR (ranked by FCy,./FCcr), and the top ten genes decreased
with CR but not affected by age (ranked by lowest FCcr). C) Top ten gene ontology terms
enriched in genes from each diagram region of (A) (by p value; redundant terms were omitted).
D) Venn diagrams showing genes whose expression significantly (p < 0.05) decreased with age
(green), increased with calorie restriction (tan), or both. Only genes which had at least 10 reads
in one or both of the samples being compared were included. E) The top ten genes decreased
with age but not affected by CR (ranked by lowest FCy,), the top ten genes decreased with age
and increased by CR (ranked by FCcr/FC,ge), and the top ten genes increased with CR but not
affected by age (ranked by highest FCcr). F) Top ten gene ontology terms enriched in genes
from each diagram region of (D) (by p value; redundant terms were omitted). FC = fold change.
For the FC rankings, genes with fewer than 100 reads in any sample, RIKEN cDNAs, and
hypothetical protein loci were included in the analysis but omitted from the list shown.
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Figure 4.2 (Continued).
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Figure 4.3 (Next page). Overview of reversal of age-related changes in gene expression in
mouse heart by CR. A) Venn diagrams showing genes whose expression significantly (p < 0.05)
increased with age (yellow), decreased with calorie restriction (blue), or both. Only genes which
had at least 10 reads in one or both of the samples being compared were included. B) The top
ten genes increased with age but not affected by CR (ranked by highest FC,g), the top ten genes
increased with age and decreased by CR (ranked by FCy,./FCcr), and the top ten genes decreased
with CR but not affected by age (ranked by lowest FCcr). C) Top ten gene ontology terms
enriched in genes from each diagram region of (A) (by p value; redundant terms were omitted).
D) Venn diagrams showing genes whose expression significantly (p < 0.05) decreased with age
(green), increased with calorie restriction (tan), or both. Only genes which had at least 10 reads
in one or both of the samples being compared were included. E) The top ten genes decreased
with age but not affected by CR (ranked by lowest FCy,), the top ten genes decreased with age
and increased by CR (ranked by FCcr/FC,ge), and the top ten genes increased with CR but not
affected by age (ranked by highest FCcr). F) Top ten gene ontology terms enriched in genes
from each diagram region of (D) (by p value; redundant terms were omitted). FC = fold change.
For the FC rankings, genes with fewer than 100 reads in any sample, RIKEN cDNAs, and
hypothetical protein loci were included in the analysis but omitted from the list shown.
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Figure 4.3 (Continued).
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Plots of the raw numbers of reads for each gene between samples also show that gene
expression changed to a greater degree in the liver than in the heart (Figure 4.4). In the liver, the
R? for the trend line between the aged control and the young control sample was 0.863 (Figure
4.4A), while in the heart it was 0.953 for the plot of aged control sample vs. young control
sample (Figure 4.4B). This reflects more variation in a gene’s reads between the young and aged
control samples in the liver than in the heart. The same holds true for the effect of calorie
restriction, where the R values for plots of aged CR sample vs. aged control sample were 0.486
in the liver (Figure 4.4C) and 0.989 in the heart (Figure 4.4D). Overall, gene expression in the

liver was more perturbed by aging and CR than gene expression in the heart.

Gene expression validation

To confirm the RNA-seq results, we used a separate approach to measure expression
changes with age and calorie restriction. Beginning with the same RNA (unpooled), we
conducted quantitative PCR of several genes from the liver samples that exhibited pronounced
changes with both aging and CR in the RNA-seq data to verify that the results were similar
(Figure 4.5). For example, SIRT3, which was decreased with age and induced with CR in the
liver RNA-seq data, exhibited the same pattern when assayed by qPCR (Figure 4.5E; for gPCR
data, p = 0.10 for effect of aging and p = 0.029 for effect of CR; both are highly significant in
RNA-seq data). Together, these and the other genes shown in Figure 4.5 validate the gene

expression values obtained by RNA-seq.
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Figure 4.4. Comparison of the number of raw RNA-seq reads between samples for each gene.
Plots are shown for A) the young control vs. aged control samples in the liver; B) the young
control vs. aged control samples in the heart; C) the aged control vs. aged CR samples in the
liver; and D) the aged control vs. aged CR samples in the heart. Only genes which had at least
10 reads in one or both of the samples being compared were included. Least-squares regression
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Figure 4.5. Validation of RNA-seq gene expression results by qPCR in the liver. Comparisons
of RNA-seq gene expression results with those obtained by quantitative PCR, starting with the
same RNA, for A) disintegrin and metalloproteinase domain-containing protein 11 (ADAMI11),
B) cell death activator CIDE-A (CIDEA), C) metallothionein 1 (MT1), D) metallothionein 2
(MT?2), E) sirtuin 3 (SIRT3), F) B-actin, G) fatty acid synthase (FASN), and H) sterol regulatory
element-binding transcription factor 1 (SREBF1). Genes were selected that exhibited a
pronounced age- or CR-related change in expression. Heat shock protein 90kDa a, class B
member 1 (HSP90OAB1) was used as the reference gene. n =4 samples per condition.
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Isoform scores

Because RNA-seq provides nucleotide-level detail of transcript expression, we were also
able to calculate “isoform scores” to quantify the difference in RNA-seq read profiles (the
number of reads, or read depth, along a gene’s DNA sequence) for each gene between two
samples. These are scores of arbitrary units following the methodology of Christodoulou et al.
(2014), where a larger score indicates a larger difference in read profile between samples at
annotated transcription start sites for a gene (start sites used listed in Supplementary File 4.1).
This score captures alternate start site usage, as well as any other effect which changes the
relative proportion of a gene's reads which lie in that section of the gene. For the purposes of
this study, we have termed this value an “isoform score.” This was a novel application, and we
investigated whether isoform scores were more plastic under aging and CR in one tissue than in
another, as well as whether isoform scores were higher in genes with significantly changed
expression levels than in genes whose overall expression level was unchanged.

Just as gene expression in the liver was more plastic under aging and CR in the liver than
in the heart, isoform scores were higher in the liver as well (full results in Supplementary File
4.1). Under both aging and CR, the average score for all genes was higher in the liver, and more
genes had a non-zero score in the liver (Table 4.2, Figure 4.6). Isoform scores were in general
higher in genes with a significant change in overall expression level, suggesting that perhaps the
underlying biological process could be an up- or downregulation of one isoform while
expression of other isoforms remained constant. There were exceptions to this, however — in the
comparison between the control and CR liver samples, scores were essentially indistinguishable
between the changed vs. unchanged genes with at least 100 reads, and at the 1000 read threshold

the average isoform score of the unchanged genes was higher. There was also no significant

94



Table 4.2. Summary statistics for isoform scores. Within each organ, results are shown for
three different read thresholds. “Changed” genes refers to genes whose expression is
significantly up or down (p < 0.05) with the given treatment or between the two tissues.
“Unchanged” genes have no significant difference. P values for scores of changed vs.
unchanged genes were calculated with a two-tailed student’s t-test. A gene was included in the
analysis if either of the two samples being compared had a number of reads equal to or higher
than the specified minimum reads per gene threshold.

Liver Heart
Min reads/gene: 10 100 1000 10 100 1000
Aging
Genes 15694 11176 3541 15902 10563 2555
Genes with non-zero score 6668 6158 2230 2758 2413 583
Percentage 42% 55% 63% 17% 23% 23%
Avg score, all genes 18.49 25.06 35.03 2.46 3.31 4.26
Avg score, changed genes 23.04 27.02 36.38 3.25 3.69 4.49
Avg score, unchanged genes 8.55 16.70 18.19 1.98 2.86 3.52
Pval, changed vs. unchanged 2E-101 1.6E-21 6.3E-07 | 2.2E-14 3.7E-04 0.24

CR
Genes 15871 11435 3875 15926 10492 2520
Genes with non-zero score 6189 5728 2150 1906 1639 389

Percentage 39% 50% 55% 12% 16% 15%

Avg score, all genes 15.80 21.14 28.12 1.25 1.64 2.25

Avg score, changed genes 18.21 21.38 27.65 1.63 1.86 2.59
Avg score, unchanged genes 10.24 20.13 34.89 1.03 1.45 1.57

Pval, changed vs. unchanged 1.4E-36 0.21 0.032 | 1.8E-08 5.6E-03 0.044

95



Liver, Aging Heart, Aging
400 : r r v 200 r ; . v
# Mot significant ol * Mot significant
350} = Significant p=0.05 # Significant p<0.05
160 }
a0t
140 }
o [
5 250} = .
§ § 120 } .
E 200} £ 100 } .
2 2 e
L o |
8 | Yt
100} -','. (¥
40 L H
0t 20
| N i | N , "
Bl -4 -2 0 2 -4 -2 1]
g, fold expression change log. fold expression change
Liver, CR Heart, CR
400 v v 200 v i
= Mot significant wan bl * Mot significant
350 k| = Significant p<0.05 [l = Significant p<0.05
180 f ’
300
140 p
z kS
- L -
a i 120
€
E E 1o} .
& Sl _ i
g0 | ' .
40 f E
20 b -
. D i a "l ) A
-2 -G -4 -2 1] 2 4 i}

lzg, fiokd expression change

log, fold expression change

Figure 4.6. Comparison of isoform score with fold gene expression change for RNA-seq results.
Plots are shown for A) liver, young control vs. aged control samples; B) heart, young control vs.
aged control samples; C) liver, aged control vs. aged CR samples; and D) heart, aged control vs.
aged CR samples. Only genes which had at least 10 reads in one or both of the samples being
compared were included. The red (significant p < 0.05) or blue (not significant) refers to
significance of gene expression change with aging or calorie restriction.
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difference between changed and unchanged genes’ isoform scores with aging in heart at the 1000
read threshold. Thus isoform scores were not uniformly higher in genes with significantly
changed overall expression level, allowing for the possibility that some genes had expression of

one isoform increase while expression of another isoform decreased.

Reversal of age-related changes in read profile by CR

We next analyzed whether any of the changes in read profile with age were reversed by
CR. To examine this, we created a “meta” score defined as: (isoform score for aging) + (isoform
score for CR) — 2*(isoform score between young and CR samples). The genes which scored
most highly on this metric would have nearly identical isoform usage between the young control
and aged CR samples, and both would be very different from the aged control sample. We
calculated this score for each gene, and the top 25 genes by “meta” score are given in Table 4.3
for the liver and Table 4.4 for the heart. The top result in the liver (and also the top overall
result), SEC31A, is thought to have three isoforms and is a component of the coat protein
complex II which promotes the budding of vesicles from the endoplasmic reticulum. The top
result in the heart, NTSE, is a membrane protein which hydrolyzes the phosphate from
extracellular nucleotides, turning them into membrane-permeable nucleosides. Read profiles for
SEC31A are given in Figure 4.7, which shows that the young control sample and the aged CR
sample use primarily the 5’-most transcription start site, while the aged control sample seems to
have relatively higher usage of an alternative downstream transcription start site. These data
suggest that CR is capable of reversing age-related changes in the relative proportion of isoforms

expressed from a given locus.
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Table 4.3. Liver genes with changes in isoform usage in aging that are reversed by CR. Top 25
genes are shown, ranked by “meta” score. C/Y = isoform score for aging. CR/C = isoform score
for calorie restriction. CR/Y = isoform score for CR sample compared to young sample. Higher

isoform scores indicate larger change in isoform usage. “Meta” score calculated by

(C/Y)+(CR/C)-2*(CR/Y). Putative uncharacterized proteins and unnamed Riken cDNAs are not

shown.
Gene Description C/lY CR/C CR/Y Meta
SEC31A Protein transport protein Sec31A 586 422 3 1002
WDTCl1 WD and tetratricopeptide repeats 1 400 391 0 791
FASTK Fas activated serine/threonine kinase 378 341 0 719
ACAA2 3-ketoacyl-CoA thiolase 300 370 6 658
WAC WW domain-containing adapter protein 325 312 0 637
PCF11 Pre-mRNA cleavage complex II protein Pcf11 264 356 0 620
ABL1 Tyrosine-protein kinase ABL1 336 313 15 619
B4GALNT1 B-1,4 N-acetylgalactosaminyltransferase 1 404 279 42 599
TUGI1 Taurine upregulated gene 1 313 282 6 583
MOV10 Putative helicase MOV-10 262 320 2 578
MBD6 Methyl-CpG binding domain protein 6 416 259 49 577
NCORI1 Nuclear receptor co-repressor 1 290 306 16 564
ZDHHC16  Zinc finger DHHC domain-containing protein 16 | 271 290 0 561
FGFR4 Fibroblast growth factor receptor 4 precursor 318 229 2 543
MLL2 Histone-lysine N-methyltransferase MLL2 253 282 0 535
CIC Protein capicua homolog 348 227 28 519
INF2 Inverted formin-2 233 329 24 514
ANKS] Ankyrin repeat and SAM domain-containing 236 231 7 503
protein
GPR137 Integral membrane protein GPR137 278 236 6 502
NDST1 Bifunctional heparan sulfate 238 270 5 498
LRRC16A  Leucine-rich repeat-containing protein 16A 235 266 5 491
HNF4A Hepatocyte nuclear factor 4-alpha 271 212 0 483
NPR2 Atrial natriuretic peptide receptor 2 precursor 262 257 19 481
GORASP2  Golgi reassembly-stacking protein 2 371 145 18 480
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Table 4.4. Heart genes with changes in isoform usage in aging that are reversed by CR. Top 25
genes are shown, ranked by “meta” score. C/Y = isoform score for aging. CR/C = isoform score
for calorie restriction. CR/Y = isoform score for CR sample compared to young sample. Higher

isoform scores indicate larger change in isoform usage. “Meta” score calculated by

(C/Y)+(CR/C)-2*(CR/Y). Putative uncharacterized proteins and unnamed Riken cDNAs are not

shown.
Gene Description C/lY CR/C CR/Y Meta
NTSE 5’-nucleotidase 117 67 0 184
SENP1 Sentrin-specific protease 1 123 48 10 151
ACTG1 Actin, cytoplasmic 2 66 52 0 118
TENCI tensin-like C1 domain-containing phosphatase 150 1 17 117
SCS GTP-specific succinyl-CoA synthetase § subunit 50 55 0 105
GPR157  G-protein coupled receptor 157 89 14 0 103
AGRN Agrin 43 60 0 103
NFYA Nuclear transcription factor Y subunit o 93 5 0 98
ARL6IP6 ~ ADP-ribosylation factor-like protein 55 41 0 96
PCX Pyruvate carboxylase, mitochondrial 44 50 0 94
CCARI Cell division cycle and apoptosis regulator 99 16 12 91
TCF4 Transcription factor 4 86 17 7 89
PCM1 Pericentriolar material 1 protein 38 50 0 88
WDFY1 WD repeat and FYVE domain containing 1 131 0 22 87
SULF2 Extracellular sulfatase Sulf-2 precursor 71 16 0 87
ACP2 Lysosomal acid phosphatase precursor 81 5 0 86
UNC93B1 Protein unc-93 homolog B1 84 0 0 84
ACADIO  Acyl-CoA dehydrogenase family member 10 46 38 0 84
LSP1 Lymphocyte-specific protein 1 9 79 2 84
FADS2 Fatty acid desaturase 2 60 22 0 82
CCL21B  C-C motif chemokine 21a 40 51 6 79
USP4 Ubiquitin carboxyl-terminal hydrolase 4 59 29 5 78
TMEMS57 Macoilin 66 12 0 78
CYP4B1  Cytochrome P450 4B1 69 12 2 77

99



Young Control Liver

— ) ) ) ) — )
10
| |
0 ) | P PREEENY | W NG VO I R R . I | L]L
1.0085 —  1.0084 1.0083 1.0082 1.0081 —.0080 1.0079
£ x 108
o .
[0 _ Aged Control Liver _
g ) ) ) ) )
(U =
S 10
©
(0]
N 5k
©
: I L
S o n [ AP N A (AU T AT 1 Al '
Z 10085 —  1.0084 1.0083 1.0082 1.0081 — 0080 1.0079
x 108
- Aged CR Liver _
) ) ) ) )
10
5 =
0 1 | T TSP N WO I W k al ]
1.0085 —  1.0084 1.0083 1.0082 1.0081 —1.0080 1.0079
Genomic coordinate (chr5) x 10°

Figure 4.7. Liver read profiles for SEC31A, the gene with the highest overall “meta” score,
along the mouse (-) strand of chromosome 5. The 5’-most transcription start site is shown in a
red box. An alternate downstream transcription start site is shown in a purple box. At any given
location along the gene, a higher read profile indicates a larger number of transcripts which map
to that segment of the gene.
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To gain a clearer understanding of the pathways which the top “meta” scoring genes
participated in, we conducted gene ontology analysis to identify enriched GO terms in the top
100 liver and heart genes. Top results for the liver (Table 4.5) included the terms “metabolic
process” and “fatty acid beta oxidation,” while top results for the heart (Table 4.6) also included

9% ¢

terms such as “response to stimulus,” “developmental process,” “cell differentiation,” and
“insulin receptor signaling pathway.” Thus the genes whose age-related changes in isoform

usage are reversed by calorie restriction seem to lie in primarily metabolic pathways in the liver

and, although the genes are lower-scoring overall, in a broader array of pathways in the heart.

Examination of SIRT3

Finally, we used the high granularity of the RNA-seq data to take a close look at the
expression of SIRT3. The mouse SIRT3 gene has seven exons and gives rise to three different
transcript variants (Figure 4.8A; described in Yang et al., 2010). The first exon has two
alternative versions — exons la and 1b — which are incorporated into the transcript in a mutually
exclusive manner. At the 5’ end of exon 2, there is also an 8 bp insertion which is sometimes
omitted from transcripts containing exon 1b, providing a third possible transcript variant. In our
SIRT3 RNA-seq data, although we did not observe a shift in isoform usage with aging or CR, we
did see a significant difference between liver and heart transcripts in the rate of incorporation of
the 8 bp insertion. Based on comparing the integrated read profile of the insertion with that of
the rest of exon 2, we calculated that the insert was incorporated in heart transcripts
approximately 48% as often as in transcripts from the liver (quantified in Figure 4.8B, visualized

in Figure 4.8C). This difference was highly significant (p =3.9 x 10).

101



Table 4.5. Top 20 gene ontology terms enriched in 100 liver genes with highest “meta” score.

Redundant terms omitted. Corr p value = corrected p value.

GO Term

GO ID

Corr p value

Metabolic process
Cellular metabolic process
Macromolecule metabolic process

Regulation of gene-specific transcription from RNA pol II promoter

Regulation of gene-specific transcription
Fatty acid beta-oxidation

Nucleoside, nucleotide and nucleic acid metabolic process
Regulation of macromolecule biosynthetic process

Regulation of transcription
Biosynthetic process

Lipid modification

Nitrogen compound metabolic process
Post-translational protein modification
Regulation of cellular biosynthetic process
Positive regulation of transcription
Regulation of biosynthetic process
Macromolecule biosynthetic process
Fatty acid catabolic process

Nucleic acid metabolic process
Transcription

102

8152
44237
43170
10551
32583

6635

6139
10556
45449

9058
30258

6807
43687
31326
45941

9889

9059

9062
90304

6350

8.35E-06
2.22E-05
9.96E-05
3.11E-04
7.76E-04
3.76E-03
3.76E-03
4.17E-03
4.17E-03
4.31E-03
4.31E-03
4.90E-03
5.41E-03
5.41E-03
5.41E-03
5.41E-03
5.41E-03
5.41E-03
5.41E-03
5.41E-03



Table 4.6. Top 20 gene ontology terms enriched in 100 heart genes with highest “meta” score.

Redundant terms omitted. Corr p value = corrected p value.

GO Term

GO ID

Corr p value

Metabolic process

Cellular metabolic process

Cellular component organization

Response to stimulus

Macromolecule metabolic process

Nucleoside, nucleotide and nucleic acid metabolic process
Nucleic acid metabolic process

Response to chemical stimulus

Developmental process

Cell differentiation

Nervous system development

Cellular nitrogen compound metabolic process
Cell development

Organelle organization

Anatomical structure development

Regulation of macromolecule biosynthetic process
Response to external stimulus

Insulin receptor signaling pathway

Cellular biosynthetic process

Locomotion

103

8152
44237
16043
50896
43170

6139
90304
42221
32502
30154

7399
34641
48468

6996
48856
10556

9605

8286
44249
40011

6.05E-08
3.59E-07
1.19E-05
1.19E-05
2.23E-04
1.19E-03
1.19E-03
1.67E-03
1.96E-03
2.48E-03
2.48E-03
2.48E-03
2.48E-03
2.81E-03
2.91E-03
2.91E-03
3.41E-03
3.80E-03
4.16E-03
4.26E-03
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Figure 4.8. Comparison of 8 bp insert incorporation in mouse SIRT3 transcripts from liver and
heart. A) Schematic of the three possible mouse SIRT3 transcript isoforms, adapted from Yang
et al. (2010). Possible translation start codons are labeled M1, M2, and M3. Only the first two
of seven exons are shown. B) Integrated read profiles for the 8 bp insert relative to the rest of
exon 2 for the SIRT3 gene. C) Read profiles along the beginning of SIRT3 exon 2 on the mouse
(-) strand of chromosome 7. Red box shows 8 bp insert. *** indicates p <0.001. Two-tailed
student’s t test was used for P values.
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The 8 bp insertion is thought to function as a method for controlling which of three
possible translation start sites are used to produce full-length SIRT3 protein (Yang et al., 2010).
Two of the start sites (M1 and M2) are in exon 1b, upstream of the 8 bp insertion, while the other
(M3) is in exon 2, downstream of the insertion. Because M1 and M2 are not present in exon la,
the only SIRT3 protein produced by these transcripts begins with M3. When exon 1b is
incorporated, any of the three start sites may be used. However, when the insertion is present,
use of either M1 or M2 will result in premature termination at a stop codon early in exon 2.
Thus, the only full-length SIRT3 protein capable of being produced from a transcript with the
insertion is the form beginning with M3. Our data therefore suggests that the heart may have a
higher proportion of SIRT3 protein beginning with M1 or M2 than the liver. All three of these
protein isoforms are reported to be enzymatically active, but the M3 form may be targeted to
mitochondria with a lower efficiency (Yang et al., 2010). If this is the case, then SIRT3 protein
in the heart may localize to the mitochondria with greater efficiency than SIRT3 protein in the
liver. Further study will be necessary to verify this and to explore functional consequences of

the regulation of SIRT3 isoform expression.

Discussion

We conducted RNA-seq on liver and heart tissue from young control, aged control, and
aged short-term calorie-restricted mice. On the level of gene expression, we found that aging
and calorie restriction both changed the expression levels of thousands of genes in the liver and
heart, with gene expression changed to a greater degree in the liver. Many of the age-related
changes were reversed by CR. This effect was also greater in the liver, where over 80% of genes

decreased by age were reversed by CR, and over 80% of genes down with CR had been
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increased by age. Gene ontology analysis showed these genes to be involved in metabolic
processes, and RNA-seq expression levels were validated by qPCR.

Aging and CR also changed read profiles for certain genes, as quantified by isoform
scores. As with gene expression, changes were more dramatic in the liver than heart. We
defined a “meta” score to identify genes whose changes in isoform score with aging were
reversed by CR, and we identified many genes for which this occurred. CR reversed age-related
changes in isoform score in both genes which had a significant change in overall expression and
also in genes which did not. In the liver, gene ontology analysis found that these genes were
primarily metabolic, but in the heart they were involved in a wider array of pathways.

Taken together, our data show the promise of RNA-seq methods for investigating
previously unexplored gene expression phenomena. The mechanisms by which calorie
restriction extends lifespan remain unclear, and the reversal of age-related changes in the relative
proportion of isoforms expressed from a given locus is a novel potential mechanism by which

CR may regulate genes in the cell.

Methods
Mice

Mice were obtained and calorie-restricted as described (Cerletti et al., 2012). Briefly,
aged C57BL/6 mice (National Institutes of Aging) and young C57BL/6 mice (Jackson
Laboratories) were fed an AIN-93M diet (BioServ, NJ). After calculation of baseline food
intake, aged mice were randomly divided into control and CR groups while young mice were
entirely kept as controls. Calorie restriction was then carried out according to established

protocols (Pugh et al., 1999) as described (Cerletti et al., 2012). Aged mice were 18 months old
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at the beginning of the feeding schedule, and young mice were 2 months old. For the first week,
control mice were fed 90% and CR mice were fed 80% of their ad libitum food intake (3 g/day).
CR mice were then switched to 60% of their ad libitum intake (2.3 g/day), and the feeding

schedule continued for 11 weeks. Liver tissue and heart tissue were then obtained.

RNA-seq

RNA was extracted from homogenized harvested tissue using TRIzol (Life
Technologies), and the aqueous phase was purified using RNEasy kits (Qiagen). For both liver
and heart, equal amounts of RNA from four mice per condition were pooled to produce RNA
samples representing young control, aged control, and aged calorie-restricted mice. For each of
these six samples, an RNA-seq library was constructed using 5’ poly-A selection and PCR
techniques (Christodoulou et al., 2014) and high-throughput RNA sequencing was carried out
using an [llumina HiSeq flowcell sequencer. Following sequencing, raw sequence read data was
aligned to the mouse mm9 genome using TopHat (Trapnell et al., 2009). Statistics for the
alignment are given in Table 4.7. Gene expression profiles were calculated by normalizing read
depth on each gene, and a Bayesian p value was calculated to determine the significance of gene
expression changes (Audic & Claverie 1997; Christodoulou et al., 2011). Isoform scores were
generated to quantify the difference in genes’ read profiles between two samples following

Christodoulou et al. (2014).

Quantitative PCR

Synthesis of cDNA was carried out with iScript cDNA Synthesis Kits (Bio-Rad), starting

from the same RNA used to construct the RNA-seq library. Quantitative PCR was performed
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Table 4.7. Statistics for the alignment of the raw RNA-seq reads to the mouse genome using
TopHat.

Sample Number Aligned Percentage  Aligned as Aligned
raw reads (total) aligned paired-ends  single
(total)
Young Control Liver 45603788 43390553  95.1% 35595308 7795245
Aged Control Liver 69275854 65508388  94.5% 55455516 10052872
Aged CR Liver 71615068 57315897  80.0% 51269762 6046135
Young Control Heart 61137582 51988470  85.0% 47960490 4027980
Aged Control Heart 58762002 47431651  80.7% 43499522 3932129
Aged CR Heart 69899858 57452236  82.1% 52435822 5016414
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with 2x PerfeCTa SYBR Green FastMix (Quanta). Primers for SIRT3 are from Kong et al.
(2010); primer sequences are given in Table 4.8. Heat shock protein 90kDa a, class B member 1

(HSP90AB1) had stable expression across RNA-seq samples and was used as a reference gene.

Gene ontology analysis

Analysis of overrepresented gene ontology terms was conducted within the Cytoscape
software program (Cline et al., 2007) using the BINGO plugin (Maere et al., 2005), with the
whole mus musculus annotation as the reference set. The hypergeometric statistical test and

Benjamini & Hochberg FDR correction options were used.
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Table 4.8. Sequences of qPCR primers used in this study. All sequences are for mouse genes.
The SIRT3 sequences are from Kong et al. (2010).

Gene Direction Sequence

ADAMI11  Forward 5-AAAGCCACAGTTGGACACCA-3’
Reverse 5’-ATACTGCGAGGACAGGAGGT-3’

CIDEA Forward 5’-CATACATCCAGCTCGCCCTT-3’
Reverse  5’-CGTAACCAGGCCAGTTGTGA-3’

MTI1 Forward 5’-AGATCTCGGAATGGACCCCA-3’
Reverse  5’-AGGAGCAGCAGCTCTTCTTG-3’
MT2 Forward 5’-TCGTCGATCTTCAACCGCC-3’
Reverse  5’-CACTTGTCGGAAGCCTCTTTG-3’
SIRT3 Forward  5’-GCTGCTTCTGCGGCTCTATAC-3’
Reverse  5’-GAAGGACCTTCGACAGACCGT-3’
B-actin Forward  5’-AGCCATGTACGTAGCCATCC-3’
Reverse  5’-CTCTCAGCTGTGGTGGTGAA-3’
FASN Forward  5’-AAGCGGTCTGGAAAGCTGAA-3’

Reverse 5’-CCTCTGAACCACTCACACCC-3
SREBF1 Forward 5’-GACCCTACGAAGTGCACACA-3’

Reverse  5’-TGTCGGGCTCAGAGTCACTA-3’
HSP90AB1 Forward 5-TTTCAGGCAGAAATTGCCCAGCTC-3’

Reverse  5’-TCTTGTCCAGGGCATCTGAAGCAT-3’
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CHAPTER V

Conclusion

Calorie restriction (CR) extends lifespan and delays the onset of age-related diseases in
several model organisms, and understanding how it works has the potential to bring significant
advances in therapeutics for humans. CR induces a wide-ranging organismal metabolic
adaptation, and SIRT3 is one of its primary effectors. SIRT3 expression is upregulated by CR in
multiple tissues, and its activities include increasing the throughput of the mitochondrial electron
transport chain, promoting the catabolism of fatty acids, upregulating the urea cycle,
upregulating ketone body production, and helping to fight inflammation. As more and more of
its downstream functions are uncovered, it is becoming increasingly clear that SIRT3 is a key
cog in the machinery of CR. Two studies have shown that peroxisome proliferator-activated
receptor y coactivator 1-a (PGC-1a) coactivates estrogen-related receptor o (ERRa) in the
induction of SIRT3 levels (Kong et al, 2010; Giralt et al, 2011). Yet the pathways upstream of
SIRT3 have received no further attention. This dissertation sought to address that gap and to
provide tools for studying SIRT3 transcriptional activity, to identify additional transcription
factors which may be involved in regulating SIRT3 expression, and to shed light on the effects of

CR on SIRT3 and the entire genome using high-throughput RNA sequencing (RNA-seq).

Tools for studying SIRT3 activity

We developed a luciferase-based reporter construct to study transcriptional activity of the
human SIRT3 promoter. Chapter II detailed the design and development of this tool, describing
the steps involved in its construction and validation. We showed that results from our reporter

could be verified by both quantitative real-time PCR and Western blot, and we used it to
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demonstrate that SIRT3 expression in human 293T cells is upregulated by inhibition of the
nutrient-sensing Target of Rapamycin pathway. We subsequently used it in Chapter III as part of
our investigation of transcription factors which regulate SIRT3. In the future, this tool could be
used in research applications such as screening for small molecules or proteins that activate
SIRT3 expression. Further, SIRT3 has reduced expression or is lost entirely in many breast
cancer cell lines (Finley et al., 2011), and a decrease in its expression is a biomarker associated
with poor outcome in patients (Desouki et al., 2014). This tool could therefore also be used in
clinical practice as a diagnostic and prognostic tool for determining a cancer’s genetic subtype

and for helping to predict the course of disease.

Study of regulators of SIRT3 expression

Motivated by the relative lack of information about regulators of SIRT3 expression, we
conducted a bioinformatic analysis to identify potential transcription factors involved in SIRT3
induction. Chapter III described this study, which identified nuclear respiratory factor 2 (NRF-2)
as a top candidate and then verified that it binds the SIRT3 promoter and controls SIRT3
expression. This makes NRF-2, after ERRa, the second transcription factor identified which
directly binds the SIRT3 promoter to control SIRT3 expression. Notably, NRF-2 and ERRa are
both co-activated by PGC-1a (Mootha et al., 2004). Future study will be necessary to determine
whether there are tissues or metabolic conditions where one of these transcription factors is more
important for SIRT3 expression than the other. NRF-2 and ERRa can also co-induce each other
(Mootha et al., 2004), and it will be interesting to see whether there are contexts where the two
contribute cooperatively to SIRT3 expression. For example, Giralt et al. (2011) show that SIRT3

is upregulated by PGC-1a in brown adipocytes, and that ERRa is required for full induction. Yet
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they do not explain the mechanisms of the partial SIRT3 induction seen when ERRa is knocked

down. Our work strongly suggests that NRF-2 may be responsible for the upregulation of SIRT3
by PGC-1a observed in the absence of ERRa. By providing an additional link between PGC-1a
— which is upregulated during CR — and SIRT3, our work also suggests that this pathway may be

responsible for the upregulation of SIRT3 seen in multiple tissues during CR.

Effect of calorie restriction on isoform usage

We also applied new high-throughput RNA sequencing (RNA-seq) technologies to the
study of CR. By supplying information about expression at the level of the individual DNA
base, rather than the probe level supplied by microarrays, RNA-seq provides a more detailed
look at gene expression than found in most of the CR datasets generated to date. Chapter IV
used this information and showed for the first time that calorie restriction was capable of
reversing not just age-related changes in gene expression, but age-related changes in the read
profile generated for a gene as well. This suggested that different isoforms of the same gene
were being expressed with age, and that the change was reversed with CR, even when overall
expression of the gene remained stable. One of the mechanisms by which CR exerts its
regulation of an organism’s biology may therefore be a change of the relative isoform expression
from an individual gene locus. Future study will be needed to identify specific isoforms with
distinct biological effects whose relative expression changes with age and is reversed with CR.
SIRT3 expression in our data was slightly decreased with age and significantly induced with CR
in the liver, and although we did not observe an age- or CR-dependent shift in SIRT3 transcript

isoform usage, we did observe a tissue-specific difference, as a particular 8bp insertion at the 5’
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end of exon 2 was incorporated twice as often in liver transcripts as in heart transcripts. This

may lead to a tissue-specific difference in SIRT3 protein isoform usage.

Limitations and future directions

The majority of experiments described in this dissertation have been conducted in cell
culture models, and, although they are suggestive, one must exercise caution in generalizing the
results of experiments conducted in cell culture to the biology of whole organisms. Cell culture
is an extremely useful model system, but it does not capture every nuance of organism-level
biology. Cells in culture are not exposed to paracrine signals or circulating factors from other
cell types or tissues, as they would be in vivo, and the two-dimensional surface of a culture dish
is a simplification of the three-dimensional microenvironment with a range of substrate
stiffnesses encountered by the cell in vivo. Additional study is therefore necessary to draw
organism-level conclusions based on the cell culture studies presented herein.

For example, further study could investigate whether the upregulation of SIRT3
following rapamycin treatment occurs in vivo — such as in particular tissues of mice administered
rapamycin — and not just in cell culture. If so, techniques similar to the bioinformatic methods
used to identify NRF-2 as a SIRT3 regulator could be employed to identify transcription factors
involved in this regulation. In the vein of Fok et al. (2014), global gene expression studies could
contribute to elucidating the degree of overlap between pathways activated by rapamycin and by
calorie restriction. Functionally, it is known that SIRT3 plays a role in mediating some of the
beneficial aspects of calorie restriction, and treatment of wildtype and SIRT3-knockout mice
with rapamycin or vehicle control would determine whether the induction of SIRT3 plays a role

in mediating the lifespan-extending effects of rapamycin.
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Experiments to further determine the role played by NRF-2 in the regulation of SIRT3
could be conducted on both a cellular level and an organismal level. On a cellular level, a
reduction of luminescence following mutation or deletion of the NRF-2 binding site in the SIRT3
promoter reporter would support direct regulation of the promoter by NRF-2. The NRF-2
overexpression studies presented in chapter III would present a fuller picture of NRF-2 activity
with the inclusion of additional NRF-2 target genes as positive controls, and adding additional
conditions to the chromatin immunopreciptation — such as the removal of serum — to partially
mimic calorie restriction could potentially induce greater binding of the SIRT3 promoter by
NRF-2, supporting a role for NRF-2 in the increase of SIRT3 expression in CR. On an
organismal level, studies could include calorie restricting wildtype and tissue-specific NRF-2-
knockout mice (whole-body deletion of NRF-2 is embryonic lethal) and then assaying SIRT3
induction in the target tissue of both groups. If NRF-2 is important for induction of SIRT3 by
CR in that tissue, then its ablation should blunt the response by SIRT3. Existing datasets of
calorie-restricted wildtype mice could also be analyzed to determine whether SIRT3 induction in
CR is consistently co-incident with an induction of other NRF-2 targets.

Although the RNA-seq data described in chapter IV was generated from calorie-restricted
mice rather than cells in culture, additional experiments could also be carried out for this study.
In particular, validation needs to be carried out for the identified isoform switching events. This
could include 5’ rapid amplification of cDNA ends, or 5° RACE, which generates sequence data
from mRNA transcripts and can serve as a method to independently verify the RNA-seq data.
Once verified, particular isoforms could be knocked down in mice via lentiviral ShRNA
constructs to determine whether the switching plays a role in organisms’ metabolic adaptation to

calorie restriction.
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Outlook

SIRT3 is a particularly interesting and important gene to study because its activity has
been linked not only to mediating the benefits of CR in lower organisms, but also to longevity in
humans: the possession of certain SIRT3 alleles has been associated with survival to old ages,
and the alleles associated with longevity may have higher levels of expression (Bellizzi et al.,
2005; Albani et al., 2014). Thus, if we can understand how SIRT3 expression is regulated, we
may be able to perturb these pathways to increase its expression, and if we can increase its
expression, we may ultimately be able to stave off age-related disease and increase lifespan. A
significant body of work remains to develop this strategy and determine whether and how it

would function, but this dissertation has attempted to be a step in that direction.
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Abstract

SIRT3 is upregulated in multiple tissues by nutrient stresses such as calorie restriction
and fasting, though the molecular mechanism of this induction is unclear. We tested the effect
on SIRT3 expression in human 293T cells of six different small molecule drugs: pioglitazone, 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR), kaempferol, metformin, resveratrol,
and rapamycin. These drugs were selected because each has been used as a calorie restriction
mimetic, a stimulator of mitochondrial biogenesis, or (in the case of kaempferol) a stimulator of
SIRT3 expression. Each drug was tested at two different concentrations for 24 and 48 hours,
followed by measurement of SIRT3 expression level by quantitative PCR. In this experimental
system, we observed robust and dose-dependent increases in SIRT3 expression with rapamycin,
an inhibitor of the nutrient-sensing TOR pathway. We also observed sporadic induction of
SIRT3 by AICAR and pioglitazone, no significant effect with kaempferol and metformin, and
repression of SIRT3 transcript levels by resveratrol. Additional studies of SIRT3 expression
verified SIRT3 induction by rapamycin treatment as well as other methods of inhibiting the TOR

pathway.

Introduction

Calorie restriction (CR) extends lifespan and healthspan across a variety of species
(reviewed in Anderson and Weindruch, 2010). CR induces an organismal metabolic adaptation
involving a stimulation of mitochondrial function, and SIRT3 is important for this adaptation. In
the liver, SIRT3 is upregulated by calorie restriction and activates the urea cycle (Hallows et al.,
2011), ketone body production (Shimazu et al., 2010), and fatty acid oxidation (Hirschey et al.,

2010). SIRTS3 is also upregulated by CR in brown adipose tissue, where it activates
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mitochondrial thermogenesis (Shi et al., 2005). SIRT3 additionally mediates some of the
beneficial anti-oxidant effects of CR, such as the reduction of oxidative stress (Qiu et al., 2010;
Tao et al., 2010) and the prevention of age-related hearing loss in mice (Someya et al., 2010).
However, as noted in earlier chapters, the mechanism of SIRT3 induction during CR is
unclear. We tested the effect on SIRT3 expression of six small molecule drugs that have been
used to mimic calorie restriction or to stimulate mitochondrial biogenesis, reasoning that either
condition would lead to an upregulation of mitochondrial genes. In addition to identifying
inducers of SIRT3 expression, we also hoped to gain insight into the mechanisms of SIRT3

induction by primarily using molecules with known targets or affected pathways.

Results
Targeted screen for small molecule inducers of SIRT3 expression
We chose pioglitazone, 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR),
kaempferol, metformin, resveratrol, and rapamycin as candidate calorie restriction-mimetic
compounds. Each drug was tested in human embryonic kidney 293T cells at two different
concentrations for 24 and 48 hours (Table A.1), followed by measurement of the mRNA
expression levels of SIRT3 as well as peroxisome proliferator-activated receptor y coactivator 1-
o (PGC-1a). We used PGC-1a as a marker of CR-like effects because it is known to be activated
during CR (Anderson et al, 2008) and to drive mitochondrial biogenesis (Scarpulla, 2011).
Pioglitazone is one of the class of drugs known as thiazolidinediones (TZDs) used to treat
type II diabetes (reviewed in Phielix et al., 2011). TZDs are agonists of peroxisome proliferator-
activated receptor y (PPARY). In vivo, one of the many consequences of activated PPARY is

release of the hormone adiponectin from adipose tissue, leading to increased glucose uptake by
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Table A.1. Drugs and concentrations used in targeted screen for inducers of SIRT3 expression.

Drug Affected Pathway Durations Tested  Concentrations Tested
Pioglitazone PPARY agonist 1 day, 2 days I uM, 10 uM
AICAR AMPK activator 1 day, 2 days 100 uM, 1 mM
Kaempferol Oxidative stress 1 day, 2 days 10 uM, 100 uM
Metformin Anti-diabetic drug 1 day, 2 days 10 uM, 1 mM
Resveratrol SIRT1 activator 1 day, 2 days 10 uM, 50 uM
Rapamycin mTOR inhibitor 1 day, 2 days 100 nM, 1 uM
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muscle and liver and improved glucose homeostasis. In vitro, pioglitazone has been shown to
stimulate mitochondrial biogenesis at concentrations of 1 uM and 10 uM (Ghosh et al., 2007,
Fujisawa et al., 2009). We tested these concentrations and observed modest effects. One day of
pioglitazone treatment had no significant effect, but after two days SIRT3 expression was
increased at both concentrations tested, and the increase with 1 pM treatment was significant
(Figure A.1A, p=0.026). This significant result corresponded with a non-signficant increase in
PGC-1a expression.

AICAR is an analog of adenosine monophosphate (AMP) and a stimulator of AMP-
dependent protein kinase (AMPK) activity (Merrill et al., 1997). AMPK is an energy sensor
which promotes mitochondrial biogenesis and ATP production through PGC-1a and nuclear
respiratory factors 1 and 2 when the cellular ADP/ATP ratio climbs too high, as occurs during
stimuli such as exercise (Bergeron et al., 2001; Reznick and Shulman, 2006; reviewed in Hardie
et al., 2012). AICAR mimics a low cellular energy state and has been shown in cell culture to
increases in cellular oxygen consumption and increase protein levels of electron transport chain
subunits (Beeson et al., 2010; Jose et al., 2011). We tested concentrations of 100 uM and 1 mM,
in line with these studies. We observed increased SIRT3 expression with both concentrations
tested, leading to significant increases at two days (Figure A.1B, p = 0.022 for 100 uM, p =
0.0012 for I mM). PGC-la transcript levels were increased with 1 mM treatment, but the effect
was not significant (p = 0.060).

Kaempferol is a flavonoid found naturally in many foods. Intake of kaempferol is
associated with lower lung cancer incidence in smokers (Cui et al., 2008), a phenomenon which
is perhaps due to the induction of mitochondrial superoxide dismutase (SOD2) and apoptosis in

lung cancer cells (Leung et al., 2007). SIRT3 is an activator of SOD2 (Qiu et al., 2010; Tao et
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Figure A.1 (Next page). Targeted screen of calorie restriction mimetics for induction of SIRT3
transcript levels. Relative SIRT3 and PGC-1a transcript levels following addition of A)
pioglitazone or DMSO control, B) AICAR or PBS control, C) kaempferol or DMSO control, D)
metformin or PBS control, E) resveratrol or DMSO control, or F) rapamycin or DMSO control to
the growth medium of human 293T cells at the indicated concentrations for one or two days.
Blue bars = higher concentration tested; green bars = lower concentration tested; white bars =
control condition. RPS16 was used as the reference gene for pioglitazone, kaempferol, and
rapamycin treatments. B2M was used as the reference gene for resveratrol and metformin
treatments. PPIA was used as the reference gene for AICAR treatment. Maximum final DMSO
concentration in media was 0.2%. Data are a combination of two experiments with a total n =6
per condition, except for pioglitazone (n = 5 for SIRT3 at 10 uM for 2 days), metformin (only
one experiment, n = 3), and resveratrol (50 uM only included in one experiment, n = 3). *
indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001 by two-tailed student’s t-test.
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Figure A.1 (Continued).
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al., 2010), and in certain contexts it also has pro-apoptotic functions (Allison and Milner, 2007).
Marfe et al. (2009) suggest that kaempferol treatment causes oxidative stress which leads to
increased SIRT3 levels, activated SOD2, and increased apoptosis. Both Marfe et al. (2009) and
Cimen et al. (2010) treated human K562 leukemia cells with 50 uM kaempferol for 48 hours and
saw induction of SIRT3 protein levels. To test this effect in 293T cells, we used concentrations
of 10 uM and 100 uM. However, these treatments did not lead to any significant change in
SIRT3 expression. At the higher kaempferol concentration tested, PGC-1a expression was
decreased after one and two days of treatment, with the decrease at two days significant (Figure
A.1C, p=10.0042).

Metformin is the first-line drug for treatment of type II diabetes. It has several effects,
and even though it is used widely its mechanism of action continues to be a subject of research
(Rena et al., 2013). Metformin decreases hyperglycemia by suppressing gluconeogenesis
(Meyer et al., 1967), and it also increases PGC-1a skeletal muscle protein content and enhances
mitochondrial function (Suwa et al., 2006). Anisimov et al. (2008) used metformin as a mimetic
of calorie restriction and observed an increase in mean lifespan of metformin-treated female
mice. It has been used in cell culture over a wide range of concentrations to achieve metabolic
effects (e.g. Beeson et al., 2010, Rice et al., 2011), leading us to test concentrations of 10 uM
and 1 mM. Yet these treatments had no significant effects at all, either on SIRT3 or PGC-1a
(Figure A.1D). This is in line with subsequent observations (unpublished) made by our
laboratory that metformin does not have an effect on 293T cells. The molecular peculiarities
underlying this observation are unclear.

Resveratrol is a polyphenol found in grape skins and red wine. It activates SIRT1

(Howitz et al., 2003; Hubbard et al., 2013), the most-studied human homolog of the yeast gene
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Sir2. Resveratrol activates molecular pathways similar to calorie restriction in yeast (Howitz et
al., 2003), mice (Pearson et al., 2008), and humans (Timmers et al., 2011), and it has been
referred to as a calorie restriction mimetic (e.g. Lam et al., 2013). Resveratrol also promotes
mitochondrial biogenesis, with mice that received oral resveratrol at 20 mg/kg/day for 4 weeks
exhibiting a significant increase in mitochondrial DNA content in cells from their aortas (Csiszar
et al., 2009). Resveratrol has also been used in cell culture to induce mitochondrial biogenesis
and increase cellular oxygen consumption (Csiszar et al., 2009; Beeson et al., 2010). We tested
similar concentrations of 10 uM and 50 uM. Surprisingly, in our study resveratrol treatment led
to dose- and time-dependent reductions in SIRT3 expression (Figure A.1E), with multiple
decreases achieving significance. PGC-1a transcript levels were not significantly affected.
Rapamycin is a macrolide which inhibits the target of rapamycin (TOR) pathway by
binding mTOR, a protein kinase. The TOR pathway is a cellular nutrient sensor. It integrates
multiple nutrient and growth factor signals and, when active, drives anabolic processes like
protein synthesis and inhibits catabolic processes like autophagy (Zoncu et al., 2011). In
mammals, mTOR exists in one of two complexes, n”TORC1 or mTORC2. Rapamycin
specifically binds and inhibits mMTOR when it is in mTORCI, although mTORC?2 activity may
also be compromised over time as mMTOR molecules become sequestered in mTORCI (reviewed
in Li et al., 2014). Because rapamycin inhibits a nutrient-sensing pathway, it has been tested as a
calorie restriction mimetic, and it does have calorie restriction-like effects in some organisms.
Chronological lifespan in yeast was increased by rapamycin treatment (Powers et al., 2006), and
rapamycin administered beginning in middle age increased lifespan in mice (Harrison et al.,
2009). Concentrations used in cell culture are typically near 100 nM (e.g. Park and Chen, 2005;

Chakrabarti et al., 2010). We tested concentrations of 100 nM and 1 pM and observed the most
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consistent results of any molecule in our targeted screen. SIRT3 expression was increased at all
times and concentrations, with all but one of the effects being significant (Figure A.1F; p = 0.045
for 100 nM at 1 day; p =0.00073 for 1 uM at 1 day; p = 0.060 for 100 nM at 2 days; p = 0.0052
for 1 uM at 2 days). Interestingly, although SIRT3 was increased, PGC-1a transcript levels were
significantly decreased at all times and concentrations tested (p = 0.016 for 100 nM at 1 day; p =
0.011 for 1 uM at 1 day; p = 0.026 for 100 nM at 2 days; p = 0.031 for 1 uM at 2 days).
Nonetheless, because of the robust response of SIRT3 transcription to rapamycin, we decided to
further investigate the effects of rapamycin and the TOR pathway on SIRT3 and the

mitochondrial sirtuins.

Effect of small molecule TOR inhibitors on expression of mitochondrial sirtuins

Because we observed such a strong, consistent effect on SIRT3 expression with 24 and
48 hours of rapamycin treatment, we next conducted a shorter time course of mTOR inhibition
and examined the transcript levels of all three mitochondrial sirtuins — SIRT3, SIRT4, and
SIRTS. Eight hours of 100 nM rapamycin treatment significantly induced both SIRT3 (p =2.7 x
10®) and SIRT5 (p = 1.3 x 10”) (Figure A.2A). SIRT3 was unchanged at four hours, and SIRT5
was increased slightly (p =0.031). SIRT4 expression was not significantly affected by either
treatment duration. To verify the results of the rapamycin treatment, we performed the same
experiment using Torinl, a small molecule catalytic inhibitor of mTOR which inhibits mTORCI1
more strongly than rapamycin (Thoreen et al., 2009) and also directly inhibits mMTORC2. We
found that 250 nM Torin] treatment induced SIRT3 and SIRTS levels to a greater degree than
rapamycin, achieving significance for both at 4 hours (p = 0.024 for SIRT3; p = 0.0053 for

SIRTS) as well as 8 hours (p = 0.00028 for SIRT3; p = 2.5 x 10~ for SIRT5), with SIRT4 again
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Figure A.2 (Next page). Effect of small molecule mTOR inhibitors on gene expression of
mitochondrial sirtuins and other metabolic genes in 293T cells, MEFs, and primary murine
hepatocytes. A) Relative transcript levels of SIRT3, SIRT4, and SIRTS following treatment of
293T cells with 100 nM rapamycin for four or eight hours or DMSO control for eight hours.
Data are a combination of two experiments with a total n = § per condition. B) Relative
transcript levels of SIRT3, SIRT4, and SIRTS following treatment of 293T cells with 250 nM of
the mTOR catalytic inhibitor Torinl for four or eight hours or DMSO control for eight hours. n
= 4 per condition. C) Relative transcript levels of SIRT3, SIRT4, and SIRTS5 following
treatment of mouse embryonic fibroblasts with 100 nM rapamycin or DMSO control for 48
hours. n =4 per condition. D) Western blot of MEFs following treatment with indicated
concentrations of rapamycin for 48 hours. E) Relative transcript levels of SIRT3, SIRT4, and
SIRTS following treatment of primary mouse hepatocytes with 100 nM rapamycin, 250 nM
Torinl, or DMSO control for 24 hours. n =4 per condition. F) Western blot of mouse primary
hepatocytes following treatment with indicated concentrations of rapamycin for 48 hours. G)
Relative transcript levels of several metabolic genes following treatment of 293T cells with 250
nM Torinl or DMSO control for eight hours. n =4 per condition. Final concentration of DMSO
in media was 0.01% for rapamycin experiments and 0.1% for Torinl or combined experiments.
For human qPCR experiments, the geometric mean of RPS16, B2M, and PPIA expression was
used as the reference gene. For mouse qPCR experiments, the geometric mean of HSP90ABI,
B-actin, and PPIA expression was used as the reference gene. * indicates p < 0.05, ** indicates p
< 0.01, *** indicates p < 0.001 by two-tailed student’s t-test.

130



Figure A.2 (Continued).
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not significantly changed (Figure A.2B). As described in chapter II, we also tested the effect of
mTOR inhibition on SIRT3 protein levels in 293Ts and found that 48 hour treatment with either
100 nM rapamycin or 250 nM Torinl was sufficient to increase SIRT3 protein levels relative to
the mitochondrial loading control HSP60 and the general loading control a-tubulin.

To determine if the induction of sirtuin expression by mTOR inhibition occurred in other
cell lines, we tested the effects of rapamycin and Torinl in mouse cells. Interestingly, we found
that expression levels of all three mitochondrial sirtuins were induced. In immortalized mouse
embryonic fibroblasts (MEFs), transcript levels of all three sirtuins were significantly increased
by 48 hours of 100 nM rapamycin treatment (p = 0.0078 for SIRT3; p = 0.048 for SIRT4; p =2.3
x 107 for SIRTS5) (Figure A.2C). We tested the effect on SIRT3 protein expression and observed
increased SIRT3 levels relative to loading controls HSP60 and a-tubulin (phosphorylated S6
kinase was used as a marker of mTOR activation) (Figure A.2D). Likewise, SIRT3, SIRT4, and
SIRTS transcript levels were significantly increased in murine primary hepatocytes by 24 hours
of 100 nM rapamycin treatment (p = 0.011 for SIRT3; p=0.012 for SIRT4; p =0.011 for
SIRTS) (Figure A.2E). SIRT3 and SIRT4 expression levels were also significantly increased by
24 hours of 250 nM Torinl treatment (p = 0.042 for SIRT3; p = 0.00037 for SIRT4). As with
the MEFs, we verified rapamycin’s effect on SIRT3 at the protein level in these cells (Figure
A2F).

Having observed the induction of all three mitochondrial sirtuins by TOR pathway
inhibition in mouse cells, we wanted to test whether other mitochondrial and metabolic genes
were affected as well. In 293T cells, we assayed the effect of an 8-hour Torinl treatment on
several metabolic genes (Figure A.2G) and found that only the mitochondrially-encoded genes

we tested, ATP6 (complex V) and CYB (complex III), were significantly induced (p = 0.00058
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for ATP6; p = 7.9 x 10 for CyB). By contrast, nuclear-encoded mitochondrial genes such as
NDUFBI10 (complex I), COX5A (complex IV), and ATP5AT1 (complex V) were either
unchanged or decreased. This suggested that mTOR inhibition in 293Ts did not lead to a general

upregulation of all mitochondrial genes but instead led to a more specific regulation.

Effect of additional TOR modulation methods on expression of mitochondrial sirtuins

We next investigated whether the mitochondrial sirtuins were induced by other means of
TOR pathway inhibition. mTOR activity requires the presence of both growth factors and amino
acids (reviewed in Zoncu et al., 2011), and we hypothesized that removing either one of these
inputs would induce expression of SIRT3 and potentially SIRT4 and SIRTS. We therefore tested
the effect of 24-hour amino acid deprivation, with or without rapamycin, on 293T cells.
Interestingly, both amino acid deprivation (p = 0.0023) and rapamycin (p = 0.00012) increased
SIRT3 transcript levels, and the combination of the two increased SIRT3 levels even further,
suggesting that either the treatments were not individually sufficient to completely shut down the
TOR pathway, or that the treatments functioned by different mechanisms (Figure A.3A). This
pattern did not hold for SIRT4 or SIRTS, which were relatively unchanged by the treatments.

We also investigated the effect of amino acid deprivation in mouse cells. For this
experiment we used both wildtype and tuberous sclerosis complex 2 (TSC2)-knockout MEFs;
TSC2 is a negative regulator of mTOR, and we hypothesized that the constitutive activation of
mTOR in TSC2”” MEFs would have the opposite effect of rapamycin treatment and would
depress expression levels of the mitochondrial sirtuins. Following 18 hours of amino acid
deprivation, expression of all three sirtuins was significantly induced in the wildtype cells

(Figure A.3B; p = 1.2 x 10 for SIRT3; p = 0.0018 for SIRT4; p =2.5 x 10™ for SIRT5), while
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Figure A.3. Effect of mTOR inhibition on gene expression of mitochondrial sirtuins. A)
Relative transcript levels of SIRT3, SIRT4, and SIRTS following treatment of 293T cells with
100 nM rapamycin or DMSO control in the presence or absence of amino acids for 24 hours. n =
4 per condition. B) Relative transcript levels of SIRT3, SIRT4, and SIRTS following incubation
of wildtype or TSC2"~ MEFs in the presence or absence of amino acids for 18 hours. n =3 per
condition. C) Relative transcript levels of SIRT3, SIRT4, and SIRTS following incubation of
wildtype or TSC2”" MEFs in the presence or absence of serum for 24 hours. Data are a
combination of two experiments with a total n = 7 per condition. D) Western blot of wildtype or
TSC2”" MEFs in the presence or absence of serum for 24 hours. For A, final concentration of
DMSO in media was 0.01% and the geometric mean of RPS16, B2M, and PPIA expression was
used as the reference gene. For B, B-actin was used as the reference gene. For C, the geometric
mean of HSP90OABI, B-actin, and PPIA expression was used as the reference gene. * indicates p
< 0.05, ** indicates p < 0.01, *** indicates p < 0.001 by two-tailed student’s t-test.
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only SIRT3 was induced in the TSC2™ cells (p = 8.4 x 10™), and this was to a lesser degree than
in the wildtype cells. Thus, contrary to our expectations, levels of the sirtuins were not lower in
the TSC2™" cells than in the wildtype cells; instead, the effect of TSC2 knockout seemed to be a
dampened induction of the mitochondrial sirtuins with amino acid deprivation. This experiment
had been planned for 24 hours but was shortened to 18 after we observed noticeably higher
levels of dead and floating cells in the TSC2”~ amino acid-deprived cells than in the other cells
and treatments (dead cells were removed prior to analysis of sirtuin transcript levels). It is
possible that this effect was due to the activation of cellular protein synthesis pathways (and
downregulation of autophagy pathways) by mTOR at a time when the cell did not have sufficient
amino acid stores to engage in high levels of protein synthesis, leading to cell death.

As an alternative to amino acid deprivation, we tested serum deprivation in the MEFs.
Serum deprivation significantly induced expression of SIRT3, SIRT4, and SIRTS in the wildtype
cells (Figure A.3C; p = 0.048 for SIRT3; p =0.012 for SIRT4; p = 0.00010 for SIRTS). Again,
levels of the sirtuins were not lower in the TSC2™ cells than in the wildtype cells; rather, it
appeared that the constitutively active mTOR lessened the impact of serum deprivation, as only
SIRT5 was induced in the TSC2” cells (p = 1.7 x 107), and this induction was to a lesser degree
than in the wildtype cells. At the protein level, however, our data did suggest that constitutively
active mTOR led to lower SIRT3 levels (Figure A.3D). We also observed that SIRT3 protein
level was induced by serum deprivation in TSC”™ MEFs to a lesser extent than in wildtype MEFs.
Together, these studies demonstrate that TOR pathway activity regulates the expression of not

just SIRT3 but the other mitochondrial sirtuins as well.
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Discussion

We conducted a targeted screen of six small molecules thought to act as mimetics of
calorie restriction or inducers of mitochondrial biogenesis — pioglitazone, AICAR, kaempferol,
metformin, resveratrol, and rapamycin — and found that rapamycin consistently induced SIRT3
expression in 293T cells. We also saw somewhat delayed induction of SIRT3 transcript levels
by pioglitazone and AICAR. Further studies in 293T cells showed that other methods of
inhibiting the TOR pathway, such as treatment with Torinl or amino acid deprivation, also
induced SIRT3 levels. These findings were validated at the protein level in data presented in
chapter II. Rapamycin and Torinl treatment also induced SIRTS and the mitochondrially-
encoded electron transport chain subunits CYB and ATP6.

The effects seen on sirtuin expression with mTOR inhibition in 293Ts were validated in
other cell lines. In MEFs, all three sirtuins were upregulated by mTOR-inhibiting treatments
such as rapamycin, serum deprivation, and amino acid deprivation. MEFs with loss of TSC2,
and therefore constitutively active mTOR, had a dampened response to amino acid deprivation or
serum deprivation and did not induce the mitochondrial sirtuins as highly as did their wildtype
counterparts. The induction of SIRT3 by rapamycin was also verified at the protein level in both
MEFs and primary hepatocytes.

To determine whether the induction of SIRT3 levels could be validated by other studies,
we turned to publicly available microarray data. In an in vitro study, SIRT3 expression was
significantly increased by PGC-1a overexpression in TSC2-knockout MEFs, but 20 nM
rapamycin treatment of these cells for 14 hours led instead to a significant decrease (p = 0.039)
(GSES5332, Cunningham et al., 2007). The rapamycin treatment also led to a decrease in PGC-

la levels. SIRT4 was not significantly changed. SIRTS, however, was significantly induced by
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both rapamycin treatment (p = 0.0013) and PGC-1a overexpression (p = 0.014). In an in vivo
study, male mice were treated with rapamycin (14 ppm in food) or vehicle control for one year
starting at 13 months of age (GSE41018, Neff et al., 2013). Although the authors found
separately that rapamycin extended lifespan, SIRT3 expression was not significantly changed by
rapamycin treatment in mouse kidney or brain and was in fact significantly decreased (p = 0.043)
in heart. SIRT4 was not included in the chosen microarray platform and SIRTS was not
significantly changed in any tissue.

In a similar study, mice were treated with rapamycin (14 ppm in food) or vehicle control
for 6 months beginning at 19 months of age (GSE48331, Fok et al., 2014a) or for 21 months
beginning at 4 months of age (GSE48333, Fok et al., 2014a). The authors also found separately
that rapamycin extended lifespan, and they analyzed liver tissue from both treatment cohorts by
microarray. SIRT3 was not significantly changed by rapamycin treatment in either male or
female liver with six months of rapamycin treatment, and it was in fact lowered in liver from
male (p = 0.0044) and female (p = 0.035) mice treated for 21 months. SIRT4 was not included
in the microarray platform for either treatment cohort. SIRTS5 was increased in livers from male
mice (p = 0.046) treated for six months, but rapamycin had no significant effect on females
treated for six months or from either sex treated for 21 months.

The same group also examined the effect of rapamycin in comparison to and in
combination with calorie restriction (GSE40977, Fok et al., 2014b). In a 2x2 experiment starting
at 2 months of age, mice were treated with rapamycin (14 ppm in food) or vehicle control and
were also allowed to eat ad libitum or were 40% calorie-restricted. Following six months of
treatment, livers were harvested. SIRT3 levels were significantly increased in the CR group

compared to the ad libitum control (p = 0.00027) but were not significantly changed by
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rapamycin treatment. The two treatments did seem to have a combinatorial effect, as SIRT3
levels were highest in the combined CR+rapamycin group (though not quite significant
compared to CR alone, p = 0.056). SIRT4 was again not included in the microarray platform.
SIRTS levels were not significantly changed by CR but were significantly induced by rapamycin,
both in mice fed ad libitum (p =0.029) and in mice on a restricted diet (p = 0.015). This study is
consistent with an increasing body of work suggesting that lifespan extension in mice by
rapamycin and by calorie restriction happen by distinct mechanisms (i.e. Miller et al., 2014).
Taken into consideration with the studies above, these data suggest that perhaps rapamycin does
not robustly induce SIRT3 expression in vivo.

We took PGC-1a expression as an indicator of mitochondrial biogenesis, and, as shown
in Figure A.1F, rapamycin treatment led to lower PGC-1a expression in 293T cells. We had
expected that inhibition of the nutrient-sensing TOR pathway would mimic calorie restriction,
and, as noted above, PGC-1a is upregulated in CR (Anderson et al., 2008). It could be that 293T
cells are not a cell line which respond to calorie restriction by upregulating PGC-1a. Or, if
rapamycin and CR do in fact extend mouse lifespan by different mechanisms, then perhaps
different mechanisms were also at work to induce SIRT3 levels. One mechanism thought to
occur with mTOR inhibition is the regulation of translation efficiency based on a transcript’s 5’
untranslated region (5° UTR) — it has been suggested that transcripts with particularly long or
structured 5’ UTRs are dependent upon mTOR-induced inhibition of 4E-BP (and thus activation
of eIF4E) for efficient translation (Hay and Sonenberg, 2004), and SIRT3 has a relatively short
57 UTR. In this model, inhibition of mTOR by rapamycin, Torinl, or other means would cause
downregulation of the translation of many genes while leaving SIRT3 relatively unaffected,

making it look upregulated compared to other genes used as controls. However, this would
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presumably affect protein levels but not transcript levels, since the regulation is applied at the
level of translation. It would thus not explain the upregulation of SIRT3 transcript levels seen
with mTOR inhibition. Moreover, more recent study has called this effect into question
(Thoreen et al., 2012).

In summary, we found that rapamycin consistently leads to induction of SIRT3 transcript
levels in 293T cells. We verified this finding both with other methods of mTOR pathway
inhibition and with MEFs and murine primary hepatocytes. We do not see this phenomenon,
however, reflected in available microarray data. We studied the other mitochondrial sirtuins,
SIRT4 and SIRTS, and found that SIRT4 was not induced in the human cells we studied but was
induced in MEFs and primary hepatocytes. Evidence for or against SIRT4 induction by
rapamycin in third-party data is lacking, as SIRT4 was not included in the microarray platform
used by several of the studies. SIRTS, meanwhile, is a strong candidate to use when
investigating induction of expression by rapamycin treatment. Its transcript levels were induced
in most of the same experiments as SIRT3, and microarray data does agree that SIRTS can be
induced by rapamycin treatment in vivo. Our data would be consistent with a role for SIRT3 or
SIRTS in the extension of lifespan by calorie restriction, or rapamycin treatment, or both, and our
data are a step toward understanding the regulation of these two genes and the conditions under

which their expression is activated.

Methods
Reagents
Pioglitazone (Sigma, cat. # E6910), AICAR (Cell Signaling, cat. # 9944), kaempferol

(Sigma, cat. # 60010), metformin (Sigma, cat. # D150959), resveratrol (Sigma, cat. # R5010),
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and rapamycin (Sigma, cat. # R0395) were diluted according to suppliers’ specifications. Torinl

was generously provided by Nathanael Gray.

Cell culture

Human embryonic kidney 293T cells and mouse embryonic fibroblasts were grown in
Dulbecco’s Modified Eagle Medium (Life Technologies, cat. # 11995) with 10% fetal bovine
serum (HyClone, cat. # SH30910.03) and 1% penicillin-streptomycin-glutamine supplement
(Life Technologies, cat. #10378-016) and maintained in an incubator at standard tissue culture
conditions (37°C, 5% CO2). TSC2”" and matched wildtype MEFs were generously provided by
John Blenis. Serum deprivation experiments used growth medium with the fetal bovine serum
replaced by phosphate-buffered saline (Life Technologies, cat. #14190-250). Amino acid
deprivation experiments used DMEM formulated from individual ingredients, according to
ATCC specifications (ATCC, cat. #30-2002). A MEM vitamin solution (Life Techologies, cat.
#11120-052) was used in this process, and a MEM amino acids solution (Life Technologies, cat.
#11130-051) was used for the control medium.

Murine primary hepatocytes were isolated as described (Dominy et al., 2012). Briefly,
liver was perfused for 5 min with Hank’s Balanced Salt Solution (CellGro, cat. #21-022) with
1.1 g/ NaHCO; and 0.2 g/L EDTA at pH 7.4, followed by perfusion with 25 mL liver digestion
medium (Life Technologies, cat. #17703-034). Liver was removed and cells were manually
dissociated, incubated for 5 min in digestion medium, then filtered through a 70 uM cell strainer
(BD Falcon, cat. #352350). Cells were centrifuged at 40g for 4 min and the pellet was
resuspended in 10 mL plating medium (DMEM with 10% FBS, 1% penicillin-streptomycin-

glutamine, 1% sodium pyruvate, and final concentrations of 100 nM dexamethasone and 1 nM
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insulin) and 10 mL Percoll (Percoll [Sigma, cat. #P1644] mixed 9:1 with 10x PBS [Sigma, cat.
#P5493]), then centrifuged again. Cells were resuspended in plating medium and plated. Two
hours later, medium was changed and replaced with maintenance medium (M 199 [Gibco cat.

#11150] with 1% penicillin-streptomycin-glutamine and final concentrations of 0.2% fatty acid

free BSA, 100 nM dexamethasone, and 1 nM insulin).

Quantitative PCR

RNA was extracted using RNEasy Mini Kits (Qiagen) and cDNA was synthesized using
iScript cDNA Synthesis Kits (Bio-Rad). Quantitative PCR was performed with 2x LightCycler
480 SYBR Green I Master mix (Roche, cat. #04707516001) on a LightCycler 480 thermal cycler
(Roche). Sequences of primers used are given in Table A.2. Primers for human 40S ribosomal
protein S16 (RPS16), 2 microglobulin (B2M), and peptidyl-prolyl cis-trans isomerase A (PPIA)
were tested in 293Ts for each chemical used in the targeted screen, and the primer set which had
the least variation in amplification between treatment groups was selected as the reference gene
to use with that chemical. The geometric mean of all three was used in most subsequent
experiments with human cells to give a baseline reference that was more stable than one gene
alone. The geometric mean of -actin, heat shock protein 90kDa a, class B member 1
(HSP90AB1), and PPIA was used as a reference in most experiments with mouse cells after
HSP90ABI and PPIA were found to be most representative of a panel of 14 different reference

genes in wildtype and TSC2”~ MEFs grown with and without serum.
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Table A.2. Sequences of qPCR primers used in this study.

Gene Organism Direction Sequence

SIRT3 Human Forward 5’-AGCCCTCTTCATGTTCCGAAGTGT-3’
Reverse 5’-TCATGTCAACACCTGCAGTCCCTT-3’

SIRT4 Human Forward 5’-ATGTGGATGCTTTGCACACCAAGG-3’
Reverse 5’-TTCAGGACTTGGAAACGCTCTTGC-3’

SIRTS Human Forward 5’-AGAGAGCTCGCCCACTGTGATTTA-3’
Reverse 5’-AGGGTCCCTGGAAATGAAACCTGA-3’

PGC-la Human Forward 5’-GCGCAGGTCAAACGAAACTGACTT-3’
Reverse 5’-GCGCAAGCTTCTCTGAGCTTCTTT-3’

ATP5A1 Human Forward 5’-TGCTATTGGTCAAAAGAGATCCA-3’
Reverse 5’-GTAGCCGACACCACAATGG-3’

ATP6 Human Forward 5’-CCTCTACCTGCACGACAACA-3’
Reverse 5’-GGTCATTAGGAGGGCTGAGAG-3’

COX5A Human Forward 5’-TCATCCAGGAACTTAGACCAACT-3’
Reverse 5’-TCAATAAATCCTTGGGGAAGC-3’

COX15 Human Forward 5’-CTGCTGGCTTTGGCGTAT-3’
Reverse 5’-GAGCCTGACTGGTGAGTGG-3’

CPT1A Human Forward 5’-GACAATACCTCGGAGCCTCA-3’
Reverse 5’-AATAGGCCTGACGACACCTG-3’

CPT2 Human Forward 5’-TGACCAAAGAAGCAGCAATG-3’
Reverse 5’-GAGCTCAGGCAAGATGATCC-3’

CYB Human Forward 5’-CAATGGCGCCTCAATATTCT-3’
Reverse 5’>-GCCGATGTTTCAGGTTTCTG-3’

NDUFB10 Human Forward 5’-GCCAAGGCCTACCAGGAC-3’
Reverse 5’-GCTTTTCTCTCTTGCAGCATC-3’

YY1 Human Forward 5’-TGGAGAGAACTCACCTCCTGA-3’
Reverse 5S>-TCTTTAATTTTTCTTGGCTTCATTC-3’

B2M Human Forward 5’-AGATGAGTATGCCTGCCGTGTGAA-3’
Reverse 5’-TGCTGCTTACATGTCTCGATCCCA-3’

RPS16 Human Forward 5’-AGATCAAAGACATCCTCATCCAG-3’
Reverse 5’>-TGAGTTTTGAGTCACGATGGG-3’

PPIA Human/Mouse Forward 5’-AGCATACAGGTCCTGGCATCTTGT-3’
Reverse 5’-CAAAGACCACATGCTTGCCATCCA-3’

SIRT3 Mouse Forward 5’-TACACAGAACATCGACGGGCTTGA-3’
Reverse 5’-ACACAATGTCGGGTTTCACAACGC-3’

SIRT4 Mouse Forward 5’-GAATTGAGGCCAGCCCACAAAGTT-3’
Reverse 5’-ATCCAGCACATTGATTTCGTCCGC-3°

SIRTS Mouse Forward 5’-AAACCTGGATCCTGCCATTCTGGA-3’
Reverse 5’-TGGTCTCCATGTTAAACTCGGCCA-3’

B-actin Mouse Forward 5’-AGCCATGTACGTAGCCATCC-3°
Reverse 5’-CTCTCAGCTGTGGTGGTGAA-3’

HSP90AB1 Mouse Forward 5’-TTTCAGGCAGAAATTGCCCAGCTC-3’

Reverse 5-TCTTGTCCAGGGCATCTGAAGCAT-3’
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Western blots

As described in more detail in chapter II, whole cell lysates were obtained by applying
1% NP40 buffer (1% NP40 detergent with 150 mM NaCl, 50 mM Tris [pH 8], ]| mM TSA, 1
mM DTT, 10 mM nicotinamide, plus 1x Roche cOmplete Mini protease inhibitor tablets [cat.
#11836170001] and 1% each of Sigma phosphatase inhibitor cocktail #s 2 [cat. #P5726] and 3
[cat. #P0044]) to a pellet of collected cells. Lysates were run on a polyacrylamide gel (Bio-Rad,
cat. #345-0043), transferred to nitrocellulose membrane (Bio-Rad, cat. #162-0112), and blotted
for the proteins of interest using standard molecular biology techniques. Antibodies used
included SIRT3 (Cell Signaling D22A3, cat. #5490, 1:1000), phospho-S6K (Cell Signaling, cat.
#9234, 1:1000), total S6K (Cell Signaling, cat. #9202, 1:1000), HSP60 (Abcam, cat. #ab3080,

1:5000), and a-tubulin (Santa Cruz Biotechnology, cat. #TU-02, 1:5000).
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APPENDIX B

Supplemental file listing

The files listed below are provided on separate media. All are Excel files in *.xIsx format.

Supplementary File 3.1. Complete correlations with SIRT3 expression for each gene in each of
four datasets analyzed.

Supplementary File 3.2. Gene ontology term enrichment in top 50 SIRT3-correlated genes for
each analyzed dataset.

Supplementary File 3.3. All input gene groups used in PhylCRM-Lever DNA sequence
analysis algorithm.

Supplementary File 3.4. Complete PhylCRM-Lever results for each analyzed dataset.

Supplementary File 4.1. Complete raw read values, normalized gene expression values, and
isoform scores from RNA-seq data.
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