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Abstract

As we age, we accumulate DNA damage that results in the chronic activation of
PARP, a critical enzyme involved in the DNA repair process (Mouchiroud et al. 2013;
Gomes et al. 2013; Yoshino et al. 2013). Chronic activation of PARP leads to an age-
associated decline of nicotinamide adenine dinucleotide (NAD) and an increase in
nicotinamide (NAM), which inhibits critical enzymes such as the sirtuins, nicotinamide
phosphoribosyl transferase (NAMPT), and even PARP itself (Gomes et al. 2013; Zhu et
al. 2015; Zhang et. al. 2016). As a result, increased levels of PARP have been observed
in many chronic diseases such as diabetes, cancer, and neurodegenerative diseases (Love
et al. 1999; Kauppin and Swanson 2007; Pacher and Szabo 2005; Peralta-Leal et al.
2009). We were able to detect the upregulation of PARP and inhibition of the sirtuins in
the tissues of aged mouse kidneys. We then developed a DNA damage in vitro model
that mimics the increase of DNA damage markers that we observed in aged animals. In
this model, we were able to demonstrate that DNA damage drives an increase in markers
associated with senescence, inflammation, and fibrosis. This correlates with published
literature surrounding the development of age-associated diseases as well as the
occurrence of radiation-induced fibrosis in cancer patients (Serrano et al. 2014; Straub et
al. 2016). Recent studies in mouse in vivo models have shown the benefits of using
NAD-boosting therapies to improve or delay the onset of many age-associated diseases
(Belenky et al. 2007; Balan et al. 2008; Mouchiroud et al. 2013). We were able to
compare supplementation of a NAD precursor, Nicotinamide Riboside (NR), with P7C3,

a known NAMPT activator, in our in vitro DNA damage model. We observed that P7C3



was superior to NR to alleviate markers associated with DNA damage, senescence,

inflammation and fibrosis in the context of increased DNA damage.
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Chapter |

Introduction

It has been well documented that DNA damage accumulation with age or
pathology leads to development of chronic inflammation, fibrosis, and eventual decline in
tissue function (Lopez-Otin et. al. 2012; Serrano et. al. 2014; Vijg et. al. 2017). In
normal healthy tissue, cells that are exposed to DNA damage undergo senescence where
they stop dividing and trigger the release of cytokines and other pro-inflammatory
signals. This senescent-associated secretory phenotype (SASP) response acts as a signal
to recruit macrophages directly to senescent cells, allowing these cells to be cleared and
the damaged tissue to regenerate (Campisi 2013; Kuilman and Peeper 2009). However,
upon persistent damage, age, or disease, senescent cells accumulate more quickly than
they can be cleared, resulting in the chronic upregulation of inflammation and eventual
development of fibrosis in damaged tissue (Munoz-Espin and Serrano 2014) (Figure 1).
Therefore, efforts to improve DNA repair capacity and target senescent cells have
exhibited therapeutic potential to delay the onset of fibrosis and other age-associated

diseases.

Why NAD?

Many reports link the accumulation of DNA damage to an age-related decline in

nicotinamide adenine dinucleotide (NAD) levels (Gomes et. al. 2013; Zhu et. al. 2015;



Zhang et. al. 2016). While NAD is known as an essential cofactor that drives cellular
metabolism, it is also the substrate for key enzymes involved in the DNA repair process,
the PARPs and sirtuins. These NAD-consuming enzymes play a vital role in many
biological processes, including maintaining genomic stability, mitochondrial metabolism,
and stress resistance (Lopez-Otin et. al. 2012; Vijg et. al. 2017). Due to the integral role
of these enzymes in improving life and health span, many recent studies have shown the
benefits of using NAD-boosting therapies to activate these enzymes as a means to delay
the onset of aging and age-related disorders (Belenky et. al. 2007; Balan et. al. 2008;

Mouchiroud et. al. 2013).

NAD is primarily synthesized through the NAD-salvage pathway through its
precursors: nicotinic acid (NA), nicotinamide (NAM), nicotinamide mononucleotide
(NMN), and nicotinamide riboside (NR) (Hottiger and Hassa 2008). Once NAD is
generated in the cell, it is consumed by both sirtuins and PARPs, releasing NAM as a
byproduct (Hottiger and Hass 2008; Fang et. al. 2016). Upon persistent DNA damage
with age, PARP enzymes become chronically upregulated leading to a depletion of NAD
and an increase in levels of NAM (Mouchiroud et al. 2013; Gomes et al. 2013; Yoshino
et al. 2013). As a result, the imbalance of NAD and NAM levels has been shown to
inhibit SIRT1 through competitive binding between NAD and NAM at a particular
binding pocket on SIRT1 (Bitterman et. al. 2002). Therefore, it is believed that boosting
levels of NAD would restore the substrate required for the sirtuins and PARPs to

maintain their role as guardians of the genome.



The Role of Sirtuins on DNA Repair and Maintenance

The sirtuins are a family of histone deacetylases (HDACs) that consume NAD in
order to regulate the activity of target proteins involved in essential cellular processes.
There are seven known sirtuins. They all share a common core domain, but differ
structurally on their N and C terminus (Frye et al. 2000). They also differ in their sub-
cellular localization, which allows the sirtuins to have both unique and overlapping
protein targets as well as biological functions. SIRTI, the most well studied sirtuin, is
located in the nucleus and is known to target important proteins involved in cellular stress
response (e.g. p53, Nf-kB, and PARP1) and mitochondrial health (e.g. PGCla) (Meyer at
al. 2017; Yeung et al. 2004); Vaziri et al. 2001; Rodgers et al. 2005) . SIRT?2 is located
in the cytoplasm and has been reported to regulate gene expression by deacetylating
transcriptional regulators (North et al. 2007). SIRT3, 4, and 5 are all located in the
mitochondria and play an integral role in oxidative stress (Ahuja et al. 2007; Jeong et al.
2013; Zhang et al. 2015; Rardin et al. 2013). Finally, SIRT6 and 7 are nuclear sirtuins.
SIRT6 in the only reported sirtuin to increase lifespan in mice and has shown to play a

vital role in heterochromatin maintenance and DNA repair capacity (Mao et al. 2011).

The plethora of data surrounding the benefits of sirtuin gain of function and
activation on many metabolic and age-related disorders has reignited interest in NAD and
potential therapies that could boost NAD levels. As previously stated, NAD is primarily
synthesized through the salvage pathway by its precursors NA, NMN, and NR (Hottiger
and Hassa 2008). NA has been reported to increase NAD levels and improve genome

stability in mice (Burkle et al. 2017). However, patients administered NA for the



treatment of cardiovascular diseases experienced uncomfortable flushing (Altschul et al.
1955). NMN has also been shown to activate SIRT1 and long-term administration
mitigates an age-associated decline in energy metabolism, lipid metabolism, and insulin
sensitivity (Mills et al. 2016). However, NMN must first be converted to NR through a
dephosphorylation step that is executed by NRK1/2 in order to enter the cell and then
converted back to NMN to be utilized in the NAD salvage pathway (Belenky et al. 2007)
(Figure 2). Therefore, one of the most promising reported NAD-boosting therapies is the

direct administration of NR.

NR as a potential therapy for Age-Related Disorders

The number of studies investigating NR supplementation as an effective NAD-
boosting therapy has grown rapidly. The only FDA approved supplement of NR, known
as Niagen®, is owned by ChromaDex Inc. and its benefits are currently being assessed
through human clinical trials for diabetic neuropathy, heart failure, hypertension,
concussions, and other various age-related indications. ChromaDex claims that Niagen®
can restore NAD levels in the human body after only 8 weeks of administration and
recently sponsored a study with the National Institute on Aging for Niagen®
administration in a mouse model for Cockayne Syndrome (CS) (Bohr et. al. 2014).
While metabolic deficiencies associated with accumulated DNA damage typically occur
over decades, patients with CS lack normal DNA repair machineries causing them to
display signs of premature aging and a shortened lifespan. In this mouse study, NR

treatment was reported to boost NAD and ATP levels and restore RNA transcription



compared to untreated CS mice (Bohr et al. 2014). Numerous other publications have
also described the beneficial effects of NR treatment, particularly in animal models for
type II diabetes, hearing loss, cardiac injury, and muscle degeneration (Canto et al. 2012;
Brown et al. 2014; Trammel et al. 2016; Ryu et al. 2016) . While the results in these
age-related indications look incredibly promising, there is a lack of data demonstrating a
direct link between NR supplementation to sirtuin activation and improved DNA repair

capacity.

P7C3 as an Alternative to NAD precursors

In addition to supplementation with a NAD precursor, pharmacological
intervention with small molecules have proven to be an alternative approach to boost
NAD levels. In an attempt to find a novel neuroprotective small molecule, McKnight et.
al. discovered P7C3-A20, an aminopropyl carbazole that exhibited beneficial effects in a
rodent model of Parkinson’s disease (Pieper, A.A. et. al. 2014). Upon further
investigation, McKnight’s team discovered that the target of P7C3-A20, was
nicotinamide phosphoribosyl transferase (NAMPT), the rate limiting enzyme in the NAD
salvage pathway (McKnight et. al. 2014). NAMPT is responsible for generating NMN
from NAM, thereby playing a predominant role in maintaining NAD levels (Figure 2).
Quickly after its discovery, P7C3-A20 was reported to increase NAD levels and protect
against doxorubicin-induced DNA damage in cells (Wang et. al. 2014). Administration
of P7C3-A20 in rodents exhibited pro-neurogenic and neuroprotective effects on mature
neurons (Wang et. al. 2018; Wang et. al. 2017). Additionally, treatment with this small
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molecule has shown a protective benefit in rodents against spinal cord injury and
ischemic stroke as well as antidepressant effects by increasing hippocampal neurogenesis
(Miao et. al. 2016; Hu et. al. 2019; Zigman et. al. 2015). Therefore, treatment with
P7C3-A20 could prove to be a potential therapy to protect against DNA damage and

delay the onset of various age-related disorders.

Research Aims, Goals, and Hypothesis

The goal of our study is to compare mechanisms of NAD-boosting therapies to
improve DNA repair capacity and counter regulate markers associated with disease
progression in age. We hypothesize that, in the context of DNA damage, NR and P7C3
administration can increase NAD levels, resulting in SIRT activation, improvement in
DNA repair capacity, and modulation of markers associated with DNA damage,

senescence, inflammation, and fibrosis.

Specific Aim 1: Assess the activity of DNA repair enzymes and dysregulation of
metabolites associated with the NAD salvage pathway in the tissues of young and aged

animals.

Methods: Monitor differences in post-translational modifications of DNA repair
enzymes by western blot and measure age-associated metabolite changes in the

NAD salvage pathway.



Expected Results: There will be a decrease in the activity of DNA repair
enzymes resulting in DNA damage accumulation as well as an imbalance

in metabolites associated with the NAD salvage pathway.

Specific Aim 2: Compare whether NR and P7C3 can modulate the activities of DNA
repair enzymes, improve DNA repair capacity, and counter regulate genes associated

with senescence, inflammation, and fibrosis in the context of DNA damage in vitro.

Methods: Monitor differences in post-translational modifications of DNA repair
enzymes by western blot and transcriptional changes of pathways related to DNA

repair capacity by RT-qPCR.

Expected Results: Both NAD-boosting therapies will activate the sirtuins

and improve DNA repair capacity in the context of DNA damage.



Chapter I1

Materials and Methods

Animals

Two sets of animal cohorts were used in this study. The first animal cohort
consisted of a total of 16 C57BL/6N mice aged 6 and 27 months (n=8 per group) from
Jackson Laboratories and were used for western blots and metabolite analysis. The
second animal cohort consisted of 15 C57BL/6J mice aged 6 and 24 months (n=8 and 7,
respectively) from Jackson Laboratories and were used for metabolite analysis. The
kidneys from both cohorts were dissected and flash frozen in liquid nitrogen upon
takedown. Samples were stored at -80°C until use. Kidney samples were pulverized in

liquid nitrogen by mortar and pestle into a fine, homogenous powder and stored at -80°C.

Western Blot Analysis of Aged Mouse Kidneys

For protein extractions, 30mg of pulverized mouse kidney samples were weighed
in 1.5mL Precellys® tubes with 1.4mm beads and homogenized at 4°C in RIPA lysis
buffer with Halt® Protease and Phosphatase inhibitor cocktail (Thermo Fisher Scientific,
MA). Following a 30-minute incubation at 4°C, protein lysates were microcentrifuged in
1.5mL Eppendorf® tubes and the supernatants were collected for protein analysis.

Protein concentrations were determined by a bicinchoninic acid (BCA) protein assay



(Thermo Fisher Scientific, MA). Diluted proteins were separated by SDS-PAGE using a
4-20% Criterion TGX Precast Midi Protein Gel (Bio-Rad, CA) and transferred to a
nitrocellulose membrane by use of a Trans Turbo Blot system (Bio-Rad). Membranes
were blocked with 5% milk in Tris-buffered saline with Tween-20® (TBS-T) for 1 hour
at room temperature and were incubated with primary antibodies overnight at 4°C. The
following day, membranes were washed three times with TBS-T and incubated with the
appropriate HRP-conjugated secondary antibodies (Thermo Fisher Scientific) for 1 hour
at room temperature. The following primary antibodies were used at a 1:1000 dilution:
GAPDH (Cell Signaling #2188S), Acetyl-P53 (K382) (Thermo #710294), PAR (ENZO
#BML-SA216-0100), and PARP (Cell Signaling #9542S). The following secondary
antibodies (Thermo Fisher Scientific) were used at a 1:5000 dilution: Goat anti-Mouse
IgG (H+L) Secondary Antibody, HRP (#31430) and Goat anti-Rabbit (H+L) Secondary

Antibody, HRP (#31460).

Metabolite Analysis in Young and Old Mouse Kidneys

For metabolite analysis, 5-10mg of young and old mouse kidney tissue were
weighed in 1.5mL Precellys® tubes with 1.4mm beads and homogenized at 4°C in 400ul
of cold 80:20 Methanol/Water by use of a Precellys® 24 Tissue Homogenizer (Bertin
Instruments, France). After homogenization, the samples were frozen overnight at -80°C.
The following day, the samples were transferred to a 1.5mL Eppendorf® tube, micro-
centrifuged at 4°C at 12,000 rpm for 15 minutes, and supernatants containing metabolites
were transferred to a 96 well plate for Mass Spectrometry analysis.

9



Equal volume of internal standards were added to each sample. In this study, the
internal standard solution was a methanol solution of stable isotope labeled NAM and
NAD (0.2 uM each). Depending on the sample concentrations, 0.5 to 1 pL of the sample
and internal standard mixed solution were injected into a LC/MS system that is composed
of an LC (iClass UPLC from Waters) coupled to a mass spectrometer (6500 QTrap from
AB Sciex). The separation was carried out in a HILIC mode using a 150x2.1mm column
(ZIC HILIC from Merck Sequent). A binary gradient was used for elution with
acetonitrile and 10mM ammonium acetate in water added with acetic acid to 0.1% (v/v).
The mass spectrometry detection and quantification used multiple reaction monitoring.
NAD and NAM were identified by matching retention time with their corresponding
heavy isotope labeled standards and absolute concentrations were quantified when
possible. For all other metabolites, signals were normalized to heavy isotope labeled

NAD. No attempts were made to calculate absolute concentrations.

DNA Damage induced in-vitro validation

In order to determine the IC50 of Doxorubicin in U20S cells, U20S cells
(ATCC, VA) were plated at 2,000 cells/well in a 384-well white plate (Thermo Fisher
Scientific). The next day, cells were dosed in triplicate at a starting final concentration of
50uM in a 16-point dose response by use of an Echo Acoustic Liquid Handling Dispenser
(Labcyte Inc, CA). Treated cells were incubated for 72 hours. Cell viability was
determined using a Cell Titer Glo® readout (Promega, WI) by an Envision® Plate
Reader (PerkinElmer, MA) for luminescence.

10



For western and RT-qPCR assays, U20S cells were plated on 10cm plates at 1.3 x
10° cells per well. The following day, cells were dosed with 0.5uM of Doxorubicin
(Tocris Bioscience #25316-40-9) either alone or in combination with Nicotinamide
Riboside (Cayman Chemical #23132), P7C3-A20 (Novartis), Ex527 (Sigma #E7034), or
SirReal2 (Tocris #5457). U20S cells were also treated with DMSO (Millipore Sigma
#D2660) alone as a control. After 24 hours of treatment, cells were harvested for protein

or RNA extractions.

RNA-Seq Analysis of U20S cells treated with Doxorubicin

For RNA-seq, U20S cells were plated at 250,000 cells per well in a 6 well plate.
The following day, cells were treated with either DMSO or 0.5uM Doxorubicin (n=3 per
treatment). After 24 hour treatment, U20S cells were washed with PBS and RNA was
processed using a miRNeasy Mini Kit (QIAGEN) according to the protocol. The RNA
concentration was quantified using NanoDrop Spectrophotometer (NanoDrop
Technologies) and the integrity was validated by the OD260/0D280 absorption ration
(>1.8). Samples were sequenced at Novartis Institute of Biomedical Research
(Cambridge, MA) using Illumina HiSeq 4000 with alignment performed using EQP v2.3

and the NIBR Genome Reference system.

Read pairs were mapped to the Homo sapiens genome (GRCh38) and custom
human genome, gene transcripts, and exon-exon junction fasta files derived from

Ensembl (v76) using Exon-Quantification Pipeline (EQP) version 2.3. Average of
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97.84% of total reads mapped to genome, transcript, or exon-exon junctions with 88.84%
mapping to expressed reads. Aligned reads were used to calculate counts for gene, exon,
and junctions based on Ensembl gene IDs (v90). Counts were converted to Transcripts
Per kilobase Million (TPM) for downstream analysis. Differential expression analysis
was performed on TPM values in R using edgeR and limma packages. Differential
expression analysis for each contrast were calcualted using empirical Bayes moderate-t p-
values with a minimum fold change of log2(2). Top adjusted p-values (Benjamini-
Hochberg method adjusted for the number of genes per contrast) were extracted. Gene-
set enrichment with Gene Ontology (GO) terms was performed using limma goana. GO

terms were collected from GO.db R package (version 3.7.0).

Western Blot Analysis of U20S cells with NAD-Boosting Compounds

For protein extractions, treated U20S cells were washed with PBS and lysed at
4°C in RIPA lysis buffer with Halt® Protease and Phosphatase inhibitor cocktail
(Thermo Fisher Scientific). Following a 30-minute incubation at 4°C, protein lysates
were microcentrifuged in 1.5mL Eppendorf® tubes and the supernatants were collected
for protein analysis. Protein concentrations were determined by a bicinchoninic acid
(BCA) protein assay (Thermo Fisher Scientific, MA). Diluted proteins were separated by
SDS-PAGE using a 4-20% Criterion TGX Precast Midi Protein Gel (Bio-Rad) and
transferred to a nitrocellulose membrane by use of a Trans Turbo Blot system (Bio-Rad).
Membranes were blocked with 5% milk in Tris-buffered saline with Tween-20® (TBS-T)

for 1 hour at room temperature and were incubated with primary antibodies overnight at
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4°C. The following day, membranes were washed three times with TBS-T and incubated
with the appropriate HRP-conjugated secondary antibodies (Cell Signaling) for 1 hour at
room temperature. The following primary antibodies were used at 1:1000 dilution:
GAPDH (Cell Signaling #2118S), Acetyl-P53 (K382) (Cell Signaling #2525S), Total P53
(Calbiochem #OP43L), YH2AX (Thermo #MA1-2022), and Total H2AX (CST #7631S).
The following secondary antibodies (Thermo Fisher Scientific) were used at 1:5000
dilution: Goat anti-Mouse IgG (H+L) Secondary Antibody, HRP (#31430) and Goat anti-

Rabbit (H+L) Secondary Antibody, HRP (#31460).

RT-qPCR Analysis of U20S cells with NAD-Boosting Compounds

Treated U20S cells were washed with PBS and RNA was processed using a
miRNeasy Mini Kit (QIAGEN) according to the protocol. Total RNA concentrations and
quality were quantified using a NanoDrop™ spectrophotometer (NanoDrop™
Technologies, DE). cDNA was synthesized using 500ng total RNA by use of iScript™
cDNA synthesis kit (Bio-Rad). Once cDNA was synthesized, samples were diluted 1:10
in Ultra Pure distilled RNase-free water (Thermo Fisher Scientific). TagMan® Fast
Advanced Master Mix (Thermo Fisher Scientific) was used for all RT-qPCR assays in a
384-well optical plate format. Reactions were performed using a ViiA 7 RT-qPCR
system (Thermo Fisher Scientific) and data analyzed by the threshold cycle (AACCr)
method. The following human TagMan® probes (Thermo Fisher Scientific) were used:
Cdknla (Hs00355782 _ml), Cdkn2a (HS00923894 ml), IL6 (HS00174121 ml), IL10

(Hs00961622_m1), IL1b (Hs01555410 m1), Gadd45a (Hs00169255 m1), Myc

13



(Hs00153408 m1), PUMA (Hs00248075 m1), TIGAR (Hs00608644 m1), SIRT1
(Hs01009006_m1), SIRT2 (Hs01560289 m1), NMRK1 (Hs00944470 m1), NMRK2
(HS01043681 m1), NAMPT (Hs00237184 m1), GDF15 (Hs00171132_m1), Col10al
(Hs00166657 m1), NODAL (Hs00415443 m1), and Col6A5 (Hs00977391). All probes

were multiplexed with GAPDH (Hs02786624 g1) as a housekeeping gene.

Statistics

Statistical significance was determined using GraphPad Prism 7.04 software by an

unpaired Student’s ¢ test. All data are presented as a mean with standard error.

14



Chapter I11

Results

DNA Damage and the NAD salvage pathway in vivo

The first goal of our study was to determine whether we could detect increased
DNA damage in the tissues of aged animals. We were able to observe changes in post-
translational modifications on PARP and P53 as readouts for the activity of DNA repair
enzymes (Figure 3). PAR is a readout for the activity of PARP proteins, which are a
family of enzymes in the nucleus that detect single stranded DNA breaks (Neuhaus et. al.
2015). Once PARP detects these breaks, it utilizes NAD to modify itself by the addition
of poly-ADP ribose (PAR) chains. This modification acts as a signal to recruit other
members of the DNA repair machinery to sites of DNA damage (D’ Amours et al. 1999;
Krishnakumar and Kraus 2010). Acetyl-P53 (K382) is a readout for both sirtuin activity
and the upregulation of the P53 pathway. Normally P53 is degraded in the cell by the
ubiquitin ligase MDM2. Upon various forms of cellular stress, like DNA damage, P53
becomes phosphorylated and acetylated at specific residues to block MDM2 binding and
stabilize the protein (Schwartz and Rotter 1998). Stabilization of P53 stimulates
transcription of downstream targets and halts the cell cycle in order for damaged DNA to
be repaired. SIRT1 and SIRT2 are known to deacetylate Acetyl-P53 (K382) in order to
regulate P53 activity (Kouzarides et. al. 2002). We were able to observe a significant
increase in PAR and Acetyl-P53 (K382) in 27-month old mouse kidneys compared to 6-
month old mice. This detectable increase in DNA damage with age aligns with

15



publications suggesting that the chronic activation of PARP leads to an impairment in
sirtuin activity due to changes in NAD and NAM levels. Total PARP and GAPDH levels

were not significantly different between young and aged animals.

In order to link the imbalance of DNA repair enzymatic activity to the reported
decline in NAD levels with age, we measured changes in metabolites associated with the
NAD salvage pathway (Figure 2). Levels of NAD, NADH, and SAM were significantly
lower in both cohorts of aged animals (Figure 4). While NAM and NMN levels remained
unchanged between young and aged animals, 1-Me-NAM was significantly upregulated
in aged animals in Cohort 2. These results confirm the association of increased DNA
damage in aged animals with the dysregulation of metabolites within the NAD salvage

pathway.

DNA damage-induced in vitro model of Disease Progression

Next, we wanted to develop a DNA damage-induced in vitro model to determine
whether we could mimic the increase of DNA damage markers that we observed in aged
animals. Following in the footsteps of the McKnight lab who discovered P7C3, a small
molecule that activates NAMPT, we dosed U20S cells with sub lethal doses of
Doxorubicin to initiate DNA damage. We then profiled these cells by RNA-seq and
identified pathways associated with DNA damage and senescence (Figure 5). Genes
associated with cell cycle arrest and DNA repair such as Cdknla, DDB2, RADS51C,
BTG2, FAS, and SUSD8 were significantly upregulated with Doxorubicin treatment
compared to DMSO treated control cells (Broustas and Lieberman 2014; Wood et al.
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2001). A number of genes associated with the upregulation of the P53 pathway were
expressed including Gadd45a, Bbc3, MDM?2, Gpr87, TIGAR, SES1, SES2, TP53, and
RR2B (Fisher 2017). We then decided to search for genes associated with a SASP or pro-
inflammatory response and confirmed the upregulation of EPN3, STAT4, RELB,
TNFAIP3, SULF2, CYP4F3, IL7R, TLR3, ICAM1, CCL4, TRAF1, IGFBP2, and
BCL2ALI as a result of Dox-induced DNA damage (Coppe et al. 2010) (Figure 6).
Finally, and perhaps more remarkably, we observed a significant upregulation of genes
associated with fibrosis. A number of these genes were related to collagen production
including COL17A1, COL27A1, COL6AS, COL19A1, COL10A1, COL25A1, COL9AL1,
COL7A1, COLCA1, and COL20A1 (Wei et al. 2017; Cox et al. 2013; Egebald et al.
2010). Likewise, some well-known fibrosis markers were upregulated in this model
including GDF15, ACTA2, TSPANI11, TGFA, NODAL, Serpinel, and TMEM173
(Zhang et al. 2019; Alsafadi et al. 2017; Biernacka et al. 2011; Qiu et al. 2017). This
transcriptional cascade effect in our cellular model gave us confidence that this system
could not only mimic an age-associated increase in DNA damage markers, but also give
us insight into whether published compounds reported to improve DNA repair capacity

could counter regulate many of these age-associated genes.

Benefits of NAD-boosting therapies on SIRT activity and DNA repair capacity

Next, we wanted to directly compare the benefits of NR supplementation to the
activation of NAMPT by P7C3 administration in our cellular DNA damage model. As
previously described, the conversion of NR to NMN in the cell is initiated by the
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phosphorylation of NR by NRK1 and NRK?2 (Ratajczack et al. 2016). In order to
confirm that Nicotinamide Riboside could be utilized by U20S cells, NRK1 and NRK?2
transcription levels were measured by RT-qPCR. NRK 1, NRK2, and NAMPT
transcription levels were expressed in U20S cells and were not significantly altered by

Doxorubicin treatment compared to DMSO treated cells (Figure 8).

Since we knew that Doxorubicin treatment increased markers associated with cell
cycle arrest, we wanted to determine whether cotreatment with these compounds could
improve cell viability. We coadministered U20S cells with Doxorubicin and either NR
or P7C3 in 16-point dose response for 72 hours using Cell Titer Glo® as our readout for
cell viability. Nicotinamide Riboside did not significantly improve ATP or cell viability
whereas P7C3 increased cell viability at doses that ranged between 0.2 and 25uM (Figure
9). We hypothesize that P7C3 demonstrates a bell-shaped curve for cell viability as it

may exhibit toxicity at SO0uM.

Benefits of NAD-boosting therapies on transcriptional markers associated with DNA-

damage induced Disease Progression

Next, we wanted to determine whether NR or P7C3 could improve sirtuin activity
or increase DNA repair capacity in our DNA damage model. We cotreated U20S cells
with Doxorubicin and either NR or P7C3 for 24 hours (Figure 10). We then detected and
quantified levels of Acetyl-P53 (K382) as a readout for sirtuin activity and yH2AX as a

readout for double stranded DNA breaks. All three doses of P7C3 demonstrated a
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modest decrease in acetylation of P53 (K382), total P53, YH2AX (Ser139), and total
H2AX suggesting activation of the sirtuins and an improvement in DNA repair capacity.
On the other hand, NR treatment seemed to have no beneficial effect SIRT activity and

exhibited a modest decrease in YH2AX and Total H2AX levels at S00uM.

In order to confirm that the benefits of P7C3 on Acetyl-P53 (K382) were driven
by the activation of the sirtuins, we treated U20S cells in our DNA damage assay with
Doxorubicin, P7C3 and either a SIRT1 (Ex527) or SIRT2 inhibitor (SirReal2) (Figure
11). We confirmed that P7C3 treatment leads to a modest reduction in Acetyl-
P53(K382). Administration of a SIRT1 inhibitor increased the acetylation of P53 (K382)
two-fold; however, P7C3 was still able to modulate Acetyl-P53 (K382) when cotreated
with a SIRT1 inhibitor. On the other hand, coadministration of a SIRT2 inhibitor and
P7C3 blocked the P7C3-associated decrease in Acetyl-P53 (K382), suggesting that P7C3

may increase NAD levels and act on P53 through SIRT2 activation.

Finally, we wanted to determine whether P7C3 or NR administration could
counter regulate genes associated with DNA damage, senescence, inflammation and
fibrosis that we identified from our RNA-seq data analysis. Cdknla (p21) and Cdkn2a
(p16) are common markers associated with cell cycle arrest and replicative senescence,
respectively (Collado and Serrano 2010). NR increased levels of p21 and had a modest
effect on p16 levels at 500uM treatment (Figure 12). P7C3 had no effect on p21, but
significantly downregulated expression of p16. Next, we chose to examine expression
levels of Gadd45a, PUMA, TIGAR and Myc, which are DNA damage markers
downstream of the P53 pathway (Green and Chipuk 2006) (Figure 12). P7C3 counter

regulated all of these markers associated with P53 activation whereas NR administration
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exhibited no detectable changes. While P7C3 exhibited a modest change in Acetyl-P53
(K382) levels, this change resulted in significant downregulation of genes associated with
senescence and the P53 pathway. These results correlate with our Cell Titer Glo® assay

where P7C3 was able increase ATP levels and improve cell viability.

Next, we assessed the expression of markers associated with a pro-inflammatory
response (Figure 13). Both NR and P7C3 increased IL6 transcription; however, P7C3
significantly reduced levels of IL10 and IL1b in a dose-dependent manner. Finally, we
examined the expression levels of GDF15, Col10al, NODAL, and Col6a5 as markers
associated with fibrosis (Figure 14). P7C3 counter regulated transcription levels of
GDF15, Coll0al, and NODAL. NR had no effect of GDF15, Col10al, or Col6a5, but
significantly reduced transcription levels of NODAL at 500uM. Through this dataset, we
observed that NAMPT activation by P7C3 was superior to NR supplementation regarding
the counter regulation of genes associated with DNA damage, senescence, inflammation

and fibrosis.

In addition to looking at these DNA damage-related transcriptional changes, we
measured the expression levels of SIRT1, SIRT2, NAMPT, NRK1, and NRK2 in order to
determine whether NR and P7C3 modulated expression of these enzymes (Figure 15).
Relative expression levels of SIRT1 and NAMPT did not change with administration of
NR or P7C3. However, both NR and P7C3 significantly upregulated SIRT2 and NRK 1
transcription levels. While there are no publications confirming that NR and P7C3
modulate these genes, we hypothesize that NRK1 transcription may increase as a result of
increased levels of NR to be utilized by the cell. However, it is unclear why NR would

upregulate SIRT2 expression considering NR did not deacetylate Acetyl-P53 (K382). On
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the other hand, perhaps P7C3 increases SIRT2 expression as a consequence of increasing
SIRT?2 activity; however, there are no published reports demonstrating that increased
Sirt2 activity affects Sirt2 transcription or data suggesting that P53 modulation directly
affects SIRT2 transcription. Future work should be done to determine why P7C3 would

increase NRK1 and SIRT?2 transcription.
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Chapter IV

Discussion

Significance of Results

DNA damage accumulation has been linked to an age-related decline in NAD
levels leading to the progression of many age-related pathologies (Gomes et. al. 2013;
Zhu et. al. 2015; Zhang et. al. 2016). We were able to observe an upregulation of PARP
activity and inhibition of the sirtuins through the P53 pathway in the kidneys of aged
mice (Figure 3). As previously mentioned, in states of increased or persistent DNA
damage, PARP has a higher affinity for NAD causing it to be chronically upregulated
(Mouchiroud et al. 2013; Gomes et al. 2013; Yoshino et al. 2013). As a result, chronic
activation of PARP leads to a depletion of NAD and an increase in NAM, causing sirtuin
inhibition and an impairment in DNA repair capacity. We were able to capture a
significant reduction in NAD and NADH metabolite levels in aged mouse kidneys
compared to their young counterparts (Figure 4). Interestingly, while NAM levels did
not change between young and aged animals, one animal cohort exhibited a significant
increase in 1-Me-NAM. We hypothesize that this difference between animal cohorts as
well as the overall differences in metabolite levels is indicative of the natural variability
within aging. These results are in line with publications demonstrating that small
changes in these metabolites can have profound impacts on cellular processes that rely on
the NAD salvage pathway (Gomes et. al. 2013; Zhu et. al. 2015; Zhang et. al. 2016). The

observed increase in 1-Me-NAM along with a reduction in the universal methyl donor,
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SAM, suggests that elevated levels of NAM levels may be captured through the increase
of 1-Me-NAM as a means to export excess NAM out of the cell (Figure 2). This
observed decrease in NAD and increase in 1-Me-NAM may explain why we can detect
increased levels of PARP activity at the same time that we can detect decreased levels of

sirtuin activity.

Following these observations in aged animals, we were able to generate a DNA
damage in vitro model by dosing U20S cells with sub lethal doses of Doxorubicin. Not
only were we able to detect an increase in Acetyl-P53 (K382) and yYH2AX levels with
Dox-treatment (Figure 10), we were also able to capture the upregulation of genes
associated with DNA damage, senescence, inflammation, and fibrosis (Figures 5-7). This
model correlates with published literature surrounding the development of age-associated
diseases as well as the occurrence of radiation-induced fibrosis observed in cancer

patients (Serrano et. al. 2014; Straub et. al. 2016).

Using this cellular system for DNA damage, we were able to directly compare the
mechanisms of NR supplementation to NAMPT activation through P7C3 administration.
P7C3 was able to improve cell viability, increase sirtuin activity, and improve DNA
repair capacity (Figure 9 and 10). We then confirmed that the benefits of NAMPT
activation on sirtuin activity could be blocked by cotreatment with a SIRT2 inhibitor
suggesting that P7C3 can increase NAD levels and activate SIRT2 (Figure 11). These
modest changes in sirtuin activity with P7C3 administration resulted in the significant
counter regulation of genes associated with increased senescence, P53 upregulation, pro-
inflammatory response, and fibrosis (Figures 12-14). On the other hand, while NR

supplementation exhibited a modest decline in YH2AX levels, Total H2AX and p16
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expression at high doses, NAMPT activation with P7C3 was superior to NR

supplementation to improve DNA repair capacity in a model of increased DNA damage.

Study Limitations

One major research limitation of this study is whether our Doxorubicin-induced
DNA damage system can be reflective of what is happening in an aged system.
Typically, DNA damage causes impaired cells to become senescent, resulting in the
recruitment of immune cells that try to clear away the senescent cells and regenerate the
tissue. This SASP response becomes dysregulated with aging leading to fibrosis and
tissue dysfunction. This crosstalk between multiple cell types is very difficult to recreate
in an in vitro setting; therefore, future work would be needed to compare the observed
cascade effect of our DNA damage model to a time course model of aging or a particular

disease state.

Another limitation of this study is whether our DNA damage assay exhibits the
same effects on metabolites in the NAD salvage pathway as we observed in aged
animals. In the future, we should determine whether Doxorubicin treatment alters NAD,
NAM, and other metabolites relevant to sirtuin activation and DNA repair capacity.
Once that work is completed, it would be beneficial to compare how P7C3 and NR

administration modulate these metabolites directly.

Finally, it is unclear from our results whether the benefits of P7C3 increase NAD

or increase SIRT?2 transcription levels. Based on our data, we know that a SIRT2
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inhibitor blocks the benefits of P7C3 on Acetyl-P53 (K382) and treatment with P7C3
increases SIRT2 transcription (Figures 11 and 15). One hypothesis suggests that P7C3
could directly increase SIRT2 transcription and therefore improve its activity.
Alternatively, P7C3 could increase NAD pools in the cytoplasm, leading to the activation
of SIRT2 and an increase in its transcription levels. While the McKnight lab was able to
demonstration that NAMPT is the target of P7C3, we hope future work will confirm this

mechanism in our assays.

Future Research Directions

Research building on these results should focus on why the mechanism of P7C3 is
superior to NR administration at improving cell proliferation, sirtuin activation, and DNA
repair capacity in the context of increased DNA damage levels. While NR treatment
directly increases levels of NAD, P7C3 is a small molecule that activates NAMPT to
convert NAM to NMN. In our in vitro model for DNA damage, NR administration does
not seem to improve cell proliferation, activate the sirtuins, or enhance DNA repair
capacity. However, the mechanism of P7C3 to utilize and recycle NAM pools back
through the NAD salvage pathway seems to have beneficial effects on not only SIRT
activity and DNA repair capacity, but also to counter regulate genes associated with
senescence, inflammation and fibrosis. DNA damage leads to increased activation of
DNA repair enzymes, causing a depletion of NAD and an increase in NAM. As we
observed in aged animals, the increase in 1-Me-NAM suggests a need to export increased

levels of NAM out of the cell due to the chronic upregulation of PARP (Pissios 2017).
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Many publications surrounding NR supplementation discuss the benefits of boosting
NAD and use increased levels of NAM as a beneficial marker for the upregulation of
DNA repair enzymes. However, it is clear from our results that NR administration may

actually impair sirtuin activity and DNA repair capacity.

Conclusion

I hypothesized that both Nicotinamide Riboside and P7C3 would have beneficial
effects on sirtuin activation, DNA repair capacity, and markers associated with disease
progression in the context of high DNA damage. It is clear from our results that P7C3
was superior to NR to activate the sirtuins and improve DNA repair capacity. The results
of the study suggests that there may be consequences to administer NR in the context of
high levels in DNA damage, particularly in age-related indications where increasing

NAM levels may effect sirtuin activity and DNA damage response.
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Appendix

Damage and

developmental cues Recruitment Clearance

Regeneration

@) Functional cell
Senescent cell

o6 Cytokines, chemokines and

1 Senescence accumulation
@4 matrix remodelling factors (SASP)

2 Chronic inflammation

Macrophage 3 Fibrosis

E CD4' T lymphocyte

77 Fibroblast

Nature Reviews | Molecular Cell Biology
Figure 1. Mechanism by which tissue regeneration becomes dysregulated with persistent

damage, age, and pathology as a result of increased DNA damage (Munoz-Espin and

Serrano, 2014).
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Figure 2: Mechanistic figure of the nicotinamide adenine dinucleotide (NAD) salvage
pathway. Typically, NAD is generated through the NAD salvage pathway. NAD is
consumed by the sirtuins and PARPs, causing the release of Nicotinamide (NAM) as a
byproduct. NAM is converted to Nicotinamide mononucleotide (NMN) by Nicotinamide
phophoribosyltransferase (NAMPT), the rate-limiting step of the NAD salvage pathway.
NMN is then subsequently converted to NAD by the enzymes Nicotinamide
mononucleotide adenylyl transferases 1-2 (NMNAT 1-3). Excess levels of NAM that are
not recycled through the salvage pathway are methylated by Nicotinamide N-
methyltransferase (NNMT) using the universal methyl donor S-Adenosyl methionine
(SAM) to produce S-adenosyl-L-homocysteine (SAH) and N-Methyl-NAM to be
exported out of the cell. P7C3 is a reported activator of NAMPT that can utilize excess
levels of NAM and recycle NAM back through the salvage pathway to generate NMN.
Nicotinamide Riboside (NR) offers an alternative to enzyme activation where NRK1/2
phosphorylate NR to NMN which is then converted to NAD by NMNAT1-3 (Pissios
2017).
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Figure 3. The dysregulation of DNA repair enzymes is detectable in aged mouse kidney.
a) Representative immunoblots are shown for PAR, PARP, and Acetyl-P53 (K392) in the
kidneys of 6- and 27-month of mice (n=8 per group). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) is shown as a protein loading control. Levels of b) PAR and c)
Acetyl-P53 relative to GAPDH were quantified by densitometry. Data are mean +
standard error of the mean. Statistical significance was determined by unpaired Student’s

t test. Asterisks are used to denote significance as follows: *** P <0.001; **** P <

0.0001.
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Figure 4. Metabolites within the NAD salvage pathway are dysregulated in aged mice

compared to young mice. Data is shown normalized to tissue weight for the following
metabolites: (a) NAD+, (b) NADH, (c¢) NAM, (d) NMN, (e) 1-Me-NAM, and (f) SAM.

The following dataset compared metabolite levels in two animal cohorts. Cohort 1

compares metabolite levels in the kidneys of 6- and 27-month of C57B16/N mice (n=8

per group). Cohort 2 compares metabolite levels in the kidneys of 6- and 24- month old

C57B16/J mice (n= 8 and 7, respectively). Data are mean =+ standard error of the mean.

Statistical significance was determined by unpaired Student’s ¢ test. Asterisks are used to

denote significance as follows: *, P <0.05, ** P <0.01; *** P <0.001.
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Figure 5. Transcriptional markers associated with DNA damage and senescence are
upregulated in U20S treated with Doxorubicin, a DNA damage-inducing agent. The y-
axis represents the adjusted P-value. The x-axis represents the Log2 (Fold Change)
comparing DMSO treated cells to 0.5uM Doxorubicin treated cells.
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Figure 6. Transcriptional markers associated with the secretory associated senescence
phenotype (SASP) response are upregulated in U20S cells treated with Doxorubicin, a
DNA-damage inducing agent. The y-axis represents the adjusted P-value. The x-axis
represents the Log2 (Fold Change) comparing DMSO treated cells to 0.5uM Doxorubicin
treated cells.
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Figure 7. Transcriptional markers associated with fibrosis are upregulated in U20S
treated with Doxorubicin, a DNA-damage inducing agent. The y-axis represents the
adjusted P-value. The x-axis represents the Log2 (Fold Change) comparing DMSO
treated cells to 0.5uM Doxorubicin treated cells.
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Figure 8. Transcription expression levels of a) NRK1, b) NRK2, and ¢) NAMPT are
detectable in U20S cells and do not change with Doxorubicin treatment. Data are mean
+ standard error of the mean. Statistical significance was determined by unpaired

Student’s ¢ test.

34



1.5%107 = Nicotinamide Riboside

- -- DMSO
D
n—:l - (.5uM Doxorubicin
© 1%107- W 0.5uM Doxorubicin
8 -+ + Nicotinamide
§ Riboside
2 5x106-
€
=
= !/' & 3

0 || 1 I | 1

-2 -1 0 1 2 3
log[uM]
1.5%107- P7C3

- -o- DMSO
)
n_:l - (0.5uM Doxorubicin
©  1%107- W _,0.5uM Doxorubicin +
2 P7C3
3
o
£ 5x106-
S
=
3

0 | || 1 1 1

-3 -2 -1 0 1 2

log[uM]

Figure 9. P7C3 increases cell viability in U20S cells treated with Doxorubicin whereas
Nicotinamide Riboside has not effect on cell viability. Data are mean + standard error of

the mean.
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Figure 10. P7C3 treatment activates the sirtuins and improves DNA repair capacity in
U20S cells dosed with Doxorubicin. Representative immunoblots are shown for Acetyl-
P53 (K392), Total P53, yYH2AX, and Total H2AX in U20S cells treated with 0.5uM
Doxorubicin for 24h. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is shown as

a protein loading control.
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Figure 11. The benefits of P7C3 on sirtuin activation are blocked with the addition of
Ex527, a SIRTI inhibitor, and SirReal2, a SIRT2 inhibitor in U20S cells dosed with
Doxorubicin. Representative immunoblots are shown for Acetyl-P53 (K392) and Total
P53 in U20S cells treated with 0.5uM Doxorubicin for 24h. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) is shown as a protein loading control.
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Figure 12. P7C3 counter regulates transcriptional markers associated with senescence and

DNA damage in U20S cells dosed with Doxorubicin. Data are mean + standard error of
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the mean. Statistical significance was determined by unpaired Student’s ¢ test. Asterisks

are used to denote significance as follows: *, P <0.05, **, P <0.01; *** P <0.001, ***,
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Figure 13. P7C3 counter regulates genes associated with inflammation in U20S cells
dosed with Doxorubicin. Data are mean =+ standard error of the mean. Statistical
significance was determined by unpaired Student’s ¢ test. Asterisks are used to denote
significance as follows: *, P <0.05, **, P <0.01; ***,

Relative Expression
o ¥

40



GDF15 Col10a1

Ct Values: 24-30 Ct Values: 34-39
200+ 20
*
c —_ c —
K] ° 0 °
n 150 ¥ » 15-
0 7]
S -
X 100 o m aj 10+ ([{ » 3
o o
2 2
- R
S 50 o
[} [}
0——o9e T T

IR \
N N O
+x +x +x Q° +x +x
T F g P
Col6A5
NODAL Ct Values: 31-37
Ct Values: 30-33
200+ ] *

Fkk c — [ J ?
c — ** K] [ ]
& 150- @
§ ¥ O 20+
= [ J ) o [}
o X []
& 100 ) e °
é 2 10 ° (0 06)
5 0 :
: ﬂ rﬁ * L

0-—opo— T 0- T T T T T
o &+ "b ’b ‘b 0 + & &L L ‘5
& I FFF L SIS Q‘c’
Q \)@o@&»éqéq\‘g Q &S
S P F S O N 2§ & N P
R +”6 o7 T R Y Y
I P e <P

Figure 14. P7C3 counter regulates transcriptional markers associated with fibrosis in
U20S dosed with Doxorubicin. Data are mean + standard error of the mean. Statistical
significance was determined by unpaired Student’s ¢ test. Asterisks are used to denote
significance as follows: *, P <0.05, **, P <0.01; *** P <0.001.
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Figure 15. NR and P7C3 increases SIRT2 and NMRKI1 transcription levels in U20S
dosed with Doxorubicin. Data are mean + standard error of the mean. Statistical

significance was determined by unpaired Student’s ¢ test. Asterisks are used to denote
significance as follows: *, P <0.05, **, P <0.01.
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