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Abstract

Levels of nicotinamide adenine dinucleotide (NAD™) fall during aging for reasons that are
not fully understood. Caloric restriction, the most effective intervention to slow aging, prevents
this fall, and pharmacological restoration of NAD™ levels slows or reverses many aspects of age-
related disease.

In Chapter 2, I identify the enzyme PARP14, induced by inflammation, as a novel driver
of declining NAD" levels. As chronic inflammation is a conserved characteristic of aging, we
examined the effect of inflammatory stimuli on NAD" levels in bone marrow-derived
macrophages. Toll-like receptor agonists were found to induce a drop in NAD" levels. Through
pharmacological and genetic approaches, we identified PARP14 as necessary for such NAD"
destruction. We also identified a potent, synthetic NAD™ precursor, nicotinamide riboside hydride.
PARP14 levels increase during sepsis and PARP14 inhibition or deletion restored NAD" to normal
levels in spleens of septic mice. PARP14 also increased during aging, and PARP14 inhibition
restored splenic NAD" to youthful levels. Our results suggest that PARP14 inhibitors and potent
synthetic NAD"-precursors are promising drug candidates for the treatment of age-related
diseases.

In Chapter 3, I explore the interaction between NAD* levels and expression levels of the
sirtuin gene family on aspects of aging. Sirtuins are NAD" sensors that promote health and
longevity. We boosted the expression of the entire sirtuin gene family with adeno-associated viral

vectors in 20-month old mice, in combination with dietary supplementation with the NAD*

il



precursor NMN. We observed a protection from body weight loss, a protection from muscle weight
loss, and a trend towards increased longevity.

In Chapter 4, 1 describe approaches to estimate biological age based on non-invasive
assessment of frailty. We used the frailty index (FI) to assess frailty longitudinally in mice until
their natural deaths, and created a model to predict chronological age, termed FRIGHT Age, and
a model to predict mortality, termed the AFRAID score. These models may be useful as early
indicators of the effectiveness of aging interventions.

Taken together, this dissertation provides new insight into novel regulatory mechanisms

and effects of NAD* dynamics during inflammation and aging.
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Chapter 1: Introduction



Eos and Tythonis (~470 BCE), British Museum, London

“[Eos] went with a request to [Zeus] asking that [Tythonis] become immortal... Too bad that her
thinking was disconnected!... She should have asked for adolescence and a stripping away of
baneful old age. Well, for a while [Tythonis] held onto adolescence... [until] the first strands of
gray hair started growing from his beautiful head and his noble chin... When hateful old age was
pressing hard on him with all its might, and he couldn’t move his limbs, much less lift them up...
[Eos] put him in her chamber and closed the shining doors over him. From there his voice pours
out, it never seems to end, and he has no strength at all.”

- Homeric hymn to Aphrodite, translated by Gregory Nagy

Parts of this introduction were adapted from:

Schultz, M.B., and Sinclair, D.A. (2016). When Stem Cells Grow Old: Phenotypes and
Mechanisms of Stem Cell Aging. Development. /43, 3-14.

Schultz, M.B., and Sinclair, D.A. (2016). Why NAD* Declines During Aging: It’s Destroyed.
Cell Metabolism. 23, 965-966.

Schultz, M.B., Rinaldi, C., Lu, Y., Amorim, J., and Sinclair, D.A. Molecular and Cellular
Characterization of SIRT1 Allosteric Activators. Methods Mol. Biol. (in revision).



Evolutionary theories of aging

Aging is a phenomenon in living systems characterized by a progressive decline in
physiological functions and an associated increase in mortality. It is a process so pervasive that
biologists once thought it the inevitable result of accumulated damage over time, an idea first
distilled in the Wear and Tear Theory of aging (Weismann, 1882). The lifespans of living systems,
however, are not directly analogous to those of durable goods like cars that simply break down
with increasing use. Living systems maintain homeostasis and have the ability to repair
themselves. As extreme examples of this fact, some organisms have flat or even decreasing
mortality with increasing age, such as the hydra and the desert tortoise, respectively (Jones et al.,
2014). When viewed through the lens of Darwinian evolution, the fact that aging occurs at all
appears to be a confounding paradox, or at best a negligent oversight; perpetual longevity ought
to be selected for, as it would allow an organism many more opportunities to reproduce and pass
on its own genes. So if aging is not an inevitability of all living systems, why has natural selection
not fixed it yet?

Theories that reconcile aging with Darwinian evolution focus on the idea of trade-offs.
Two such theories predominate. The first is the Disposable Soma Theory, proposed by Thomas
Kirkwood in 1977 (Kirkwood, 1977). Here, ‘soma’ refers to somatic tissue, as opposed to the
germline. Kirkwood’s insight is that since only the germline will propagate ad infinitum,
investments of resources and energy to maintain the somatic tissue will not improve genetic fitness
if they come at the expense of further germline propagation. Aging arises because organisms
invest their resources preferentially in growth and reproduction, instead of investing in tissue
maintenance and repair. One prominent demonstration of this theory is Steven Austad’s ecological

research on the longevity of two populations of opossums on the Virginia coast (Austad, 1993).



Those on the mainland have a 50% extrinsic mortality rate due to predation, which puts selective
pressure on them to grow and reproduce quickly, at the expense of their longevity. A related,
isolated population on a nearby island, where predation is non-existent, has faced less pressure to
grow and reproduce quickly, allowing for selection of a gene pool that promotes more investment
of biological resources in health and longevity. As such, the island opossums display smaller litter
sizes and longer lifespans.

The Antagonistic Pleiotropy theory of aging, proposed by George Williams in 1957,
applies the idea of trade-offs directly to genes (Williams, 1957). Williams conjectured that genes
with pleiotropic functions, beneficial early in life and detrimental late in life, will still be selected
for despite their late life detriments, and thus will drive aging. For example, genes that drive
inflammation will protect an animal from infection in order to survive to its reproductive years,
but over time inflammation will also promote diseases of aging such as cardiovascular disease and
cancer.

One implication of these theories is that aging in living systems is not an absolute
inevitability. It is a side-effect of optimizing for growth, reproduction, and survival early in life,
not an iron-clad law of thermodynamics. When conditions arise in which enhanced longevity
promotes genetic fitness, natural selection is able to produce mechanisms to maintain health for
years or decades (or even centuries).

With an aging population in the U.S. and around the world, it behooves our society to better
understand mechanisms that promote longevity and health in advanced age. Currently, many think
of the various diseases of aging as disparate islands with separate etiologies and opportunities for
therapeutic intervention. Yet age is the biggest risk factor for them all, so if one disease is cured

in isolation, the next one in line will rapidly develop, in a grim game of whack-a-mole. As aresult,



if cancer were to be cured completely, average life expectancy from birth in the U.S. would rise
by only 3.2 years, or if heart disease were eliminated in isolation, life expectancy would only rise
by 3.5 years (Olshansky et al., 1990). The alternative approach is to understand the underlying
mechanisms that are shared among the diseases of aging, in order to develop interventions that
delay the onset of many age-related diseases simultaneously. Through this approach, we stand a

chance to unlock the benefits of healthy aging and long life.

Caloric restriction and nutrient sensors in aging

As in many fields, finding a tractable experimental framework requires creativity. In the
field of aging biology, multiple approaches have proved fruitful in identifying genes and molecular
mechanisms that regulate aging. Molecular genetics was first applied to biogerontology through
the identification of long-lived mutants in organisms with very short lifespans, such as DAF-2
mutant C. elegans worms (Friedman and Johnson, 1988; Kenyon et al., 1993) and SIR2 transgenic
yeast (Kaeberlein et al., 1999). Other productive approaches have included identifying longevity
mechanisms present in long-lived species such as naked mole rats (reviewed in Tian et al., 2017)
and humans (reviewed in Milman and Barzilai, 2015), and identifying differences between young
and old animals of the same species — even surgically linking the circulatory systems of young and
old animals to identify biologically active factors whose levels rise or fall with age (Conboy et al.,
2005; Loffredo et al., 2013)

Yet perhaps the most widespread strategy for understanding the biological basis of aging
has come from research on the most effective intervention to extend healthspan and lifespan —
caloric restriction (CR). Reducing the caloric intake of an animal, or a yeast cell, by as much as

40%, while still providing nutrients in sufficient quantities to prevent malnutrition, reproducibly



extends lifespan (Weindruch and Sohal, 1997). This phenomenon was first identified
experimentally in rats in the 1930s where it extended maximum lifespan by a remarkable 40%
(McCay et al., 1935), and has since been shown to extend maximum lifespan in yeast, worms,
flies, mice, and monkeys (Mattison et al., 2017; reviewed in Taormina and Mirisola, 2014). CR
not only extends lifespan, but also reduces the incidence of all age-related diseases, suggesting that
CR curbs the rate of aging itself (reviewed in Omodei and Fontana, 2011). As with aging, CR’s
effect on longevity at first appears to be an evolutionary paradox: why would reduced consumption
of energy resources allow an organism to betfer maintain homeostasis? The evolutionary trade-
off theories can explain this too — especially the Disposable Soma theory. In times of moderate
famine, where there is enough food to stay alive but not enough to raise offspring, the
evolutionarily optimal strategy is to forestall growth and reproduction and maintain health until
times are better. Indeed, while CR suppresses fertility in the short term, it extends the ability to
remain fertile to an older age when animals later re-enter an ad libitum state (Selesniemi et al.,
2008).

For a variety of reasons, it is generally not recommended for humans to practice CR.
However, identification of the molecular sensors and effectors of the CR response that mediate its
health and longevity benefits could lead to the development of pharmacological CR mimetics that
would confer the benefits of CR to those still consuming normal diets. Four major categories of
CR mediators, often called nutrient sensors, have been studied in-depth: the growth
hormone/insulin/insulin-like growth factor (IGF) axis, which senses hormonal signals that
promote growth and energy expenditure; AMP-activated protein kinase (AMPK), which senses
levels of 5° adenosine monophosphate (AMP), a metabolite prevalent when cellular energy is low;

the target of rapamycin (TOR) pathway, which senses levels of anabolic amino acids; and the



sirtuins, which sense levels of NAD", a marker of the cellular redox state. These pathways have
complex interactions with each other representing both positive and negative feedback (Fig. 1.1).
Each also has examples of transgenic or knockout animals or pharmacological activators or
inhibitors that have been shown to extend lifespan and healthspan (Baur et al., 2006; Bonkowski
et al., 2006; Harrison et al., 2009; Mair et al., 2011). Recently, another molecular mechanism that
mediates the CR response has been identified — hydrogen sulfide production (Hine et al., 2015;

Caloric Restriction (CR)

iy
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Figure 1.1: The molecular effects of caloric restriction. Caloric restriction causes reduced
levels of insulin, IGF, and amino acids, and increased levels of NAD"™ and AMP. These changes
are sensed by the insulin-IGF signaling (IIS) pathway, target of rapamycin (TOR), sirtuins, and
AMP kinase (AMPK), resulting in enhanced DNA repair, stability of the epigenome, stress
resistance, oxidative metabolism, and ultimately, longevity. Green arrows represent interactions
that promote longevity and related phenotypes, and red arrows are interactions that suppress these
phenotypes (from Schultz and Sinclair, 2016).



Longchamp et al., 2018). It will be interesting to know how this pathway, and others yet
undiscovered, propagate CR sensing and to what degree they interact with other nutrient sensing

pathways to enhance health and longevity.

The sirtuins

Sirtuins are a family of NAD"-dependent lysine deacylases that regulate health and
longevity as effectors of the CR response. Their eponym is the yeast enzyme Silent Information
Regulator 2 (SIR2) which was the first longevity gene to be identified in that species (Kaeberlein
et al., 1999). SIR2 is chromatin bound, where it deacetylates histones to suppress transcription,
especially at mating type loci, rDNA, and telomeres (Kennedy et al., 1997). It also participates in
DNA damage repair (Mills et al., 1999). These functions give it a central role in proper
maintenance of the genome and epigenome (Oberdoerffer et al., 2008; Sinclair and Guarente,
1997). In the years after its identification as a longevity factor in yeast, overexpression of its
homologs in C. elegans and D. melanogaster were also shown to extend longevity (Rogina and
Helfand, 2004; Tissenbaum and Guarente, 2001; Viswanathan and Guarente, 2011; Whitaker et
al., 2013).

In mammals, SIR2 has seven homologs, the sirtuins (“SIR2-ins”). They vary by their
enzymatic activities, their protein targets, and their cellular localizations. The most common
enzymatic activity of sirtuins is deacetylation, but some enzymes such as SIRT4, SIRTS, and
SIRT6 can also remove long-chain fatty acids and even act as ADP-ribosyltransferases (Du et al.,
2011; Haigis et al., 2006; Jiang et al., 2013; Liszt et al., 2005). All seven share a common

enzymatic core domain, and a dependence on the coenzyme nicotinamide adenine dinucleotide
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Figure 1.2: The enzymatic function of sirtuins. Sirtuins require two substrates, a peptide
with an acylated lysine, and NAD™. Sirtuins remove the acyl group (shown here as an acetyl
group) from the lysine and add it to the ADP-ribose from the NAD* molecule, forming O-acyl-
ADP ribose, free nicotinamide, and a deacylated lysine in the process (adapted from Schultz et
al., Methods in Mol. Biol., in revision).

(NAD") (Fig. 1.2) (Imai et al., 2000). In general, sirtuins promote DNA repair, epigenetic
maintenance, mitochondrial function, cell survival, insulin sensitivity, and reduced inflammation
(reviewed in Haigis and Sinclair, 2010). Notable targets include histones, p53, NF-kB, PGC-1a,
IRS-2 and SOD2, whose activity they modify by removing post-translational modifications (Bause
et al., 2013; Luo et al., 2001; Rodgers et al., 2005; Yeung et al., 2004; Zhang et al., 2009). Many
studies have shown that sirtuins protect against a variety of age-related diseases, especially against
metabolic and inflammatory diseases (reviewed in Bonkowski and Sinclair, 2016). At least one
member, SIRTI, is also required for the benefits of calorie restriction (Chen et al., 2008; Cohen et
al., 2004; Li et al., 2019; Mercken et al., 2014). To date, overexpression of two sirtuins, SIRT1 in
the brain and whole-body SIRT6, have been shown to extend median and maximum lifespan in a

mammal (Kanfi et al., 2012; Satoh et al., 2013). Additionally, pharmacological activators of



SIRT1 extend lifespan in wild-type mice (Chen et al., 2008; Cohen et al., 2004; Li et al., 2019;
Mercken et al., 2014a; Mitchell etl al., 2014). In Chapter 3, I explore whether overexpression of
all the sirtuins in combination, along with increased levels of their substrate NAD*, may have

additive or even synergistic effects on health and longevity.

NAD* metabolism

NAD, and its reduced form NADH, are best known for their roles as coenzymes in redox
reactions, linking the catabolic processes of glycolysis and the TCA cycle to oxidative
phosphorylation. In the last two decades, however, another perhaps equally important role for
NAD" has been uncovered, as a signaling molecule. From fungi to metazoans, an increase in
intracellular levels of NAD™ directs cells to make adjustments to ensure survival, including
increasing energy production and utilization, boosting cellular repair, and coordinating circadian
rhythms (reviewed in Rajman et al., 2018). NAD" levels are converted to signals by various
enzymes that have evolved to sense NAD", including the sirtuin deacylases (SIRT1-7) and poly-
ADP-ribose polymerases (PARPs). They can sense NAD™ fluctuations because, unlike the
enzymes of glycolysis and the TCA cycle, their dissociation constants for NAD" are close to
physiological concentrations (Canto et al., 2015).

NAD" levels steadily decline during aging. By the time a mouse or human is middle-aged,
levels of NAD" have fallen to half of youthful levels, with resulting loss of sirtuin and PARP
activity (Wang and Miao, 2017; Zhou et al., 2016). NAD" levels are also affected by dietary
interventions: a high fat diet will result in reduced NAD* levels even in youth, and CR prevents

NAD" levels from falling in old age (Gomes et al., 2013; Yoshino et al., 2011). These phenomena
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do not seem to be the result of increased reduction to NADH, as there is not a concomitant increase
in levels of that metabolite. Thus, the reasons for why NAD™ levels fall during aging are unclear.

Lower levels of NAD* must logically be caused by an increase in consumption, a decrease
in production, or some combination thereof. More than 5% of annotated gene products are
predicted to bind NAD(P) (Hua et al., 2014). Most either use NAD™ as a redox donor/acceptor, or
bind to it without catalyzing an enzymatic reaction, as does DBC1, leaving it available for future
use (Li et al., 2017). A few enzymes, including sirtuins, hydrolyze NAD" into nicotinamide and
some form of ADP-ribose, thus rendering it unavailable unless resynthesized. However, sirtuins,
which require a protein substrate to carry out their reactions, are not likely processive enough to
have a major impact on cellular NAD* levels. A few NAD*-hydrolyzing enzymes are sufficiently
active to dramatically alter intracellular levels of NAD*. One such example is CD38, a cell surface
protein which hydrolyzes NAD" into nicotinamide and cyclic-ADP ribose. Deletion or
pharmacological inhibition of CD38 raises NAD™ levels in aged mice and improves mitochondrial
function, glucose sensitivity, and cardiac function (Camacho-Pereira et al., 2016; Tarrag6 et al.,
2018). Another prominent NAD* hydrolase is poly-ADP ribose polymerase 1 (PARP1), which
hydrolyzes NAD™ to produce nicotinamide and long polymers of poly-ADP ribose (PAR).
Treatment with PARP inhibitors in mice on a high fat diet also raises NAD" levels and improves
mitochondrial function, glucose sensitivity, and liver function (Bai et al., 2011; Gariani et al.,
2017). In recent years, a novel NAD" hydrolase, SARMI, has been identified in neurons. Its
deletion protects neurons from degeneration, presumably through an NAD"-dependent mechanism
(Gerdts et al., 2015). In Chapter 2, I add one more hydrolase to this list: PARP14.

In animals, NAD" can be produced de novo from tryptophan, or salvaged from

nicotinamide in a two-step process. The de novo pathway was recently shown to regulate steady
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state NAD™ levels in mice, as inhibition or deletion of an enzyme that shunts an intermediate away
from NAD" synthesis raised its levels and improved mitochondrial function (Katsyuba et al.,
2018). However, since nicotinamide is energetically expensive to produce, in most cases, its
salvage is the basis for the predominant pathway to generate NAD™. In the first step of the NAD*
salvage pathway, nicotinamide and phosphoribosyl pyrophosphate (PRPP) are reacted to form
nicotinamide mononucleotide (NMN) by the enzyme nicotinamide phosphoribosyltransferase
(NAMPT). From there, NMN reacts with ATP to form a molecule of NAD?, catalyzed by one of
the three nicotinamide mononucleotide adenylyltransferase (NMNAT) enzymes. Overexpression
of the first salvage enzyme, NAMPT, in mouse skeletal muscle prevents the levels of NAD™ from
falling during aging, resulting in improved exercise capacity (Frederick et al., 2016).
Overexpression of the second salvage enzyme, NMNAT, in fruit flies extends lifespan and
improves movement capacity (Liu et al., 2018). These data suggest that flux through biosynthetic
pathways is insufficient to maintain optimal NAD" levels during aging.

With so many candidates for why NAD" levels fall during aging, a hybrid model seems to
best fit the current data: due to DNA damage, inflammation, and other insults that enhance NAD™
consumption, the body’s demand for NAD™ simply outstrips its ability to supply the metabolite
(Fig. 1.3).

Regardless of the cause for the decline, it is clear that preserving NAD™ levels during aging
greatly improves health. Several studies have shown this by treating mice with NAD"-hydrolase
inhibitors or NAD™ precursors. Observed effects include increased insulin sensitivity, reversal of
mitochondrial dysfunction, reduced stem cell senescence, increased muscle vasculature and
running endurance, protection from Alzheimer’s-like neurodegeneration, and extension of lifespan

(Baietal.,2011; Das etal., 2018; Gomes et al., 2013; Hou et al., 2018; Yoshino et al., 2011; Zhang
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NAD producers NAD hydrolases

Figure 1.3: Hybrid model for decline in NAD" levels during aging. Rather than a single cause for
low NAD" during aging, its drop may be due to multiple cooperative factors: increased inflammation
leads to CD38 and PARP14 expression, increased DNA damage leads to increased PARP1 activation,
and damage in neurons leads to SARMI1 activation. Together, these phenomena outstrip the body’s
ability to restore NAD™ through biosynthetic pathways, leading to a drop in steady state levels.

etal., 2016). NAD" precursors are currently in early phase human clinical trials for the treatment

of age-related diseases (Dellinger et al., 2017).

PARPs

The poly(ADP-ribose) polymerases (PARPs) are a family of seventeen proteins in humans.
Except for PARP13 which is catalytically dead, the PARPs bind to and hydrolyze NAD",
converting it into nicotinamide and linking the ADP-ribose to an acceptor protein or to a growing
oligomer or polymer of ADP-ribose. PARP1 is by far the most active member of the PARP family
accounting for the vast majority of basal PARP activity (Shieh et al., 1998). Its high activity is
due to the fact that it links together polymers of hundreds of NAD™ molecules into polyADP-ribose
(PAR), a molecule that was at first thought to be polyA RNA when it was discovered (Kraus,
2015). PARP1 is also the most studied member of the PARP family due to its prominent role in
DNA repair and cancer. In order to prevent PARP1 from depleting NAD" to lethally low levels

during acute DNA damage, an inhibitor, DBCI, has evolved to sense the low NAD" levels and
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limit PARP1’s activity (Li et al., 2017). Pharmacological PARP inhibitors are of great clinical
interest in oncology, as PARP1 inhibition is synthetically lethal with BRCA depletion in tumors
with genomic instability (Malyuchenko et al., 2015). PARPI activity increases during aging,
likely due to increased basal DNA damage (Li et al., 2017). Beyond its role in DNA repair, PARP1
also regulates gene expression, cooperating with NF-kB to promote transcription of pro-
inflammatory genes (Oliver et al., 1999).

The other members of the PARP family were identified due to their homology with PARP1.
Most are not, however, functionally poly-ADP-ribose polymerases. Rather, most possess mono-
ADP-ribose transferase (mART) activity. This limits how much they can impact cellular NAD"*
levels as, like sirtuins, they can only hydrolyze one NAD* molecule per protein substrate. In
Chapter 2, I identify PARP14 as a major NAD" hydrolase in Toll-like receptor- (TLR) activated
macrophages. While PARP14 has not previously been identified as a major regulator of NAD™*
metabolism, it has been linked to inflammation, although its role in inflammation is still unclear.
Some studies support a pro-inflammatory role for PARP14 (Caprara et al., 2018; Cho et al., 2013;
lansante et al., 2015; Mehrotra et al., 2013, 2015), while others identify anti-inflammatory effects
(Goenka et al., 2007; Iwata et al., 2016; Krishnamurthy et al., 2017). PARP14’s impact on both
metabolism and inflammation may be context dependent, and more research is necessary to build

a clear model of its function and effects.

Inflammation and aging
One of the hallmarks of aging is altered intercellular communication, and chief among the
categories of dysregulated messages are those that mediate inflammation (Lopez-Otin et al., 2013).

Even in the absence of infection or insult, inflammation increases during aging, a phenomenon
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that is so robust it has been termed “inflamm-aging” (Franceschi et al., 2000; Walford, 1969). This
age-related inflammation is marked by increased macrophage infiltration into tissues, increased
amounts of pro-inflammatory cytokines in serum and tissues, and an increase in transcriptional
activation of inflammatory pathways in cells. From an evolutionary context, inflammatory
signaling is a prime example of Antagonistic Pleiotropy; it is beneficial in allowing an animal to
survive to a reproductive age as inflammation helps ward off lethal infections. Over longer periods
of time, however, low basal rates of inflammation engender dysfunction and increase disease risk.
Indeed, many age-related diseases such as diabetes, cancer, neurodegeneration, and cardiovascular
disease have a major inflammatory component to their etiology.

It is not yet clear why inflammation increases during aging, but several prominent
hypotheses have been put forward. One hypothesis is that this inflammation is a result of the
accumulation of senescent cells during aging, which secrete pro-inflammatory cytokines such as
IL-6 and IL-8 as part of the senescence-associated secretory phenotype (SASP) to improve
immune surveillance (Coppé et al., 2008). Indeed, treatment of human adipose explants with
molecules that selectively kill senescent cells, termed senolytics, reduced secretion of these
cytokines (Xu et al., 2018). A second hypothesis is that during aging, the epithelium of the
intestine becomes leaky, allowing for bacterial products to enter the bloodstream sufficient to
cause systemic low-grade inflammation. Such a phenomenon has been observed in fruit flies
(Regan et al., 2016). A final hypothesis is that metabolic changes during aging such as increased
succinate, fatty acids, and cholesterol promote a pro-inflammatory state (Tannahill et al., 2013;
Youm et al., 2013). Low NAD" levels may also predispose the development of aberrant

inflammation.
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Biomarkers of aging

Supreme Court Justice Potter Stewart referred to obscenity as difficult to define but “I
know it when I see it” (Jacobellis v. Ohio, 1964). Our current definition of aging is similar. The
field has a long list of measures associated with aging, but no way to assess aging directly. Perhaps
this is because there is no agreed upon understanding about what aging inherently is, there is only
agreement on its outcomes. Chief among these outcomes is death, but even an extension of
survival is not a clear measure of aging. Death can be caused by age-independent events, which
when removed, do not affect the rate or onset of aging, and thus largely manifest themselves at the
population level as an extension of median lifespan with little impact on maximum lifespan. Only
a slowing of the rate or a delay of the onset of aging can robustly extend maximum lifespan, which
is why an extension of maximum lifespan is among the top indicators that an intervention has
affected aging itself (Finch and Pike, 1996). However, maximum lifespan has major drawbacks —
it must be assessed at the population level, and only once most of the population has died.

A true biomarker of aging would track with an individual’s “biological age,” a term nearly
as nebulous as the definition of aging. In practical terms, a biomarker of aging should be able to
predict an individual’s chronological age and life expectancy, two terms that have clear,
quantitative definitions. It should also be able to predict the outcome of other age-sensitive tests,
and its measurement should be sufficiently non-invasive as to not alter life expectancy or the
outcomes of subsequent tests (Butler et al., 2004).

In recent years, DNA methylation has largely fulfilled such criteria (Hannum et al., 2013;
Horvath, 2013; Meer et al., 2018). Characteristic increases or decreases in methylation of specific
CpGs are assembled into a linear model to generate a prediction of biological age. Such models

are referred to as DNA methylation clocks and are generally consistent across tissues and
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organisms. They also are able to predict age acceleration and abatement from genetic and dietary
interventions (Maegawa et al., 2017; Petkovich et al., 2017). Current drawbacks of these
methylation clocks are cost, time, and the requirement for blood or tissue.

While a molecular clock has the advantage of being more proximal to the driver of aging,
whatever it may be (e.g. chromatin modifications), a combination of gross, phenotypic biomarkers
can also serve as a predictor of age and health. The Frailty Index (FI) is such an aggregate
measurement, combining the unweighted score of up to 70 measurements of age-related
physiological deficits in humans, or 31 measurements in mice, including hearing loss, weight loss,
and impaired gait (Rockwood et al., 2017; Whitehead et al., 2014). FI correlates with age and
mortality in humans (Ravindrarajah et al., 2013) and mice (Rockwood et al., 2017; Whitehead et
al.,2014). In mice, it has the advantage of being free to assess and quick (1-2 minutes). In Chapter
4, 1 describe the tracking of FI longitudinally in mice until their natural deaths, and the construction
of predictive models of age and life expectancy based on those data. This demonstrates that FI

can be used as a phenotypic aging clock.
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Chapter 2: PARP14 hydrolyzes NAD"
during TLR-induced inflammation
and aging



Mouse bone marrow-derived macrophages before and after LPS stimulation

“The precise function of the co-enzyme is even more obscure than its chemical nature.”

-Arthur Harden, on the discovery of NAD", 1914

This chapter is based on the following manuscript, in preparation:

Schultz, M.B., Bochaton, T., Bonkowski, M.S., Li., J.,Alam, M.P., Kane, A., Gomes, A., Cai, Y.,
Lokitikayul, D., Colville, A., Tombline, G., Goldfarb, A., Gorbonova, V., Migaud, M., and

Sinclair, D.A. (in preparation). NAD" restoration by PARP14 inhibition and nicotinamide
riboside hydride in inflammation and aging.
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ABSTRACT

Activated immune cells undergo profound metabolic reprogramming which facilitates
inflammation. The role of one essential metabolite, nicotinamide adenine dinucleotide (NAD"),
in inflammation is incompletely characterized. NAD", a critical cofactor in redox reactions, is also
a signaling molecule whose levels fluctuate in response to circadian rhythm, diet, and aging.
Through activation of enzymes that are attuned to these fluctuations, such as sirtuins and poly-
ADP-ribose polymerases (PARPs), high NAD" levels promote efficient DNA repair, chromatin
modifications, and mitochondrial function, which together foster insulin sensitivity, vascular
health, and longevity. Here, we report that inflammation induced by Toll-like receptor (TLR)
stimulation engenders a precipitous depletion of intracellular NAD™ in macrophages. We sought
to understand the cause of this depletion, which we determined is due to hydrolysis of the NAD*
molecule, rather than reduction or decreased synthetic flux. Through pharmacological and genetic
means, we identified the enzyme PARP14 as necessary for such NAD" destruction. We also
identified a highly potent, synthetic NAD™ precursor, nicotinamide riboside hydride (NRH), which
is able to restore NAD" levels even in the face of PARP14-driven hydrolysis. Restoration of NAD*
levels by NRH supplementation or PARP14 inhibition restores PARP1 activity, based on level of
poly-ADP-ribose. PARP14 levels increase during LPS-induced septic shock and aging in the
spleen, and PARP14 inhibition raised NAD" levels in both contexts, demonstrating that PARP14
is partially responsible for the decline in NAD™ levels in inflammation and aging. In addition to
identifying PARP14 as a new major regulator of NAD" metabolism, our results suggest that
PARP14 inhibitors and potent NAD*-precursors such as NRH are promising drug candidates to

treat inflammatory and age-related diseases.
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INTRODUCTION

Activation of macrophages, lymphocytes, and other immune cells towards a pro-
inflammatory stance requires vast shifts in cellular metabolism to support pathogen clearance.
Such shifts put demands on glycolytic (Tannahill et al., 2013) and mitochondrial (Ron-Harel et al.,
2016) pathways to fulfill the energetic and biosynthetic needs of the cell. The metabolite
nicotinamide adenine dinucleotide (NAD™) plays a critical role in cellular metabolism, most
notably as an electron acceptor in redox reactions. NAD" also acts as a signaling molecule,
supporting the activities of sirtuins deacylases, ADP-ribosyl transferases, and mediating protein-
protein interactions (Li et al., 2017; Rajman et al., 2018; Verdin, 2015). In activated macrophages,
demand for NAD" requires ongoing biosynthetic pathways to maintain steady state levels.
Inhibition of either the NAD" salvage pathway (Cameron et al., 2019; Van Gool et al., 2009;
Halvorsen et al., 2015; Schilling et al., 2012; Venter et al., 2014) or the NAD" de novo pathway
(Minhas et al., 2019) leads to macrophage dysfunction. At least one pathogen, Mycobacterium
tuberculosis, targets NAD™ for degradation in order to blunt immune cell function (Pajuelo et al.,
2018; Tak et al., 2019).

As animals age, NAD" metabolism becomes dysregulated, resulting in steady state NAD"
levels dropping by half by middle age (Gomes et al., 2013; Zhou et al., 2016). Increased
inflammation during aging may drive this dysregulation, as the expression of the NAD"-
consuming enzyme CD38 (Camacho-Pereira et al., 2016) and the activity of the NAD"-consuming
enzyme PARP1 (Li et al., 2017) increase during aging and are enhanced by inflammatory stimuli
(Amici et al., 2018; Liaudet et al., 2002). Increased consumption from these and other enzymes
appears to outpace the body’s capacity for synthesis (Frederick et al.; Katsyuba et al.). Lowered

NAD" levels contribute to many age-related maladies including insulin resistance (Yoshino et al.,
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2011), vascular disease (Das et al., 2018), and neurodegeneration (Gerdts et al., 2015; Hou et al.,
2018), and limit longevity (Zhang et al., 2016).

In this study, we show that NAD™ is rapidly hydrolyzed in macrophages in response to
Toll-like receptor (TLR) stimuli such as lipopolysaccharide (LPS), and we identify that the enzyme
PARP14 is necessary for this hydrolysis. PARP14 has previously been implicated in immune cell
function as a regulator of STAT6 signaling in response to IL-4 (Cho et al., 2009, 2011; Goenka
and Boothby, 2006; Goenka et al., 2007; Iwata et al., 2016; Krishnamurthy et al., 2017; Mehrotra
et al., 2011; Riley et al., 2013), of interferon signaling (Caprara et al., 2018; Higashi et al., 2019),
and of tissue factor expression (Igbal et al., 2014). Its role as a regulator of cellular NAD™ levels
was not previously appreciated. In addition, we describe a highly potent NAD*-boosting molecule,
nicotinamide riboside hydride (NRH). We also present evidence that PARP14 activity contributes

to low NAD™ levels during sepsis and aging.

RESULTS
NAD" is hydrolyzed after TLR stimulation

To study the effects of inflammation on steady state NAD" levels, we stimulated murine
bone marrow-derived macrophages (BMDMs) with lipopolysaccharide (LPS, 100 ng/mL) for
increasing lengths of time, up to 48 hours, and measured the concentrations of NAD" and NAD*
hydride (NADH). Remarkably, we observed that NAD™ levels were massively depleted over the
first six hours of LPS stimulation. After this initiation phase, longer periods of LPS stimulation
resulted in a slow restoration of NAD" levels, perhaps an adaptation to prolonged activation (Fig.
2.1a). We did not observe a contaminant increase in NADH levels, suggesting that reduction of

NAD" was not the cause of the apparent depletion. LPS initiates inflammation through activation
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of Toll-like receptor (TLR) 4. We found that P3CSK4, a TLR2 agonist, also caused a depletion
of intracellular NAD™ (Fig. 2.1b), as did palmitic acid (Fig. 2.1¢), a saturated fatty acid and TLR4
agonist (Nicholas et al., 2017). This latter finding has implications for the etiology of metabolic
syndrome, as high fat diets increase inflammation and reduce NAD" levels (Yoshino et al., 2011;
Cant6 et al., 2012). Interferon gamma (IFNy) and interleukin-4 (IL-4), both of which activate
macrophages through TLR-independent signaling cascades, did not induce an NAD™ depletion,
and in fact raised NAD" levels over 48 hours of stimulation (Fig. 2.1d-e). Thus, inflammation-
induced NAD" depletion appears to be TLR dependent.

To verify this NAD™ depletion observation, we employed two additional methods to assess
NAD" levels in response to LPS. First, we used a genetically-encoded fluorescent NAD*-sensor
which can be targeted to specific intracellular compartments (Cambronne et al., 2016) in
RAW264.7 immortalized macrophages, and observed a depletion of NAD™ after six hours of LPS
treatment, and a partial restoration after 24 hours, in the nucleus, the cytoplasm, and the
mitochondria (Fig. 2.1f-g). This suggests either that NAD" is destroyed throughout the cell, or
that NAD™ levels are in a dynamic equilibrium among the organelles. Additionally, we performed
polar mass spectrometry metabolomics in BMDMSs, which also corroborated our description of

NAD" dynamics (Fig. 2.1i-j).
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Figure 2.1: NAD" and NADH levels in response to stimuli. (A) 48-hour timecourse of NAD" and
NADH levels in BMDMs treated with LPS (100 ng/mL), (B) P3CSK4 (10 pg/mL), (C) Palmitic
acid (0.5 mM), (D) IFNy (100 ng/mL), and (E) IL-4 (20 ng/mL). (F) Fluorescence image and
quantified relative levels by flow cytometry for RAW?264.7 cells treated with LPS, stably expressing
an NAD"-sensor targeted to the nucleus, (G) cytoplasm, or (H) mitochondria. (I) Overview of NAD"
metabolic pathways. (J) Mass spectrometry based metabolomics for NAD metabolites form
BMDMs treated with LPS for 0 or 6 hours.
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Figure 2.1 continued.
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A PARP enzyme is responsible for LPS-induced NAD" hydrolysis

We hypothesized that an NAD" hydrolase was responsible for the fall in NAD™ levels. The
most apparent candidate was the enzyme CD38, as it is well-known to be induced under
inflammatory conditions and is a highly active NAD" hydrolase (Amici et al., 2018; Camacho-
Pereira et al., 2016). However, the potent CD38 inhibitor GSK-78c, which had an ICso of 7 nM
with recombinant mouse CD38 in vitro, did not protect NAD" levels from falling in LPS-
stimulated macrophages, even at a concentration of 10 uM (Fig. 2.2a-b) (Haftner et al., 2015).

We next widened our search by measuring the RNA levels of enzymes involved in NAD™*
consumption and production, in order to implicate one or several as the driver of LPS-induced
NAD* depletion (Fig. 2.2¢). While CD38 levels were massively elevated by LPS, the increase did
not begin until after six hours, demonstrating that the kinetics of CD38 induction were temporally
incongruous with those of the NAD™ depletion. We did, however, observe a large increase in the
RNA levels of multiple members of the PARP family after six hours of LPS treatment, in particular
for PARPs 7, 9, 10, 11, 12, and 14. Levels of these enzymes were moderately lower at 24 hours
compared to six hours, demonstrating an expression pattern inversely correlated to NAD™ levels.
We also observed an increase in the levels of the NAD*-synthetic enzymes NAMPT, and
NMNATI1 and 2, which may account for the recovery in NAD™ levels over longer periods of LPS
stimulation.

To test if one or multiple of these PARPs were responsible for the initial drop, we treated
macrophages with two pan-PARP inhibitors, 3-aminobenzimide and PJ-34. These drugs modestly
raised NAD" levels in the absence of LPS, and completely ablated the drop in NAD" levels
following LPS stimulation (Fig. 2.2d). While we observed no increase in PARP1 RNA levels,

PARP1 accounts for the vast majority of basal PARP hydrolase activity in many cells, so we could
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not easily dismiss it as the culprit enzyme (Shieh et al., 1998). Several additional experiments led
us to rule it out. When PARP1 was immunoprecipitated from LPS-stimulated macrophages and
its activity assayed in vitro, its activity tracked with falling NAD" levels, with almost no PARP1
activity observed when the enzyme was immunoprecipitated from macrophages treated with LPS
for six hours (Fig. 2.2e). While this result was initially surprising, as NAD" is provided in the in
vitro assay, we found PARP1 bound to its inhibitor DBC1 when NAD* levels were low, thus
explaining the enzyme’s low activity (Fig. 2f) (Li et al., 2017). We also observed that levels of
poly-ADP ribose (PAR), the product of PARP1 activity, fell with LPS stimulation (Fig. 2.2g). If
PARP1 were the responsible enzyme, we would expect levels of PAR to increase. The protein
levels of both PARP1 and CD38 tracked with their RNA levels: PARP1 protein levels were
decreased with LPS stimulation, and CD38 levels were increased but only after NAD* levels were
already low (Fig. 2.2g).

As further evidence in support of our hypothesis that a PARP enzyme other than PARP1
was responsible for the fall in NAD™ levels, we found that the small molecule OUL35 modestly
raised NAD" levels in the absence of LPS, and completely ablated the drop in NAD" levels
following LPS-stimulation in a dose-dependent manner (Fig. 2.2h). OUL35 is a potent PARP10
inhibitor, with activity against other PARP enzymes including PARPs 4 and 14 (Venkannagari et
al., 2016). Importantly, OUL35 did not inhibit activity of PARP1, even at a concentration of 1
mM (Fig. 2.2i). Thus, we concluded that one or multiple PARP enzymes other than PARP1 were

responsible.
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Figure 2.2: Expression and activity of NAD"-associated enzymes. (A) Dose-response curve of
rmCD38 activity in the presence of GSK-78¢, as measured by the etheno-NAD assay. (B) NAD*
levels in BMDMs treated with LPS (100 ng/mL) for six hours and increasing doses of GSK-78c.
(C) RNA levels of genes associated with NAD metabolism in BMDMs treated with LPS for six
or 24 hours. (D) NAD" levels in BMDMs treated with LPS for six hours without or with 3-
aminobenzimide (5 mM) or PJ-34 (10 uM). (E) Activity of immunoprecipitated PARP1 from
BMDMs treated with LPS for 0, 3, 6, or 24 hours, as measured by PARylation of a histone
substrate in vitro. (F) Western blot of levels of PARP1 and DBCI in lysate from LPS-treated
BMDMs from input and immunoprecipitant with a PARP1 antibody. (G) Western blot from
BMDMs treated with LPS for PAR, PARP1, CD38, and Actin. (H) NAD" levels in BMDMs
treated without or with LPS, and increasing doses of OUL35. (I) PARP1 activity in vitro in the
absence or presence of PJ-34 and OUL35.
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Figure 2.2 continued.
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PARP14 is necessary for LPS-induced NAD* hydrolysis

To determine if a single PARP enzyme was responsible, we used CRISPR/Cas9 in
RAW264.7 cells to generate multiple cell lines with either PARP 7, 9, 10, 11, 12, or 14 knocked
out. Three to four compound heterozygous knock out cell lines were identified for each PARP by
PCR screening and DNA sequencing (Fig. 2.3a). When stimulated with LPS for six hours, the
level of NAD" fell in all cell lines except for those lacking PARP14, identifying PARP14 as solely
necessary among these enzymes for the LPS-induced fall in NAD* levels (Fig. 2.3b). In both
RAW264.7 cells and in BMDMs, LPS induced an increase in PARP14 protein levels (Fig. 2.3¢c-
d). To verify that other well-known NADases were not responsible, we obtained knockout mice
for PARP1, CD38, SARMI1, and PARP14. While BMDMs deficient in each of the first three
enzymes did have slightly elevated NAD" levels at individual time points in an LPS timecourse,
all still displayed an initial drop in NAD" levels. Only for PARP14 knockout cells did NAD*
levels remain steady (Fig. 2.3e). These results clearly demonstrate that PARP14 is necessary for
the LPS induced fall in NAD" levels. However, PARP14 is not sufficient in all contexts to induce
a fall in NAD" levels, as interferon gamma also induced its expression but did not lower NAD*
levels (Fig. 2.3f-g). A second, yet-unidentified permissive signal must be induced by LPS,

allowing for NAD" depletion.
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Mechanism of PARP14-dependent NAD™ hydrolysis

We next sought to understand the mechanism by which PARP14 engenders such a decrease
in steady state NAD™ levels. It is indeed surprising that PARP14 would drive this phenomenon,
as PARP14’s reported enzymatic activity is as a mono-ADP ribosyl transferase (ADPRT), and
thus it would be difficult for the enzyme to achieve the activity required to deplete so large a
quantity of NAD" (Vyas et al., 2013). One hypothesis is that PARP14, under the right conditions,
could be a highly active ADPRT, indiscriminately post-translationally modifying copious target
proteins. To test this hypothesis, we performed mass spectrometry-based proteomics on wild-type
and PARP14 knockout BMDMs treated with LPS for six hours, enriched for peptides containing
post-translational modifications with phosphates on a titanium oxide column, and analyzed
peptides with an ADPR modification. Peptides with a ribose-phosphate (ribP) modification were
also included in the analysis, as this modification is likely a result of degraded ADPR following
hydrolysis of the pyrophosphate. Surprisingly, we found more unique proteins with an ADPR or
ribP modification in knock out cells than in the wild-type cells. While not a quantitative assay,
these data do not provide evidence to support a massive increase in ADPRylation that would
account for the NAD" depletion (Fig. 2.4a-b). This modest increase in ADPRylated unique
proteins associated with PARP14 deletion is likely due to the fact that knockout cells have much
higher NAD" levels, allowing other ADPRTS to function.

Among the proteins identified as ADP-ribosylated in wild-type cells but not in knockout
cells were Aktl, Rictor, NF-kB, and PARP14 itself. We performed cluster analysis on the list of
proteins identified as ADP-ribosylated in the wild-type cells but not in the knockout cells. Many
of the identified clusters involved RNA biology, suggesting that PARP14 may have a role in RNA

processing and homeostasis (Fig. 2.4c¢).
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Figure 2.4: Mass spectrometry-based proteomics for ADPR and ribP PTMs. (A) Venn
diagram of unique proteins found in wild type and PARP14 knock out BMDMs treated with LPS
(100 ng/mL) for six hours. (B) Number of unique proteins per biological replicate (N=3). (C)
STRING interactome map of PARP14 targets, with clusters labeled by gene ontology enrichment
analysis.

Our next two hypotheses to account for how PARP14 could drive NAD" consumption were
inspired by an evaluation of PARP14’s domains (Fig. 2.5a). PARP14’s enzymatic activity is
driven by its C-terminal PARP domain, shared among all PARP family members. It is also a
Macro-PARPs (along with PARP9 and PARP15) in that it contains Macro domains, which bind to
and in some cases hydrolyze ADP-ribose. PARP14’s first Macro domain is predicted to have such
hydrolase activity based on a homology comparison to Macro domain-containing proteins with
ADP-ribose hydrolase activity, such as MacroD1, and Macro domain containing proteins without
such activity, such as histone macro-H2A.1 (Jankevicius et al., 2013). This observation led to the
hypothesis that PARP14 may be auto-ADP-ribosylating itself via its PARP domain and then

removing the ADP-ribose via its first Macro domain, leading to high NAD hydrolase processivity.
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PARP14 also contains an N-terminal RNA-recognition motif (RRM). This led to the
hypothesis that PARP14 may be ADP-ribosylating nucleic acids rather than proteins. This
hypothesis fits in line with the mass spectrometry clustering analysis, which found that PARP14
may modify many RNA-binding proteins. Furthermore, PARP2 and PARP3 were recently shown
to be able to ADP-ribosylate the terminal phosphates of DNA, increasing the plausibility that
PARP14 may directly ADP-ribosylate a nucleic acid (Belousova et al., 2018; Zarkovic et al.,
2018). PARP14 has also been shown to localize to RNA stress granules (Leung et al., 2011) and
to regulate the stability of a specific mRNA, albeit not via direct ADPRylation (Igbal et al., 2014).

To test these hypotheses, we overexpressed wild-type or mutant PAPR14 constructs in
human embryonic kidney 293T cells, in comparison to GFP on the same backbone as a control
(Fig. 2.5b-c). Overexpression of wild type PARP14 massively depleted cellular NADY,
demonstrating that the permissive signal which allows PARP14 to deplete NAD™ in LPS treated
macrophages is likely constitutively active in 293T cells. The catalytically inactive PARP14

mutant G888W had no effect on NAD" levels, demonstrating that the PARP domain is necessary
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Figure 2.5:Activity of PARP14 mutants in 293T cells. (A) Diagram of PARP14 domains and
mutants tested. (B) NAD" levels and (C) PARP14 protein levels in human embryonic kidney 293T
cells overexpressing wildtype or mutant PARP14.
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for activity. PARP14 mutants missing either the first Macro domain (AM1) or all three of its
Macro domains (AM1-3) still retained most of their activity, suggesting that the Macro domains
do not play a large role in the enzyme’s NAD"-hydrolase function. At present, we cannot reject
the nucleic acid ADPRylation hypothesis. Experiments to measure the activity of a PARP14
mutant missing the RNA recognition motif, and to probe PARP14’s activity in vitro with the

addition of various substrates, are ongoing in order to test this hypothesis.

NRH is a highly potent NAD-precursor

We next sought to identify the consequences on macrophage function from such a depletion
of intracellular NAD*. To address this, we identified multiple methods to maintain NAD™ levels
during LPS stimulation. This can be done genetically, with PARP14 knockout (KO) BMDMs, or
pharmacologically with a PARP14 inhibitor. It can also be done with supplementation of an NAD™
precursor. We compared the efficacy of four NAD™ precursors in macrophages: nicotinamide
mononucleotide (NMN), nicotinamide riboside (NR), nicotinic acid riboside (NAR), and NR
hydride (NRH) (Fig. 2.3a-d). While all were able to raise NAD" levels, NRH had surprising
efficacy, even at micromolar concentrations (Fig 2.3e-f). As a synthetic metabolite, it may escape
natural mechanisms of regulation or destruction. Or, as the only precursor without a charge on its

pyridine ring, it may permeate cell membranes more rapidly.
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Figure 2.6: Comparison of NAD" precursor efficacy in BMDMs. (A) Chemical structure of
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riboside (NAR), and (D) NR hydride (NRH). Structures are colored by chemical group: blue
for ribose, purple for nicotinamide or related group, red for phosphate, and green for
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precursors without or (F) with LPS (100 ng/mL) for six hours.
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NAD™" depletion engenders loss of PARylation

Using multiple approaches to maintain NAD" levels, we explored the effect of NAD"
depletion on macrophage function. When comparing cytokine secretion between wild-type and
PARP14 knockout cells, TNFa levels were unchanged, while IL-6 and IL-13 secretion were
slightly depressed (Fig. 2.7a-¢). However, pharmacological modulation of NAD* levels did not
phenocopy these results. 1L-6 levels were unchanged by OUL35 and NRH treatment, and IL-1[3
levels were in fact slightly increased by NRH treatment. This last finding suggests that IL-13
secretion may be sensitive to NAD™ levels below or above physiological levels.

We also observed no consistent effect on phagocytosis, mitochondrial number and
membrane potential, or ROS production. One consistent effect we did observe was a loss of PAR,
likely due to a loss of PARP1 activity, which could be restored with PARP14 depletion, inhibition
with OUL35, or NAD" repletion with NRH (Fig 2.7g-h). We are currently exploring the effect of

NAD" depletion on the activity of other enzymes such as sirtuins.
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Figure 2.7: Effects of NAD" modulation in BMDMs. (A) TNFq, (B) IL-6, and (C) IL-1 (with
30 min nigericin treatment) secretion in PARP14 wild-type and knockout BMDMs stimulated
with LPS. (D) TNFa, (E) IL-6, and (F) IL-13 (with 30 min nigericin treatment) secretion in
BMDMs treated with OUL35 (30 uM) or NRH (100 uM). (G) PARylation levels in PARP14
wild-type and knockout BMDMs treated with LPS. (F) PARylation levels in wild-type BMDMs
treated with LPS, OUL35, and NRH for six hours.
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PARP14 depletes splenic NAD" in sepsis and aging

We extended our findings to a model of LPS-induced septic shock, wherein a single
intraperitoneal LPS injection induces an often lethal cytokine storm. We observed that six hours
after LPS injection, PARP14 protein levels were elevated in the spleen, an organ with a large
population of resident macrophages (Fig. 2.8a). This increase in PARP14 expression was
associated with a depletion of NAD" levels, a phenomenon that does not occur in PARP14

knockout animals (Fig. 2.8b). Co-injection of LPS with OUL35 or NRH was also sufficient to
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Figure 2.8: PARP14’s effect on splenic NAD" levels. (A) PARP14 protein levels in the spleen
6-hours after LPS injection (15 mg/kg). (B) NAD™ levels in PARP14 wild-type and KO mouse
injected with PBS vehicle or LPS. (C) NAD" levels in wild-type mice injected with LPS, and
co-injected with either vehicle (veh), OUL35 (200 mg/kg) or NRH (200 mg/kg). (D-E) PARP14
protein levels in young and aged mice. (F) NAD" levels in young mice and aged mice injected
with vehicle (veh), and in aged mice injected with OUL35 (200 mg/kg) for two hours.
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maintain splenic NAD" levels (Fig. 2.8¢). However, neither PARP14 knockout mice, nor mice
injected with OUL35 or NRH, had a survival benefit over wild-type or vehicle-injected animals.
We also observed an increase in PARP14 protein levels in the aging spleen (Fig. 2.8d-e).
This is associated with a drop in NAD™ levels, as has been observed in other tissues during aging.
To test if PARP14 was a driver of low splenic NAD" during aging, we injected OUL35 into 27-
month old mice, which raised NAD" levels to those seen in young mice (Fig. 2.8f). This implicates
PARP14 induction, likely due to age-related inflammation, as a novel cause of low NAD" levels

in aged tissues.

DISCUSSION

From yeast to humans, aging is associated with a drop in NAD™ levels, which limits the
activity of sirtuins and PARPs and contributes to the etiology of many age-related diseases. This
has been previously attributed to increased DNA damage driving PARP1 activity (Bai etal., 2011),
to increased CD38 levels (Camacho-Pereira et al., 2016), and to insufficient levels/activity of
NAD"-producing enzyme NAMPT (Frederick et al., 2016). We identified another enzyme as a
driver of low NAD" levels: inflammation-induced PARP14. Interestingly, PARP14 was recently
identified by another group as one of only sixteen genes whose levels consistently increase with
age across multiple tissues (Benayoun et al., 2019). These data suggest that, as inflammation
increases during aging, increased PARP14 levels may enhance NAD* hydrolysis, contributing to
decreased levels of the metabolite.

Taken together, our findings reveal in PARP14 a novel highly active inflammation-induced
suppressor of intracellular NAD" levels, that limits the activity of other NAD*-utilizing enzymes.

Recently several PARP14 inhibitors have been developed, with varying specificities and
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pharmacokinetic properties (Holechek et al., 2018; Peng et al., 2017; Yoneyama-Hirozane et al.,
2017). These and other molecules targeting PARP14, along with highly potent NAD*-precursors

such as NRH, represent enticing candidate molecules to treat inflammatory and age-related

diseases.
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MATERIALS AND METHODS

Cell culture

Bone barrow-derived macrophages were generated from bone marrow collected from the femurs
and tibias of mice, differentiated for 7-10 days in RPMI 1640 supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 10% L1929 cell (ATCC) conditioned media, and 1%
penicillin/streptomycin (pen/strep) (Gibco). Media was changed on day 3, at which point non-
adherent cells were removed, and subsequently every 2 days.

RAW264.7 cells (ATCC) and HEK 293T cells were cultured in DMEM supplemented
with 10% FBS and 1% pen/strep. All cell lines and primary cultures were grown in a 37°C
humidified incubator at 5% CO,, and were regularly tested for mycoplasma. LPS (Sigma-
Aldrich), P3CSK4 (Abcam), palmitic acid (Sigma-Aldrich), IFNy (R&D Systems), IL-4 (R&D
Systems), 3-aminobenzimide (Sigma-Aldrich), PJ-34 (Sigma-Aldrich), OUL35 (Sigma-Aldrich),
and NMN (GeneHarbor) were added in the concentrations describes in the figure legends. NR and
NAR were received from Dr. David Livingston (MetroBiotech), and NRH was received from

Professor Marie Migaud (University of South Alabama, Mobile, AL).

NAD™ Measurements

NAD* and NADH were measured with a commercially available kit (Promega). Cells and tissue
were homogenized and lysed in a 1:1 solution of PBS and 0.2 N NaOH containing 1% (w/v)
dodecltrimethylammonium bromide (Sigma-Aldrich), on ice, and centrifuged maximum speed for
5 min at 4°C to remove insoluble materials. For tissues, lysates were pre-normalized to protein
concentration before NAD*/NADH measurements. For NAD" measurements, 15 pL of lystate

was pH-adjusted with the addition of 7 uL of 0.4 N HCI; for NADH measurements, 15 pL of lysate
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was used and the pH was left basic. Samples were heated at 60°C for 15 min to destroy NADH or
NAD", respectively, based on pH. After a 10 min incubation at room temperature to allow for
cooling, the NAD" samples were neutralized with 7 pL of 0.5 M Tris base (Sigma-Aldrich). For
NADH samples, 7 uL of 0.4 HCl and 7 uL. of 0.5 M Tris base were added to neutralize the samples
and match the buffer composition of the NAD™ samples. Finally, 15 puL of each sample was mixed
with 15 pL of a mixture containing lactate, lactate dehydrogenase, proluciferin, and an NADH-
dependent proluciferin reductase, in a white half-area 96-well plate (Vidugiriene et al., 2014). A
standard curve of NAD™ at known concentrations, from 4 uM to 7 nM, made in the same final
buffer composition as the samples, was also incubated with the enzyme mixture. Luminesce was
measured approximately every ten minutes for up to one hour, until standard curve became
saturated. NAD" or NADH levels were inferred by luminescence compared against the standard
curve, and were normalized to protein concentration, measured with the bicinchoninic acid assay

on the original lysates (Thermo Fisher Scientific).

NAD* Biosensor

The plasmids for the NAD* biosensor, localized to various cell compartments, were a kind gift
from Xiaolu Cambronne and Michael S. Cohen (Oregon Health & Science Univrsity, Portland,
OR). The plasmids were packaged into lentiviruses by standard protocols. In brief, each plasmid
was transfected into HEK 293T cells with the lentiviral packaging plasmids pMDG.2 and psPAX2,
using X-treme GENE HP transfection reagion (Roche). Media was changed 1 day after
transfection, and media containing lentivirus was collected on days 2 and 3 post-transfection,
filtered with a 0.2 micron filtered, and delivered to RAW264.7 immortalized macrophages

(ATCC). Cells were selected with puromycin (2 pg/mL). After incubation with LPS, fluorescence
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was measured by flow cytometry on an LSRII flow cytometer (BD). Cells were gated to exclude

debris and doublets. Values were calculated for median fluorescence in the FTIC channel.

Mass spectrometry

For mass spectrometry-based metabolomics, cells were lysed in 80% methanol (v/v) and
centrifuged (maximum speed for 5 m) to remove insoluble materials. Supernatants were
transferred to a fresh tubes and solvent was removed with a SpeedVac concentrator. Samples were
resuspended in water and analyzed on a QTRAP 5500 LC-MS/MS System (SCIEX).

Sample preparation for analysis of post-translational ADPR modifications was based on
methods previously described (Matic et al., 2012; Villen et al, 2008). BMDMs were washed twice
with PBS and collected after incubation with trypsin and mechanical scraping, followed by two
more PBS washes and spins. After re-pelleting, PBS was aspirated and the cell pellets were snap-
frozen in liquid nitrogen and stored at -80°C until further processing. Pellets were resuspended in
lysis buffer (50 mM HEPES, 75 mM NacCl, 3% SDS, 1 mM NaF, 1 mM beta-glycerophosphate, 1
mM sodium orthovanadate, 10 mM sodium pyrophosphate, | mM PMSF, protease inhibitors
(Roche), pH 8.5), passed through a 21 gauge needle 20 times, and sonicated (5x 20 sec with one
min between pulses, on ice). Cellular debris was removed by centrifugation (max speed 5 min),
and lysate concentrations were normalized using the BCA assay.

To reduce the proteins, samples were incubated with DTT (10 mM final concentration) at
50°C for 1 hour. Alkylation was carried out via addition of iodoacetamide (15 mM final
concertation) and incubation in the dark at RT for 1 hour. Unreacted iodoacetamide was quenched
by adding an additional 25 pL. of 0.5 M DTT. Proteins were precipitated with methanol-

chloroform and dried overnight in a chemical hood at RT. Proteins were resuspended in 1 mL of
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50 mM ammonium bicarbonate (pH 7.0) via vortexing and incubation at 55°C, and digested by
adding 50 pg of MS-grade trypsin (Thermo-Pierce) followed by incubation 37°C overnight.
Trypsin was quenched by adding 6 pL of 100% trifluoroacetic acid. Samples were desalted in
Sep-pak C018 columns (Waters), eluted with 70% acetonitrile, and dried via SpeedVac.

ADP-ribosylated and phospho-ribosylated peptides were enriched on TiO; beads. Proteins
were resuspended in 2 M lactic acid and 50% acetonitrile, vortexed, and centrifuged (max speed
for 5 min) to remove insoluble material. Supernatant was added to beads and vortexed for 1 hour.
Beads were washed 3x with 2 M lactic acid and 50% acetonitrile and 3x with 50% acetonitrile and
0.1% trifluoroacetic acid, then eluted 2x with 0.5 mL each of 50 mM potassium phosphate, pH 10,
via vortexing for 5 m. Beads were pelleted and supernatant collected. 0.5 mL of 1% triofluoracetic
acid was added and samples were dried in a SpeedVac. Proteins were resuspended in 5%
acetonitrile and 0.1% formic acid.

Samples were measured on an Orbitrap LC-MS (Thermo Fisher Scientific) by collision-
induced dissociation and by higher energy collision dissociation with ion trap. Analysis was
directed at identification of ADP-ribose and ribose-phosphate modifcations. Network analysis of

unique proteins was performed with on the STRING database (Szklarcyk et al., 2019).

Gene expression

Total mRNA was isolated from cells using the E.Z.N.A. Total RNA Kit (Omega Bio-tek), and
converted to cDNAs using the iScript Reverse Transcription Supermix (BioRad). qPCR was
performed with 25 ng of cDNA LightCycler SYBR Green I Mastermix (Roche) by manufacturer’s
instructions. Relative mRNA expression levels were calculated with the AACt method relative to

B-Actin. The primer sequences used are reported in Table 2.1.
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Western blots

SDS-PAGE was performed by standard procedures and detected with ECL reagent (GE
Healthcare). Antibodies for -Actin (Cell Signaling), CD38 (R&D Systems), DBC1 (Bethyl
Laboratories), PAR (Millipore Sigma), PARP1 (Cell Signaling), and PARP 14 (Santa Cruz

Biotechnology) were used at a 1:1000 dilution.

Generation of CRISPR knockouts

RAW264.7 cell lines were transduced with lentiviruses packaged by standard methods containing
Cas9 and two guide RNAs flanking each gene. Cells were selected with puromycin (2 pg/mL)
and clonal colonies were generated by limiting dilution. Crude genomic DNA was isolated by
digesting cell pellets with proteinase K in 10 mM Tris pH 8, 100 mM NaCl, 25 mM EDTA, and
0.5% SDS, followed by washes with isopropanol and 70% ethanol, after which PCR genotyping
was performed. Bands of interest were isolated by gel extraction (Omega Bio-tek) and analyzed
by Sanger sequencing. Sequences for guide RNAs and genotyping primers are reported in Table

2.2 and Table 2.3. Three to four clonal colonies for each gene were identified.

Animals
All experiments were conducted according to protocols approved by the Institutional Animal Care
and Use Committee (Harvard Medical School).

PARP14 knockout mice were a kind gift from Professor Masanori Aikawa (Brigham and
Womens Hospital, Harvard Medical School, Boston, MA). CD38 knockout mice were a kind gift

from Eduardo Chini (Mayo Chinic, Rochester, MN). PARP1 and SARM1 knockout mice were
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purchased from the Jackson Laboratory (Bar Harbor, ME). Aged mice were ordered from the
National Institute on Aging (Bethesda, MD).

Sepsis was induced by intraperitoneal injection (I.P.) of 15 mg/kg of LPS in 0.9% NaCl.
OUL35 and NRH applied by L.P. injection in 40% (w/v) 2-hydroxyproply-beta-cyclodextrin

(Sigma-Aldrich) and 1% medium viscosity carboxymethylcelluloose (Sigma-Aldrich) in PBS.

Statistical analysis

Data were analyzed by a two-tailed unpaired Student’s t-test or by a one-way ANOVA with
multiple comparisons corrections when appropriate. Statistical tests were performed with
GraphPad Prism. Data are presented as means + SD for in vitro replicates or SEM for in vivo

replicates.
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Table 2.1: RT-qPCR primers

Gene Forward Primer Reverse Primer
CD38 TCTCTAGGAAAGCCCAGATCG AGAAAAGTGCTTCGTGGTAGG
BST1 AGGGACAAGTCACTGTTCTGG AACTTTGCCATACAGCACGTC
SARMI1 TTCCTTGGCTCCAGAAATGCT GACCCTGAGTTCCTCCGGTA
PARP1 GGTCTTTAAGAGCGACGCTTAT TTCTGTGTCTTGACCATGCAC
PARP2 GCAACAGAAGACGACTCTCCT CAGCCATAGGCCCTTTTCTCT
PARP3 ATCGCTCCAAAACGAAAGGC CACGGATGACCCGATTATCAG
PARP4 TCATACCACCTAAGTTGGGTCC AGCAAAGCTACCTGAGAAAGC
PARP5SA | GTCTACTCCGTTACACCTGGC TGAAGAGGTACAAGTCCACCTTT
PARP5B CGCCCGAGAAGGTGAACAG TTTGCACCGTTCTGAAGAAGAT
PARP6 TATTGTGTTGAGGCTACGGTTTT CTTCCTTATTCGATGGCTGGAAA
PARP7 GCCAGACTGTGTAGTACAGCC GGGTTCCAGTTCCCAATCTTTT
PARPS CACTTCCGAAACCACTTCGC GGCAGTCTTTCTCGGCTCTT
PARP9 AGGACGCCAAAGGGATCTG CCGGCTCCATAAACTGGGT
PARP10 GACACCCCGTGCAGACTTG CCACCACACGTACTGCTCG
PARPI11 GTGGACGACATGGACACATCG GAATGTTGGTATCCGGCTGAA
PARP12 CAACCTGAGTGTGTTGAGGAC CACCTTTGTTGTAGTGTAGGCAT
PARP13 AAGCAGAGACCGCTTCCATC GTCCCCAGGTACTTGAACTTCT
PARP14 AGCAGTGGATCAGAAAAGACAG GTCAGCACCATCTCGGATACT
PARP16 CCAAAGGAGAACGAGACCTAATC AGGCCATTGTGAATGATGGAG
SIRT1 TGATTGGCACCGATCCTCG CCACAGCGTCATATCATCCAG
SIRT2 CCACGGCACCTTCTACACATC CACCTGGGAGTTGCTTCTGAG
SIRT3 GGCTCTATACACAGAACATCGAC TAGCTGTTACAAAGGTCCCGT
SIRT4 GGCGACGTGTTCCTCACTG ACAAAGTCAACCTTGTCTGGG
SIRTS5 CCAGTTGTGTTGTAGACGAAAGC TTCCGAAAGTCTGCCATATTTGA
SIRT6 CCTGGTCAGCCAGAACGTAG TACTGCGTCTTACACTTGGGA
SIRT7 GCACTTGGTTGTCTACACGG TGTCCATACTCCATTAGGACCC
NAMPT GAATGTCTCCTTCGGTTCTGG TCAGCAACTGGGTCCTTAAAC
NMNATI1 | TCTTCTTGTACGCATCACCGA TGGCTCTTTTAACCCCATCAC
NMNAT2 | ATGACCGAGACCACAAAGACC ATCCCGCCAATCACAATAAATCT
NMNAT3 | TCACCCGTCAATGACAGCTAT CACCCGAATCCAGTCAGATGT
NMRK1 TGGAATTGGTGGTGTGACAAA TATGACGCTGCAGTTGGGAA
NMRK?2 TGACTTCTTCAAGCCCCAGG GCGTGCAAACTTGTGTGGAT
MCT1 ACGCCGGAGTCTTTGGATTT GGCAGCATTCCACAATGGTC
SMCTI1 GCCCCTTGAAACCTATGGCT CAGTGGAGTCCTTTCCGCAT
SMCT2 TCCTCTGGAATTGGCGTGTT CAAAGCTACAGGGCCAAAGC
NAPRT TGCTCACCGACCTCTATCAGG GCGAAGGAGCCTCCGAAAG
IDO1 TGGCGTATGTGTGGAACCG CTCGCAGTAGGGAACAGCAA
AFMID TTGGGAACTTCGTGCAGATAGG CAGTTTCTCCCCTTCGCCATC
KMO AAGTTGATGTGTACGAAGCTAGG AGGGCCAAGTTAATGCTCCTT
HAAO GAACGCCGTGTGAGAGTGAA CCAACGAACATGATTTTGAGCTG
KYNU CCTTCGCCTCTTGAGCTTCC AGAGCAACCCTCTCATCTGTT
QPRT GGGGCTGACCTGGTAATGC TGGGGAATCTGGCTTTAAGTGTA
NADS GTGGGGATGCCTATAATGCAC TCCCGGTAGTTGCCTTCGT
NADK CCACAACGGCCTCAGTGAAA CTCTGTCGATCACCACTTCATTT
NNMT TGTGCAGAAAACGAGATCCTC AGTTCTCCTTTTACAGCACCCA
B-Actin TGGCGCTTTTGACTCAGGAT GGGATGTTTGCTCCAACCAA
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Table 2.2: gRNAs for CRISPR knockout generation

Name

5’ cut guide sequence

3’ cut guide sequence

PARP7

TACCATACTCACCAAGAGAA(TGG)

TGGCATGAGAAGGCCCCCTC(CGG)

PARPY

TGGAATCGCTATCACCGGTG(CGG)

TGCAATACGGTGTGCAGAGT(CGG)

PARPI10

GTCCTCCACCCGAGCGACGG(TGG)

GGAGTTCCAAGATGTGGTGC(GGG)

PARPI11

GGAAACAGCGCCTAATAAAG(AGG)

GAACACATTCCAGATTCATG(GGG)

PARP12

GAAGAGCGGCTAACTTACCT(TGG)

TGGTACTAGTGCCAACTTCG(TGG)

PARP14

CGTGCTGGGTTCCCCGGCTC(CGAG)

GCATCTCTTCCATGGGACAG(AGG)

Table 2.3: PCR primers for identification of CRISPR knockouts

Name Sequence
PARP 7 common TGGAAACAGTGTTACTGACTTCT
PARP 7 WT GGACAAGGCAGTTATTTCGCA
PARP 7 KO AAGCTTCCCTTGAGCTTGTGTTT
PARP 9 common CCACTGACTCTGCTAGCCTG
PARP 9 WT AGGTTGTTTCAGCAGGTCCC
PARP 9 KO TGCTCAGAGAGTCTTCAGAAGGACC
PARP 10 common CCCCCAGAAATACCAGATGAGC
PARP 10 WT GCTCAGTCGGACACCATGTA
PARP 10 KO GAACTCACTCGAACAATGCGG
PARP 11 common GCACTCGAGCAAGAAACATGG
PARP 11 WT ACATCTGTCCCTGTGGTGTG
PARP 11 KO TACTCTGCACTGTGTGCTGC
PARP 12 common CAGTTCAGGTCCTGTGTCACCA
PARP 12 WT CGGACCCACACAAGAATGACTA
PARP 12 KO TTTGCCATAGGATGTGCCGT
PARP 14 common GGAGATTGGTCGTCAGTTCGG
PARP 14 WT TTCTGGGGCGTTTTCCCAAG
PARP 14 KO GAACCTTGACTCAATGCCGTA
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Chapter 3: NAD" repletion and pan-
sirtuin gene therapy in aged mice



Electron micrograph of muscle mitochondria, by Michael Bonkowski and Jodo Amorim

“Study hard what interests you the most in the most undisciplined, irreverent and original
manner possible.”

-Richard Feynman, 1965

Significant contributions to the chapter were made by Michael Bonkowski, Noah Davidsohn,
Alice Kane, Jodo Amorim, Yiming Cai, and Doyle Lokitiyakul
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ABSTRACT

The mammalian sirtuin gene family consists of seven NAD*-dependent deacylases that each
promote health, and two of which have been shown to increase longevity. As NAD" levels fall
during aging, sirtuin activity declines, resulting in decreased genome and epigenome stability, and
increased inflammation, mitochondrial dysfunction, and a greater likelihood for many pathologies.
While a reductionist approach towards studying aging has identified many contributing factors,
synergies between them may be overlooked when they are studied in isolation. Here, we sought to
boost the activity of the entire sirtuin gene family in tandem, and to test whether sirtuin
overexpression and repletion of NAD" levels may be redundant, additive, or synergistic. Twenty-
month old male mice were infected with adeno-associated viruses carrying each of the seven
sirtuins to be overexpressed in trans, or with GFP control virus. For all seven sirtuins, viruses were
confirmed to express well in the liver. Additionally, half of the sirtuin mice and half of the GFP
mice were given the NAD" precursor NMN (300 mg/kg/day) continuously post-viral delivery. We
show that NAD™ repletion reduced age-related body weight loss, with a non-significant increase
in longevity (p=0.15). Additionally, sirtuin overexpression appeared to protect against age-related
muscle loss. The use of gene therapy-based methods to overexpress combinations of genes in pre-
aged, wild-type mice may serve as a future model to more rapidly identify interactions between

factors that dictate healthspan and longevity.
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INTRODUCTION

Single gene manipulations have advanced our understanding of the molecular basis of
aging since the first ones to impact longevity were identified (Friedman and Johnson, 1988;
Kaeberlein et al., 1999; Kenyon et al., 1993). However, aging is a complex multigenic trait, and
the contributions of individual genes are unlikely to be solely additive. Gene products have
intricate synergies and may require one another to reveal their maximum influence on a phenotype,
interactions that pure reductionist approaches, however powerful they may be, are certain to
overlook (Williams and Auwerx, 2015). One example of such a synergy has been identified for
longevity, in which the combination of gene mutations in daf-2 and rsks-1 (the homolog of S6K)
led to a five-fold increase in worm lifespan, far greater than the extension from either gene alone
(Chenetal., 2013). In order to push the bounds of maximum longevity, oligogeneic manipulations
will likely be required. Not every gene in a manipulation need have an impact on the phenotype,
as reductionist experiments can be applied subsequently to identify a minimal set. Such an
approach led to the identification of the Yamanaka reprogramming factors: 24 factors were first
combined to reprogram fibroblasts to induced pluripotent stem cells, and subsequently an N-1
strategy led to a curated list of four (and later three) required factors (Takahashi and Yamanaka,
2006).

The difficulty is to test combinations of genes or interventions on mammalian aging, due
to the time constraints involved, especially considering that mice containing multiple transgenic
or knockout alleles require multiple generations to breed, and further years to age from birth.
Additionally, genes with a beneficial impact on aging may have negative pleotropic effects on
embryonic and juvenile development, and might only show a benefit if expressed after

reproductive age has been reached. To bypass these constraints, we pursued an experimental
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framework utilizing adeno-associated viruses (AAVs) and pre-aged wild-type mice. AAVs are
popular gene delivery vectors because they are considered to be non-pathogenic, do not integrate
into their host genome, can infect both dividing and non-dividing cells, and usually do not generate
an immune response for the first exposure (Boutin et al., 2010). By expressing transgenes or
shRNAs via viral vectors in an adult wild-type animal, one may select multiple genes of interest
without the need to generate and breed transgenic mice, or to worry about effects on development
or growth.

The use of already aged mice further accelerates the time required to identify interventions
with a positive impact on lifespan and healthspan. For example, for the outcome of longevity,
median lifespan in C57Bl6/J mice is 29 months, so if one begins an experiment on mice at 20
months of age, when greater than 90% of the population is still alive, one will have an idea if an
intervention is successful in less a year. Furthermore, beginning an intervention in mid to late life
better mimics the course human interventions for aging would take; a treatment begun at age sixty
is far more likely to meet regulatory standards and avoid compliance issues than an intervention
administered from age twenty. For these reasons, the National Institute on Aging’s Interventions
Testing Program (ITP), which has tested over forty compounds for their effects on longevity in
mice, tests some of their hits for effects beginning mid-life, such as for rapamycin and 17a-
estradiol (Garratt et al., 2018; Harrison et al., 2009).

In this study, we sought to test the effects of overexpressing the entire sirtuin gene family
in combination with NAD" supplementation with nicotinamide mononucleotide (NMN). While
overexpression of sirtuins in yeast (Kaeberlein et al., 1999), worms (Tissenbaum and Guarente,
2001), and flies (Rogina and Helfand, 2004; Whitaker et al., 2013) extends lifespan by large

amounts, in mammals only modest extensions of lifespan have been reported. This may be because
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mammals have a greater baseline longevity, so it is more difficult to further extend it. It could also
be because yeast SIR2 has diverged and specialized into seven genes in mammals, each with a
more subtle impact on healthspan and lifespan. To date, whole body SIRT6, brain SIRT1, and
treatment with SIRT1 activators SRT1720 and SRT2104 have been shown to extend longevity in
mice on a normal diet (Kanfi et al., 2012; Mercken et al., 2014; Mitchell et al., 2014; Satoh et al.,
2013). Furthermore, NAD" levels decline during aging, sapping sirtuins of their activity (Gomes
et al., 2013; Li et al., 2017; Zhou et al., 2016). NAD" repletion with nicotinamide riboside has
been shown to modestly extend lifespan (Zhang et al., 2016). To date, nicotinamide
mononucleotide’s (NMN) effect on mammalian longevity has not been shown.

To test whether the sirtuin genes overexpressed in combination, along with NAD"
repletion, can have a dramatically positive effect on healthspan and lifespan, we injected 20-month
old mice with AAV9s containing each of the seven sirtuins as transgenes, or GFP as a control. We
also gave half of each group NMN (300 mg/kg) to replete NAD™ levels throughout the remainder
of lifespan. This 2x2 combinatorial experimental design allowed us to test three hypotheses: the
effect of sirtuin overexpression, the effect of NMN, and whether the two interventions are
redundant, additive, or synergistic (Fig. 3.1). While we would also have liked to test each sirtuin
individually, to run such an experiment in one laboratory would be impractical unless a large effect
was first observed from the combination of genes to justify the large number of animals required.
Overall, we observed that NMN protected from age-related body weight loss and may have
increased longevity, while sirtuin overexpression improved walking gait and enhanced skeletal
muscle weight in aged animals relative to control animals. While we did not observe a striking
improvement in overall healthspan or lifespan, these observations are rationale for future, more

targeted studies.
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Figure 3.1: Experimental design. Two by two factorial design of experiment allows for the
testing of three variables: effect of sirtuin overexpression, effect of NMN supplementation, and
the interaction between these interventions.

RESULTS
Overexpression of Sirt1-7 (SIRTSs)

We began by testing efficacy of expression and safety from acute toxicity in young mice
before applying sirtuin gene therapy to aged mice. Eight types of AAV9 virus were generated,
seven types containing the sirtuins, and one containing GFP, under the widely expressed UBC1
promoter. GFP was selected as a control gene due to its low reported immunogenicity in C57BL/6
mice, and due to its prior use in a longevity study of similar design (Bernardes de Jesus et al.,
2012; Skelton et al., 2001). The first sirtuin viruses we generated, Sirt4 and Sirt7, were tested at a
low dose (1 x 10'° particles) and a high dose (1 x 10! particles) in 3-month old mice. Liver
expression was examined two weeks post-injection by Western blot (Fig. 3.2a-b). Both constructs
were well-expressed. Since AAV9 expression is manyfold higher in the liver than in other tissues,
we chose to proceed with the higher titer for this study. A high dose of AAV9 containing each of
the other five sirtuins was injected into young mice, and expression was similarly examined 2-
weeks post injection. All constructs were found to increase liver sirtuin expression (Fig. 3.2¢-g).

To ensure that pan-sirtuin gene therapy did not cause acute toxicity in young mice, we

injected eight mice with all seven sirtuin viruses (for a total of 7 x 10!! particles). Four of these
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Figure 3.2: Liver expression of sirtuins. (A) Sirt4 and (B) Sirt7 expression two weeks post-
injection with low dose (1 x 10!° particles) and a high dose (1 x 10!! particles) AAV9 delivery.
(C) Expression of Sirtl (D) Sirt2 (E) Sirt3 (F) Sirt5 and (G) Sirt6 two weeks post high dose
injection.
mice were given supplemental NMN in their drinking water (2.4 g/L dosed for approximately 300
mg/kg/day). No loss in body weight or other signs of distress were observed in an eight week

follow-up. Therefore, we concluded that sirtuin gene therapy in combination with NMN

supplementation was at least acutely safe in young mice.

NMN protects from age-related body weight loss and may increase longevity

To test whether overexpressing the sirtuin gene family and supplementation of NAD*
levels with NMN extends longevity, either alone or in combination, we delivered each of the seven
sirtuins viruses at a high dose to 20-month old wild-type C57B16/J mice, or an equal dose of virus
containing GFP. Two weeks after viral injection, NMN was provided in half of each groups’

drinking water, for a total of four groups: GFP/water, GFP/NMN, SIRTs/Water, and SIRTs/NMN
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(N=37 animals per group). NMN was maintained in the drinking water for the duration of the
study. Water consumption was no different between cages with standard water and those with
NMN-supplemented water (Fig. 3.3a).

Within the first few months of the study, we observed moderate weight loss in all animals,
which is typically seen during aging. However, in groups receiving NMN, this weight loss was
delayed by several months (Fig. 3.3b). Although both water and NMN mice started with very
similar weights and eventually converged after 30 months, mice on NMN did not lose weight as a
population until around 28 months of age. In Chapter 4 of this dissertation, we identify weight
loss as a major predictive risk factor for mortality, suggesting that this protection from age-related
weight loss may improve health and survival.

We followed the four groups of mice with minimal intervention or testing until their natural
deaths. We observed that the NMN/SIRTs mice had a “squaring of the curve” with enhanced
survival for the earliest quartile to die. However, no group had significantly enhanced lifespan
beyond that of control mice (GFP/water) (Fig. 3.3c). This may be because the control mice were
somewhat long lived, with a median lifespan of 31 months, versus the expected 29 months
(Kunstyr and Leuenberger, 1975). This may be because we began the study at 20 months, when
some of mice may had already died, so we are reporting the median age of death for mice alive at
20 months. Regardless of the cause, while the lifespan of the controls demonstrates that the
animals were maintained in healthy conditions, it may have reduced our sensitivity to detect
efficacious interventions. When we compared the effect of NMN alone in both groups, there

appears to be a positive, but non-significant (p=0.15) benefit on longevity (Fig. 3.3d).
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Figure 3.3: Effects of NMN and sirtuins virus on body weight and longevity. (A) Water
consumption. (B) Average body weight per group. (C) Survival for all four groups. (D)
Survival for combined water and NMN groups.

SIRTs and NMN improve walking gait and muscle mass

We began treatment on a second cohort of mice at the same age, with the same dose of
virus and NMN.  After six to nine months of treatment, we examined a host of healthspan
parameters including blood cellularity, learning and memory tests, cardiac function, metabolic
respiration quotient, and gait analysis. The most consistent effect we saw was an improvement in
gait parameters in mice treated with sirtuins virus. For the front feet, the percentage of time spent
in the swing portion of the gait was greater and the portion spent in the stance portion was smaller
in mice which had received the sirtuins viruses, regardless of NMN treatment. (Fig. 3.4a-b).

Increased stance time is observed in disease models that affect gait (Poulet et al., 2014). Mice
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which had received sirtuins virus also had a greater maximum longitudinal deviation in front and

rear legs, demonstrating a more dynamic gait (Fig. 3.4c-d).

Taken together, these data show that overexpression of sirtuins improves (or prevents

decline in) walking gait in aged mice. When mice from this cohort were sacrificed at 29-months

old, we observed that while there was no difference in body weight between groups (Fig. 3.4e),

sirtuins virus mice had increased muscle mass (Fig. 3.4f-g). A protection from age-related muscle

loss could explain the improvement in gait we observed.

DISCUSSION

In this study, we overexpressed the entire sirtuin gene family in aged mice via adeno-

associated viral vectors alone or in combination with NMN supplementation and measured

79



lifespan and parameters of healthspan. Overall, benefits from these interventions were modest but
noteworthy. NMN protected from age-related body weight loss and numerically extended
longevity. Based on these results, we have begun another cohort of mice on a higher dose of NMN
(600 mg/kg/day), beginning at an earlier age (12 months), and with a higher N-value, in order to
increase our ability to detect a significant difference.

Overexpression of the entire sirtuin gene family was associated with improved gait
parameters and increased skeletal muscle mass. Sarcopenia is the age-related loss in muscle mass
and function, and our data suggest sirtuins may protect against this pathophysiology. While SIRT1
in particular is thought to have a negative impact on muscle hypertrophy through its attenuation of
IGF-1 secretion and mTOR signaling, it has a positive effect on muscle cell survival via anti-
inflammatory effects and suppression of p53 (reviewed in Sharples et al., 2015). While we cannot
rule out a negative effect on the control animals from GFP expression, it is likely a positive effect
from sirtuin overexpression, as previously, resveratrol has been shown to similarly increase muscle
mass in aged rats (Bennett et al., 2013; Liao et al., 2017). We have not yet examined the muscles
from our mice for histology, signaling pathways, or mitochondrial phenotypes. It is also surprising
that we observed an effect on skeletal muscle, as AAV9 has relatively low expression in that tissue.
Its effect may be indirect, either through promotion of endothelial cell proliferation and improved
vascularization (Das et al., 2018), or through an uncharacterized endocrine effect in which sirtuins
promote secretion of a molecule in a distant tissue that has a protective effect on skeletal muscle
survival and function. Regardless of the mechanism, there are currently few clinical treatments for
sarcopenia, so promotion of sirtuin activity may be a worthwhile avenue to explore further.

Furthermore, there are very few chemical treatments which have been shown to improve longevity
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in wild-type mice, and our study suggests that using NMN to boost NAD" levels could have a

longevity benefit.

MATERIALS AND METHODS

AAV production

AAVs were produced in 293T cells using methods previously described (Grieger et al., 2006).
HEK 293T cells were grown to 70-90% confluency on 15 cm plates (10 plates for approximately
5 x 10'2 viral genomes yield). Cells were then transfected with 3 plasmids in a 2:2:1 ratio of
pHelper, pCapsid, and ITR-TransgeneOITR, using polyethylenimine transfection reagent. Media
was collected 3 days after transfection, and passed through a 0.2 uM filter. Cells were collected
in PBS and put through 3-5x freeze-thaw cycles, then incubated with benzonase for 45 minutes at
37°C. Cells were spun at 15,000 x g for 15 min and supernatant was passed through a 0.2 uM
filter and combined with the filtered media. PEG 8000 was added to a final concentration of 12%,
stirred for 1 hour at 4°C and then left without stirring overnight at 4°C. The mixutrue was then
centrifuged at 3000 x g for 20 minutes and supernatant was discarded. The pellet was resuspended
in 7 mL of PBS and incubated with benzonase for 45 minutes at 37°C. This solution was added
to a Beckman optiseal tube with a 15-60% iodixanol solution gradient, and centrifuged for 1 hour
at 242,000 x g. Most of the virus concentrates in the 40% fraction, which was collected with a
syringe. To this, 20 mL PBS + 0.001% F-68 was added and passed through a 0.2 uM filter, and

stored at 4°C for up to one week. Viral titer was determined by qPCR.
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Animals

All experiments were conducted according to protocols approved by the Institutional Animal Care
and Use Committee (Harvard Medical School). Aged mice were ordered from the National
Institute on Aging (Bethesda, MD). Viruses were delivered by retroorbital injection after
anesthetization with isoflurane. NMN (GeneHarbor) was dissolved in drinking water at 2.4 g/L.
Mice were monitored daily and weighed twice per month. Mice were only euthanized if
determined to be moribund by an experienced researcher or veterinarian , likely to die within then
next 48 hours, based on exhibiting at least two of the following: inability to eat or drink, severe
lethargy or persistent recumbence, severe balance or gait disturbance, rapid weight loss (>20%),

un ulcerated or bleeding tumor, and dyspnea or cyanosis.

Western blots

SDS-PAGE was performed by standard procedures and detected with ECL reagent (GE
Healthcare). Antibodies for GAPDH (Millipore Sigma), Sirtl (Sigma Aldrich), Sirt2 (Cell
Signaling), Sirt3 (Cell Signaling), Sirt4 (non-commercial antibody, a kind gift from Marcia Haigis,
Harvard Medical School, Boston, MA), Sirt5 (Cell Signaling), Sirt6 (Cell Signaling) and Sirt7

(Santa Cruz) were used at a 1:1000 dilution.

Gait Analysis

Gait analysis was measured using the TreadScan System (Clever Sys, Inc), which is comprised
of a treadmill with a transparent belt and an angled mirror beneath it, via which the underside of
the walking mouse is recorded with a high-speed camera. TreadScan software recognizes each

paw of the mouse as it walks and calculates various measures of gait.
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Statistical analysis
Data were analyzed by a Gehan-Breslow-Wilcoxon test for longevity, and by two-way ANOV As
with multiple comparisons corrections when appropriate. Statistical tests were performed with

GraphPad Prism. Data are presented as means = SEM.
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Chapter 4 - FrightAge and AFRAID
Score for age and life expectancy
prediction from frailty



[lustration by Kevin Krull

“It is possible that death may be the consequence of two generally co-existing causes; the one,
chance, without previous disposition to death or deterioration; the other, a deterioration, or an
increased inability to withstand destruction.”

-Benjamin Gompertz, 1825

Significant contributions to this chapter were made by Alice Kane and Michael Bonkowski. A
manuscript based on this work is in preparation.
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ABSTRACT

The identification of biomarkers for biological age would accelerate research into interventions
that alter the aging process. Molecular biomarkers such as DNA methylation and blood parameters
hold great promise, but have the detriment of being invasive and expensive. The Frailty Index (FI)
is a score based on a battery of measurements of gross external parameters of health, and has the
advantage of being fast, cheap, and non-invasive. Previous studies have demonstrated that FI
correlates with mortality risk in mice and humans. However, no models currently exist for using
FI to directly predict biological age or life expectancy. Here, we track a group of aging mice until
their natural deaths, scoring them longitudinally with the FI. We observe that specific parameters
of FI are well-correlated with chronologic age while others are not, the best of which include tail
stiffening, breathing rate/depth, gait disorders, hearing loss, kyphosis, and tremor. In order to
better predict chronological age, we performed an ElasticNet regression on the FI components, the
model from which we call FRIGHT (Frailty Inferred Geriatric Health Timeline) Age. While
FRIGHT Age is a strong predictor of chronological age (r*>= 0.732, median error = 47.5 days), it
is not superior to chronological age in at predicting mortality. We further built a model to predict
life expectancy, a random forest regression model termed the AFRAID (Analysis of Frailty and
Death) score, which is able to predict survival at multiple ages (r’=0.375, median error = 46.4
days). The largest contributing factors to the AFRAID score are chronological age and recent
weight loss. Both FRIGHT and AFRAID models can detect the effects of an intervention that
improves healthspan. Our findings underscore the value of assessing non-invasive biomarkers for

aging research.
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INTRODUCTION

The discovery of well validated biomarkers for aging would greatly accelerate research
into aging’s underlying causes. Interventional studies could proceed apace, with biomarker
readouts as early, reliable indications for an experiment’s prospects. However, identification of
such biomarkers has proven difficult, in no small part because a consensus on the definition of
aging is lacking. Thus, for a biomarker of aging to be robust, it must serve multiple roles and meet
multiple corresponding criteria: it should track roughly with chronological age, in order to predict
at what point an individual is in their total lifespan; it should predict remaining longevity, even at
an age when most of a population is still alive; it should serve as a better predictor of longevity
than does chronological age alone; and its measurement should be non-invasive as to allow for
repeated measurements without altering the health or lifespan of the animal measured (Butler et
al., 2004). Proposed biomarkers include physiological measurements (e.g. grip strength, gait),
DNA-damage readouts (e.g. y-H2AX levels, PARP-1 activity), epigenetic measures (e.g. DNA
methylation, histone levels), telomere length, immunological biomarkers (e.g. levels of serum
immunoglobulins or cytokines), and markers based on protein modifications and oxidative stress
(e.g. glycosylation products) (Biirkle et al., 2015). No single biomarker yet challenges the
preeminence of maximum longevity as the standard to assess aging interventions.

Of the biomarkers that have been identified so far, those which are more predictive of aging
have been modeled in the form of aging “clocks,” in which the biomarker data are fed into a
statistical framework to generate a numerical prediction of biological age. A biological age
prediction generated from a clock should roughly follow chronological age, but should serve as a
better predictor of mortality and disease risk than does chronological age. The most popular such

set of clocks are those based on the methylation status of a few to hundreds of DNA loci. Such
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clocks have been generated for humans (Hannum et al., 2013; Horvath, 2013) and mice (Meer et
al., 2018; Petkovich et al., 2017; Wang et al., 2017). They are able to predict lifespan and age-
related diseases better than does chronological age alone, and are altered by interventions known
to affect health and longevity (Cole et al., 2017; Hahn et al., 2017; Horvath et al., 2015, 2016;
Levine et al., 2015; Maierhofer et al., 2017; Petkovich et al., 2017; Quach et al., 2017; Stubbs et
al.,, 2017; Wang et al., 2018). While these clocks are trained on chronological age, other
methylation clocks have been trained specifically to predict life expectancy, either directly (Zhang
et al., 2017), indirectly via surrogate biomarkers for mortality (PhenoAge) (Levine et al., 2018) or
in combination with clinical biomarkers (GrimAge) (Lu et al.,2019). Recently, another biomarker
has been used to generate a clock based on the relative frequencies of immune cell types, termed
IMM-AGE, which also predicts mortality better than does chronological age (Alpert et al., 2019).
The major drawback of these clocks is that collecting blood or tissue must be done infrequently if
at all, especially in mice, if it is not to affect the subjects’ aging trajectories, and that acquiring and
analyzing methylation clock or IMM-AGE data can be time consuming and expensive.

The Frailty Index (FI) is a compound biomarker of aging which tallies physiological
deficits as they accumulate (Fig 4.1). First developed for humans, FI has been “reverse translated”
to mice, where it is quick and essentially free to assess and analyze (Kane et al., 2017; Parks et al.,
2012; Whitehead et al., 2014). In mice, 31 deficits are scored as zero (absent), half (moderate), or
one (severe). As conceived, frailty captures the heterogeneity in health parameters among
individuals of the same age, which impacts their mortality (Vaupel et al., 1979). Indeed, FI is
associated with mortality, but has not yet been used to build a predictive model of biological age
or life expectancy (Blodgett et al., 2017; Hao et al., 2016). In this study, we track FI longitudinally

in a cohort of aging mice from 21 months of age until their natural deaths. With these data, we

91



Menace Reflex® ' |

»

CaiGreymey

===Piloerection
—

-

Integument Notes Ocular/Nasal Notes
Alopecia @ @ @ Cataracts @ @ @
Fur color loss @ @ @ Corneal opacity @ @ @
Dermatitis ®© ® © Eye discharge/swelling © & O®
Loss of whiskers @ @ @ Microphthalmia @ @ @
Coat condition @ @ @ Vision loss @ @ @
Physical/Musuloskeletal Menace reflex @ @ @
Tumors @ @ @ Nasal discharge @ @ @
Distended abdomen @ @ @ Digestive/Urogenital

Kyphosis @ @ @ Malocclusions @ ® @
Tail stiffening @ @ @ Renal prolapse @ ® @
stdsoters  © © O ol serne © ® O
Tremor @ @ @ Diarrhoea @ @ @
Grip strength @ @ @ Respiratory system

Body condition @ @ @ Breathing rate/depth @ @ @ |
Vestibulocochlear/Auditory Discomfort

Vestibular disturb. @ @ @ Mouse grimace @ @ @
Hearing loss @ @ @ Piloerection @ @ @

Figure 4.1: Overview of frailty index. (A) Vision loss is assessed by lowering a mouse until it
reaches its arms towards a surface, signifying its visual distance capacity. (B) Menace reflex,
which is lost during aging, is assessed by poking an object towards the mouse’s face and observing
aggressive behavior. (C) Tail stiffening, which increases during aging, is assessed by the capacity
for the tail to curve around an object. (D) Example of alopecia. (E) Grip strength is assessed by
lifting a mouse while it grasps a grate with its front paws. (F) Gait is assessed by observing a
mouse walk down an incline. Hair greying (fur color loss) and piloerection are also visible. (G)
Data entry sheet for frailty analysis, which is amenable to be read by a scantron-like program.
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built predictive “clocks” for chronological age, termed FRIGHT Age, and life expectancy, termed
the AFRAID score. We intend for these tools to be used, and further refined, to accelerate the

pace of aging research.

RESULTS
Frailty correlates with and is predictive of age

We measured frailty longitudinally as a part of unpublished longevity studies. The datasets
used for the analyses in this chapter are from two sets of control animals. Both sets of animals had
normal median (954 and 922 days) and maximal (1126 and 1142 days) lifespans, slightly
surpassing those cited by Jackson Labs (median 878 days, maximum 1200 days) (Festing, 1979;
Kunstyr and Leuenberger, 1975), demonstrating that the mice were maintained and aged in healthy

conditions (Fig. 4.2a). The distributions of frailty scores were also consistent between the groups

(Fig. 4.2b).
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Figure 4.2: Comparison of control cohorts used for analysis. (A) Survival curves of both
groups. (B) Longitudinal frailty index scores of both groups.
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FI score, which is the unweighted average of the individual deficit scores, increased
approximately linearly with age from 21 to 36 months at the population level (Fig. 4.3a). At the
individual level, frailty trajectories displayed significant variance, possibly representative of the
variability in how individuals experience aging (Fig 4.3b-c). As FI score is well correlated with
chronological age, we wondered to what degree FI score was predictive of chronological and
biological age. We performed a simple least squares linear regression on FI score for age with a
training data set and evaluated its accuracy on a testing data set (Fig. 4.4a-b). FI score was able
to predict chronological age with a median error of 65.5 days and an r-squared value of 0.64. The
error may be representative of biological age, with individuals having a predicted age younger than
their true age being healthier than those with a predicted age older than their true age. We refer to
this difference as delta age. Delta age did indeed have a negative correlation with survival, with
“younger” mice living longer, at every individual age, longitudinally (Fig. 4.4¢). However, when
predictions at all ages were aligned against the median survival time for a given age, the correlation
was shown to be weak, with an r-squared value of only 0.092 (Fig. 4.4d). Additionally, the model

consistently predicted younger mice (e.g. at 21 months) to be older than they are, and older mice
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Figure 4.3: Longitudinal frailty scores. (A) Boxplot of FI scores as a function of age. (B) Boxplot of
change in FI score between measurement periods for each mouse. (C) Individual trajectories of FI
scores for each mouse.
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(e.g. at 36 months) to be younger than they are, an apparent artifact of the regression towards the

mean age. It also assigned relatively few assessments ages of younger than 25 months.
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Figure 4.4: Linear regression model of frailty for chronological age. (A) Correlation between
predicted age for training data and (B) testing data. (C) Correlation between delta age (predicted
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the date of the animal’s death, colored by the animal’s age at the time of assessment. (D)
Correlation between delta age days alive relative to the median days alive for a given age,
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Individual scores vary in their correlation with age

While a simple linear regression on overall frailty score was somewhat predictive of age,
we hypothesized that by differentially weighting individual metrics, we could build a more
predictive model. To this end, we calculated the correlation between each individual parameter
and chronological age (Table 4.1, Fig. 4.5). Some parameters, such as tail stiffening, breathing
rate/ depth, gait disorders, hearing loss, kyphosis, and tremor, were remarkably well correlated
with age. The fact that some parameters were very well correlated and others poorly correlated

suggested that by weighting scores, we could build an improved model for age prediction.
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Figure 4.5: Correlations between individual parameters and age. The top nine parameters
with categorical scores were (A) tail stiffening, (B) breathing rate depth, (C) gait disorders,
(D) hearing loss, (E) kyphosis, (F) tremor, (G) body condition score, (H) forelimb grip strength,
and (I) menace reflex. The proportion at a given age that scored zero is colored in blue, 0.5
orange, and one in red. The mean score is plotted in black. A “downward diagonal” pattern of
the three scores is observed for parameters that are well correlated with age.

96



Table 4.1: Correlation between individual parameters and age.

‘ Parameter r? p-value
Tail stiffening 0.584 3.50E-53
Breathing rate/depth 0.499 2.80E-42
Gait disorders 0.419 1.37E-33
Hearing loss 0.382 6.71E-30
Kyphosis 0.381 7.15E-30
Tremor 0.378 1.49E-29

Body condition 0.262 1.83E-19
Grip strength 0.117 7.86E-09
%twce 0.115 1.05E-08
Menace reflex 0.114 1.15E-08
Alopecia 0.104 5.93E-08
Tumors 0.081 2.04E-06
Diarrhea 0.054 1.09E-04
Penile prolapse 0.052 1.42E-04
Microphthalmia 0.048 2.70E-04
Dermatitis 0.048 2.71E-04
Rectal prolapse 0.041 8.02E-04
Distended abdomen 0.039 1.14E-03
Eye discharge/swelling 0.037 1.46E-03
Coat condition 0.035 1.85E-03
Body Weight Score 0.023 1.25E-02
Thresh %rwc 0.014 5.11E-02
Loss of fur color 0.014 5.53E-02
Piloerection 0.012 6.87E-02
Mouse grimace scale 0.011 7.97E-02
Vestibular disturbance 0.007 1.57E-01
Vision loss 0.004 3.05E-01

Loss of whiskers 0.004 3.27E-01
%rwc 0.002 4.95E-01
Cataracts 0.001 6.78E-01
Corneal capacity 0 7.22E-01
Nasal discharge 0 1.00E+00

R-squared and p-value are reported for the correlation between each parameter vs.
chronological age. Abbreviations: total weight change from 20 months (%twc), recent
weight change from previous month (%rwc). Weight change beyond a threshold in either
direction (thresh %rwc).
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Multivariate regressions of individual scores to predict age (FRIGHT Age)

We compared FI as a single variable and four different types of multivariate linear
regression using five-fold cross validation on the training set: simple least squares regression, ridge
regression, elastic net regression, and random forest regression. Only parameters that had a
significant, even if weak, correlation with age (p<0.05) were included in the analysis. The
multivariate models appear superior to FI as a single variable. We observed no significant
difference among the multivariate models in predictive accuracy (Fig. 4.6a-¢). For further
analysis, we selected the elastic net regression (ELN) model, as it reduces the number of covariates
required for the model.

We term this model FRIGHT Age for Frailty Inferred Geriatric Health Timeline. When
assessed on the testing dataset, FRIGHT Age had a strong correlation with chronological age, with
a median error 0of 47.5 days and an r-squared value of 0.73 (Fig. 4.6d-f). However, while FRIGHT
Age was superior to overall frailty score at predicting chronological age, the residuals from the
predictions (delta age) were not well correlated with mortality (Fig. 4.6g). This may be because
the individual parameters that correlate well with chronological age are different than those that
correlate well with mortality. So while FRIGHT Age is a better predictor of chronological age

than is FI, it is yet unclear as to whether it is a better predictor of biological age, however defined.
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Figure 4.6: FIGHT Age for prediction of chronological age from frailty. (A) Median error,
(B) r-squared, and (C) p-value results from five-fold cross validation of training data for frailty
index as a single variable (FI), simple least squares (SLS), elastic net (ELN), ridge, and random
forest (RF) regressions. (D) Training, and (E) testing data and (F) coefficients for the ELN
model, termed FRIGHT Age. (G) Error in FRIGHT Age correlated to survival, colored by age
on date of assessment.
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Multivariate regressions of individual scores to predict life expectancy (AFRAID Clock)

As FRIGHT Age appears to be no better a predictor of mortality than is chronological age,
we sought to build a model that directly predicts for life expectency. We began by calculating the
correlation between each individual parameter and survival (number of days from date of
assessment to date of death). Unsurprisingly, chronological age was the best predictor of mortality,
followed by tremor, body condition score, and gait disorders (Table 4.2). However, many of these
parameters appear to be better predictors than they are. Since age is a fair predictor of survival,
and many of these parameters correlate with age, their correlation with survival is largely only for
mice of different ages, and not of the same age. Indeed, when analyzed for only mice of the same
age, the only parameters that reached a p-value of less than 0.05 were those measuring weight
change.

As a compound biomarker, unweighted FI was correlated with survival, with an overall r?
value of 0.308. Importantly, FI was also correlated to survival at individual ages (Fig. 4.7a). To
build a model to predict mortality, we compared a regression of FI as a single variable, and four
types of multivariate regressions with five-fold cross-validation. For prediction of survival, a
random forest regression model was the superior model (Fig. 4.7b-d). We term this model the
AFRALID score for Analysis of Frailty and Death. In the testing dataset, the AFRAID score is well
correlated with survival (r*=0.375, median error = 46.4 days). The AFRAID score is also
correlated with survival at individual ages, making it potentially useful for comparing the effects
of interventional studies (Fig. 4.7e-h). It appears to be better at making predictions at older ages,
as average life expectency decreases.

The most important variable in the model was, perhaps unsurprisingly, chronological age,

followed by total weight loss, recent weight loss, distended abdomen, and tremor (Fig. 4.7i). (In
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Table 4.2: Correlation between individual parameters and survival.

Parameter r? p-value

Age (days) 0.349 | 7.48E-27
Tremor 0.246 | 3.18E-18

Body condition 0.195 | 2.18E-14
Gait disorders 0.187 | 9.11E-14
Tail stiffening 0.185 | 1.15E-13
Breathing rate/depth 0.172 | 1.01E-12
Hearing loss 0.169 | 1.72E-12
Kyphosis 0.123 | 2.73E-09
Distended abdomen 0.109 | 2.68E-08
Menace reflex 0.078 | 3.14E-06
%twe 0.073 | 5.99E-06

Grip strength 0.069 | 1.14E-05
Alopecia 0.047 | 3.45E-04
Thresh %rwc 0.041 | 7.45E-04
Microphthalmia 0.033 | 2.63E-03
Body Weight Score 0.032 | 2.97E-03
Coat condition 0.031 | 3.71E-03
Diarrhea 0.025 | 9.38E-03
Grimace scale 0.024 | 1.12E-02
Loss of fur color 0.023 | 1.28E-02
Dermatitis 0.018 | 2.79E-02
Piloerection 0.017 | 3.04E-02
%rwc 0.013 | 6.02E-02

Rectal prolapse 0.012 | 7.03E-02
Penile prolapse 0.01 1.08E-01
Tumors 0.009 | 1.26E-01

Eye discharge/swelling | 0.007 | 1.74E-01
Vestibular disturbance 0.006 | 1.91E-01
Vision loss 0.005 | 2.69E-01
Cataracts 0.003 | 3.85E-01
Corneal capacity 0.002 | 4.37E-01
Loss of whiskers 0.002 | 5.06E-01
Nasal discharge 0 1.00E+00

R-squared and p-value are reported for the correlation between each parameter vs. survival.
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Figure 4.7: AFRAID score for prediction of life expectancy from frailty. (A) Correlation between
frailty score and survival (days alive) colored by age on date of assessment. (B) Median error, (C) r-
squared, and (D) p-value results from five-fold cross validation of training data for frailty index as a
single variable (FI), simple least squares (SLS), elastic net (ELN), ridge, and random forest (RF)
regressions. (E) Predictions and true values of survival in the testing data set from the AFRAID clock, a
random forest regression model, colored by age on the date of assessment. (F) Predictions and true
values of survival in the testing dataset for mice at ages 24-26 months (G) 30 months and (H) 33 months.
(I) The importance weights of the ten variables in the model. (J) An illustration of one decision tree, out
of one thousand that comprise the model.
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a random forest, importance is calculated by a combination of the relative frequency of a variable
and its ability to reduce variance at a split.) While it is debatable whether such a model should
include chronological age as a prediction variable, it makes good sense in a random forest model,
which can account for complex relationships between predictor variables, based on the branching
structure of the model (Fig. 4.7j). This is in contrast to linear models, where all variables are

treated independently.

Analysis of responses to an intervention

One ultimate ultility for such models would be to serve as early biomarkers for the effects
of interventional treatments, which are expected to extend or reduce healthspan and lifespan. To
date, few interventional studies have measured FI. However, a recently published study measured
FI in 24-month old mice treated with the angiotensin converting enzyme (ACE) inhibitor enalapril
from 16 months of age (Keller et al., 2018). As previously shown, enalapril the averge FI score
(Fig. 4.8a). When the data were converted to a prediction of chronological age, enalapril reduced
FRIGHT Age by 32 days relative to control mice (Fig. 4.8b). When the data were converted to a

prediction of survival, enalapril extended predicted survival by 19 days, a non-significant
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Figure 4.8: Effect of enalapril treatment. (A) Frailty index score on control and enalapril-
treated male mice at 24 months of age, from (Keller et al., 2018). (B) Reanalysis of FI data for
predictions of delta FRIGHT Age and (C) AFRAID score.
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difference between the groups (Fig. 4.8¢). As enalapril improves healthspan but has not been
shown to significantly extend lifespan, the accuracy of these predicitons is yet untested (Harrison
et al., 2009). While it will be useful to test these models in interventional studies with compounds
that have been shown to extend lifespan, such as rapamycin and STACs, these analyses

nonetheless show that these models are likely also responsive to more potent interventions.

DISCUSSION

This is the first study to measure frailty longitudinally in a population of naturally aging
mice and to track those mice until their natural deaths, in order to connect FI to life expectancy.
We show that FI is not only correlated with age but is also predictive of survival, even for animals
of the same age. We further generate two models based on FI: FRIGHT age, which is a prediction
of chronological age, and the AFRAID score, which is a prediction of life expectancy. These
models have median errors of 47 and 46 days, respectively. FRIGHT age was responsive to long-
term enalapril administration, showing that it is capable of responding to a pharmacological
intervention. The AFRAID score was less responsive to enalapril administration. It is not
currently clear whether this is due to a deficiency in the model, or because enalapril does not extend
lifespan.

The major advantage of FI as biomarker for aging is its ease of use. It is relatively quick
and essentially free to assess, and has no negative impact on the health of the animals. We
encourage future longevity studies to incorporate periodic FI assessment as a routine measure.

This will help further determine its utility for predicting outcomes of interest, and may eventually
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Figure 4.9: The relationship between chronological age, mortality, and biological age.
FRIGHT age is a model to predict chronological age, which is strongly associated with
biomarkers such as tail stiffening and hearing loss, that increase during aging but may not impact
mortality. The AFRAID clock is a model to predict life expectancy, which is associated with
weight loss, and theoretically with disease-specific markers such as tumors. Biological age falls
in the area of overlap between chronological age and mortality.

be used as a screening tool to decide whether to continue expensive longevity studies after a short
duration with a prospective intervention.

The models discussed in this study could benefit from the incorporation of additional input
variables, especially from relatively non-invasive molecular biomarkers. Much can be inferred
from tallying gross physiological deficits. However, these deficits have molecular origins which
may add predictive value at much earlier time points if they can be identified (Kane et al., 2019).

The aim of all three frailty metrics, FI, FRIGHT age, and AFRAID score, is a robust
method for appraisal of biological age. Yet in the absence of a clear definition of biological age,
and without a lodestar biomarker with which to compare, assessment of the relative value of these
metrics is difficult. In one sense, FRIGHT age is the best metric, as it tracks most closely with
chronological age, in spite of its lack of sensitivity to predict mortality. One would expect an
intervention that slows aging to suppress all aspects of aging, even those that don’t impinge on life
expectancy. In another sense, the AFRAID score is the superior metric, because an increase in life
expectancy, median and maximum, is the ultimate benchmark for an aging intervention. One could
also argue that overall unweighted FI is the best metric, because while it is not best at predicting
either chronological age or mortality, it is better than either FRIGHT age or AFRAID score at

predicting both. Perhaps true biological age is tangential to both chronological age and mortality
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(Fig 4.9). Certainly it is not exactly akin to chronological age, or there would be no use in having
both definitions; nor is it the same as mortality, or all fatal diseases would also be diseases of aging,
something which is obviously not the case. This study highlights the deficit in our understanding
of what aging fundamentally is, which hinders our ability to identify robust biomarkers for it. The
development and further refinement of biomarkers of aging will get us closer to such a definition

and understanding.

MATERIALS AND METHODS

Animals

All experiments were conducted according to protocols approved by the Institutional Animal Care
and Use Committee (Harvard Medical School). Aged mice were ordered from the National
Institute on Aging (Bethesda, MD). Group 1 had been injected with AAV vectors containing GFP
as a control group for a longevity experiment. This did not affect their frailty or longevity in
comparison to group 2, which were completely untreated. Mice were only euthanized if
determined to be moribund by an experienced researcher or veterinarian , likely to die within then
next 48 hours, based on exhibiting at least two of the following: inability to eat or drink, severe
lethargy or persistent recumbence, severe balance or gait disturbance, rapid weight loss (>20%),

un ulcerated or bleeding tumor, and dyspnea or cyanosis.

Frailty analysis
Frailty was assessed longitudinally by the same researcher (A.K.), as previously described (Kane
et al.,, 2017). Individual FI parameters are reported inf Fig. 4.1g. Malocclusions and body

temperature were not assessed. For regression analyses, prediction variables were added to
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represent body weight change: total percent weight change, from 20 months of age; recent percent
weight change, from one month before the assessment; and threshold recent weight change — mice
scored positive if they gained more than eight grams or lost more than ten grams in the previous

month.

Machine learning

Data were analyzed in Python using algorithms provided in the Scikit-learn package. Training and

testing datasets were separated by mouse rather than by assessment.
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Chapter 5: Concluding Remarks



[lustration by Oldfich Kulhanek

“The credit belongs to the man who is actually in the arena, whose face is marred by dust
and sweat and blood; who strives valiantly; who errs, who comes short again and again,

because there is no effort without error and shortcoming,; but who does actually strive to
do the deeds; who knows great enthusiasms, the great devotions;, who spends himself in a
worthy cause; who at the best knows in the end the triumph of high achievement, and who

at the worst, if he fails, at least fails while daring greatly.”

-Theodore Roosevelt, 1910
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PARP14 hydrolyzes NAD* during TLR-induced inflammation

Inflammation and aging both have underlying metabolic bases and the metabolite NAD™*
plays a significant role in both processes. In Chapter 2 of this dissertation, I describe the kinetics
of steady state NAD" and NADH levels in response to various stimuli in macrophages, as an in
vitro model system for inflammation. We observed a drop in NAD" levels in response to LPS,
P3CSK4, and palmitic acid, all stimuli for toll-like receptors, whereas no drop is associated with
IFNy or IL-4. We ruled out reduction as a cause for the drop in levels of NAD", as NADH levels
do not increase, and turned our attention to NAD™ hydrolases as potentially causal. Multiple lines
of evidence, including the use of macrophages from knockout mice, eliminated prominent NAD*
hydrolases CD38 and PARP1 as necessary for the phenomenon. Profiling of RNA levels revealed
that multiple members of the PARP family of ADPRTSs are transcribed at levels inversely related
to NAD" levels. We knocked out each of the top six PARPs in immortalized macrophages using
Cas9, and observed that only in PARP14 knockout cell lines were NAD™ levels flat in response to
LPS stimulation. We have further shown that PARP14 inhibition or deletion prevents splenic
NAD* levels from dropping during LPS-induced septic shock and in normal aging.

Several open questions remain in this line of research. First, we have shown that PARP14
was necessary in all conditions measured for this TLR-induced NAD" depletion. However, its
expression was not sufficient in all contexts. IFNy-stimulated macrophages upregulated PARP14
levels similar to those seen with LPS; however, this did not engender a depletion of NAD". Such
an observation suggests that there must be some second permissive signal required for NAD*
depletion, perhaps a post-translational modification on PARP14 itself, or the presence of a binding
partner. This second permissive signal must be constitutively activated in HEK 293T cells, as

PARP14 overexpression was sufficient in that context to deplete NAD™ levels. However, in
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macrophages, we were unable to overexpress PARP14 to cause an NAD™ depletion. This could
be because (1) expression was not sufficiently high enough, (2) the lentiviruses used to deliver
PARP14 changed the behavior of the macrophages, or (3) this permissive signal was not present.
Our inability to date to generate a highly active recombinant PARP14 in E. coli for in vitro studies
may also be due to a lack of activation.

Secondly, the mechanism by which NAD" is depleted is currently unclear. PARP14 is a
mono-ADP- ribosyltransferase and requires a peptide substrate, so it is an unlikely culprit to be a
major consumer of NAD*. We have shown in 293T cells that its macro domains are not necessary
for activity, but its PARP catalytic domain is required. As PARP14 also contains and RNA
recognition motif (RRM), and many putative PARP14 ADP-ribosylation targets are RNA binding
proteins, we hypothesize that PARP14 may be ADP-ribosylating RNA. Ongoing experiments
with RRM deletion mutants and with immunoprecipitated PARP14 from 293T cells are focused
on unraveling such a mechanism.

Additionally, we would like to characterize further biological effects of this temporal
NAD* depletion. We have already identified that the drop in NAD" levels robs PARPI1 of its
substrate and activity, which can be restored via PARP14-specific inhibition with OUL35 or with
NAD" repletion via NRH. We currently seek to measure whether the activity of sirtuins is
similarly altered. This is more difficult to measure than is PARP1 activity as it requires
immunoprecipitating sirtuin targets and immunostaining with an acetyl-lysine antibody.
Furthermore, we would like to identify physiological consequences of this depletion, either in
macrophages or in vivo, especially in the spleen where we see a large effect. Previous studies have
depleted NAD*, e.g. with the NAMPT inhibitor FK866, for much longer periods of time (Cameron

et al., 2019; Halvorsen et al., 2015; Schilling et al., 2012; Van Gool et al., 2009; Venter et al.,
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2014). As the biologically-activated depletion which we have described is eventually reversed
through putative feedback mechanisms, its effects are likely less severe than are than are the effects
of longer term depletion.

One future direction of this work is to explore whether PARP14 has a role in regulating
NAD" levels under a high fat diet, which has previously been shown to suppress NAD" levels
relative to those in mice on a lean diet (Cant6 et al., 2012; Yoshino et al., 2011). In this study, I
have shown that palmitic acid causes such a depletion of NAD". It is plausible that similar
saturated fatty acids from a high fat diet induce inflammation via TLR signaling and PARP14
expression. Perhaps mice given PARP14 inhibitors or PARP14 knock-out mice are protected from
some of the detrimental effects of a high fat diet and metabolic syndrome.

Another future direction is research into improved PARP14 inhibitors, which has also been
a focus for other research groups (Holechek et al., 2018; Peng et al., 2017; Schuller et al., 2017;
Yoneyama-Hirozane et al., 2017). OUL35 was identified originally as a PARP10 inhibitor, with
off-target activity against PARP14 at micromolar concentrations (Venkannagari et al., 2016).
Worse, while OUL35 is sufficiently soluble in dimethyl sulfoxide for in vitro cell culture
experiments, it is scarcely soluble in any solvent amenable for in vivo studies. In order to deliver
it in sufficient concentrations, it had to be first dissolved in a solubilization agent, HP-f3-
cyclodextrin, with heat, as well as the thickening agent carboxymethylcellulose (CMC), to prevent
it from crashing out of solution. This insolubility limited the concentration at which it could be
delivered, and inclusion of the CMC made injection of a viscous solution difficult. To date, our
lab has made two analogs of OUL35 (synthesized by M. Parvez Alam). One such analog is slightly
less active against PARP14 than is OUL35, but still inhibits it in the micromolar range, and

importantly is soluble in cyclodextrin at twice the concentrations and without any need for CMC
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Figure 5.1: Activity of OUL3S5 analogs. (A) Structure of OUL35, (B) analog 1, and (C)
analog 2. (D) Effect of analogs on NAD" levels in LPS-treated RAW264.7 cells.
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(Figure 5.1). Development of PARP14 inhibitors with improved pharmacodynamic and
pharmacokinetic profiles would be of benefit for future in vivo studies and for potential translation
towards clinical indications.

We also showed that NRH is a remarkably effective small molecule NAD™ booster. It is
likely so because it is a synthetic metabolite and may not be governed by normal feedback and
clearance mechanisms, or because it is less polar than its natural analogs and therefore crosses the
cell membrane much more rapidly, perhaps even without the need for a transporter. While NRH
did not prove to be effective at preventing death from LPS-induced septic shock, such a potent

molecule may have beneficial effects in other disease models with less severe symptoms.

NAD" repletion and pan-sirtuin gene therapy in aged mice

In Chapter 3 of this dissertation, I discuss the implementation of an approach to test
combinations of potential longevity-promoting interventions in pre-aged wild-type mice. Using
AAV vectors, we overexpressed sirtuins 1-7, in combination with NAD"-boosting via NMN in the

drinking water. We observed that NMN protected from age-related weight loss and engendered a
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numerical extension in median and maximum lifespan. However, our study was not sufficiently
powered to detect a statistically significant difference in longevity of that magnitude. In another
cohort of mice in which we assessed aging-associated phenotypes, we observed an improvement
in multiple parameters of walking gait, and an increase in skeletal muscle mass relative to controls.
We did not report any interaction between sirtuin overexpression and NMN treatment for any of
the phenotypes we measured.

One possible reason for why we did not see larger effects from delivery of AAV vectors is
because while the serotype we utilized, AAV9, has a wider tissue distribution than other serotypes,
it nonetheless predominantly infects liver and heart (Zincarelli et al., 2008). Peripheral tissues,
which certainly contribute to healthspan and lifespan, may not have received a sufficient amount
of virus to engender physiological effects. Furthermore, we sought to test the effects of combining
expression of all seven sirtuins. While it would not be possible to assemble all seven on the same
vector, due to the genome size limit for AAV vectors to be packaged, in theory this would be a
more ideal approach. Unpublished data from our lab show that in vivo Yamanaka reprogramming
effects are much more apparent when factors are assembled on the same AAV vector than when
they are delivered on separate vectors (Lu et al., in preparation). Future studies which seek to test
the combinatorial effects of genes delivered by this approach should endeavor to combine them in
the same vector whenever possible.

One future direction of this research is to delve further into characterizing the sarcopenia-
like protection effect of the sirtuin overexpression at the cellular and molecular level. We may
examine the skeletal muscles by histology for fiber cross-sectional area, vascularization by CD31
staining, mitochondrial size by electron microscopy, mitochondrial copy number by PCR, gene

expression by qPCR, and markers of apoptosis and inflammation by qPCR and Western blot.
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Another future direction is to validate the putative NMN longevity effect. The sensitivity
in our study was decreased by our control mice, which had a slightly longer than expected lifespan,
and by the fact that we only began our study at 20 months of age. We are currently planning to
test NMN’s effects at a higher dose, beginning at 12 months of age. As NMN is a molecule of
great research and clinical interest, it is important to further establish its long-term effects on

healthspan and lifespan.

FRIGHT Age and AFRAID Score for age and life expectancy prediction from frailty

In Chapter 4 of this dissertation, I discuss the development of statistical models to infer
chronological age and mortality from quick, non-invasive assessments of frailty in aging mice. To
produce these models, we measured the parameters of the mouse frailty index (FI) longitudinally
in two naturally aging cohorts of wild-type mice. We then applied various machine learning
algorithms, trained to predict either chronological age or life expectancy. Our models for both
chronological age, termed FRIGHT age, and for mortality, termed AFRAID score, were relatively
accurate when analyzed on a per animal basis. FRIGHT age was also retrospectively able to detect
the effect of an intervention, enalapril treatment. However, the cross-versality of these models
was low — FRIGHT age did not predict mortality any better than did chronological age, while the
AFRAID score is more accurate when animals are older and closer to the end of their lifespans.

Future studies should consider measuring FI and applying these models prospectively. Not
only will this contribute valuable healthspan information, it will also help to judge the utility of
these models for detecting successful aging interventions at early points in time. Incorporation of

additional non-invasive biomarkers, especially non-invasive molecular biomarkers if they can be
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identified, may further increase the sensitivity and predictive ability of these models, with the goal

of developing more accurate biomarkers for biological age.

Metabolite-focused molecular biology

The major focus of this dissertation is the metabolite NAD": on dynamic changes in its
steady state levels in response to stimuli, on the enzymes that govern this regulation, on approaches
to modulate these levels, and on its biological effects. Research focused on a metabolite, rather
than on a gene or protein, poses unique challenges. Since the formulation of the central dogma of
molecular biology, many biochemical techniques have been developed to assess DNA, RNA, and
proteins, which can be applied to nearly any target. DNA and RNA techniques are especially
versatile since there is relative uniformity in polymers with only four building blocks; and protein
techniques are fairly well developed, given the existence of antibodies against a target with
satisfactory performance. However, there is much more diversity around the chemistry necessary
to measure and modulate metabolites. Mass spectrometry is the only truly versatile technique, yet
it is time consuming and expensive. Beyond this, any given metabolite will require unique assays
in order to measure its levels. Luckily in the case of NAD* and NADH, multiple assays have been
developed, including a very sensitive enzymatic assay, without which much of the research
described here would not have been practicable. In addition, further challenges are added when
measuring labile metabolites, and if one wishes to measure metabolic flux rather than steady state
levels.

Mechanisms to modulate a metabolite are also more individualized than those for a protein,
which can be overexpressed or knocked out with now standard molecular biology techniques.

Modulation of a metabolite generally cannot be done directly, and requires providing a cell-
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permeable, stable precursor (e.g. NRH or NMN), or inhibitor, or overexpressing an enzyme that
regulates that metabolite (e.g. NAMPT or PARP14). In spite of these challenges, research
continues to progress on the biology of endogenous small molecule metabolites, including but not
limited to NAD™, H,S, acetyl-coA, and 2-hydroxyglutarate, to name a few (Dang et al., 2009;
Hine etal., 2018; Mews et al., 2017). Further developments in techniques to measure and modulate
the diverse array of small molecules that inhabit a cell will likely open up new fields of

investigation in the future.

Aging as a disease

The unifying theme of this dissertation is on identifying novel mechanisms, interventions,
and biomarkers of aging. Although it is certainly valuable to investigate the aging process solely
for the benefit of human understanding, it would be a shame if this increased understanding did
not also contribute to the benefit of human health. While some previously FDA-approved drugs
like metformin and rapamycin seem to slow the aging process, to date no interventions discovered
by the aging field have yet to be translated to FDA-approved pharmaceuticals. This will hopefully
change in the coming decade as the aging field matures, yet candidate molecules will almost
certainly be approved to treat specific age-related indications, rather than for aging as a whole.
There are indeed vast regulatory and financial barriers to getting a drug approved for use in all
healthy individuals to slow all age-related diseases. Yet, the first barrier may be one of
imagination.

The concept of a drug to treat aging is still foreign for many in the medical field, because
aging is not considered a disease. As aging affects everyone, it is viewed as a natural process,

which it certainly is; but it is no more natural a process than dysregulated physiological states that
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are universally recognized as diseases. Ultimately, the question of ‘what is a disease’ is one of
semantics. The practical question is, if aging can be slowed, is it not a goal worth pursuing? From
the lens of natural selection, aging occurs as a byproduct of optimizing for growth and
reproduction, not as an end in itself. As humanity moves further into the 21% century, the older
among us ought not to suffer from age-related diseases needlessly due to an unquestioning
acceptance of the healthspans and lifespans bequeathed to us. Wider recognition of the fact that
the aging process is something which can be altered, and the translation of discoveries from the

lab to the clinic, will be of benefit to human health and welfare.
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