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Abstract

Nicotinamide adenine dinucleotide (NAD*) is an important multifunctional small molecule
involved in energy metabolism and modification of DNA/proteins in order to integrate cellular
homeostasis and survival. Interestingly, tissues from aged mice have been found to be depleted of
intracellular NAD* level partly due to the decrease of Nicotinamide phosphoribosyl-transferase
(NAMPT), a rate-limiting enzyme in the NAD+* salvage pathway. In vitro NAMPT inhibition in
human cells has been shown to deplete NAD+ level and promote cellular senescence, while on the
contrary, NAMPT upregulation through NamptcDNA infection can increase NAD+ level and
promote cellular proliferation. Although this suggests a role for NAMPT in supporting NAD+-
regulated cellular proliferation and senescence, it is not known if the same effects are conserved in
mouse embryonic fibroblast (MEF) cells.

Exogenous nicotinamide mononucleotide (NMN; an NAMPT product and precursor to
NAD+) supplementation was utilized to pharmacologically increase intracellular NAD+ level in wild
type MEF cells but surprisingly unable to enhance population doubling capacity in MEF cells.
Furthermore, MEF cells derived from mice with stable overexpression of Nampt (Nampt-OE) was
utilized to investigate the effect of constitutively elevated intracellular NAD* level on cellular
proliferation. Nampt overexpression managed to elevate intracellular NAD* level and enhanced the
population doubling capacity compared to wild type (WT) MEF cells. Senescence markers such as
Pp2ICIP, p]9ARF and pl6NK4a expressions as well as senescence-associated B-galactosidase (SA-B-gal)
activity were reduced, indicating an impact on the onset of senescence by NAD+* upregulation in
Nampt-OE cells.

As in vitro culture primary cells under atmospheric oxygen condition has been associated
with replicative senescence, it is hypothesized that the delayed onset of senescence by increased
NAD+* observed in Nampt-OE cells is mediated by enhanced mitigation of oxidative stress.
Measurement of reactive oxygen species (ROS) level revealed that Nampt-OE cells indeed have
lower intracellular ROS level compared to WT cells, suggesting an increase in ROS scavenge
activity and increased resistance towards oxidative stress. Indeed, Nampt¢-OE cells also showed
improved cell viability and replicative potential, under acute and chronic oxidative stress challenge,
respectively. Furthermore, Nampt¢-OE cells were found to have increased SODZ2 and Catalase (ROS

scavenging enzymes) gene expression. SIRT1 is a NAD*-dependent enzyme and is known to




regulate SOD2 and Catalase (ROS scavenging enzymes) gene expressions by the activation of the
transcription factor FOXO1. Consistent with these notions, SIRT1 activity was found to be
increased in Nampt-OE cells consistent with high level of NAD* in Nampt-OE cells.

In conclusion, this study suggests that increasing intracellular NAD* level by
overexpressing Nampt can influence cell proliferation/senescence fate in murine cells, similar to
that observed in the human cells. This is achieved by increasing NAD* in turn enhance SIRT1-
mediated antioxidant activity and bolster the resistance against oxidative stress. These findings are
hoped to have an implication on senescence and aging researches in particular drug discovery

manipulating NAD+ synthetic pathways.
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1.0 Introduction

1.1 Cellular senescence

Cellular senescence is a condition that describes the state of cells that had lose the
ability to proliferate in response to various stressors. This non-proliferating state is
irreversible even under the stimulation of mitotic signals and is accompanied by changes
in morphology as well as metabolic patterns. Among the common attributes of cellular
senescence are enhanced lysosomal -galactosidase activity (Lee et al., 2006), cell cycle
arrest at both G1 and G2 phases of the cell cycle (Mao et al., 2012; Johmura et al., 2014),
increased level of phosphorylated gamma-H2AX (marker of DNA double strand break)
(Sedelnikova et al., 2004), increased level of histone H3K9 methylation in senescence-
associated heterochromatin foci (SAHF; Narita et al., 2003), increased stabilization of
tumor suppressor protein p53 and p19 as well as elevated levels of cyclin-dependent
kinase (CDK) inhibitors p16, p21 (Klement & Goodarzi, 2014), and quite recently,
increased secretory behavior termed senescence-associated secretory phenotype (SASP;
Coppe et al., 2008; Kuilman & Peeper, 2009).

Cellular senescence is a tightly regulated process and is a double-edged sword in
terms of its effects on tissue microenvironment. It is beneficial for embryonic
development, tissue repair and wound healing, usually under acute senescence response
and rapid clearance by the immune system. However, chronic senescence can lead to
unwarranted growth, extensive microenvironment remodeling and chronic inflammation
that can deplete the affected tissues of replication-competent cells to support homeostasis,
as well as increasing the risk of tumorigenesis and drive tissue degeneration and
dysfunction that is common in age-related pathogenesis. In fact, senescent cells were
shown to underlie age-related diseases across different organs such as brain, eye, muscle,
liver, bone and colon (Naylor et al., 2013). Accordingly, removal of senescent cell in vivo
through targeted elimination (Baker et al., 2011; 2016) or by senolytic drugs (Chang et
al., 2016; Yosef et al., 2016) is able to delay tissue degeneration, rejuvenate tissue
functions, improve healthy aging process and extend lifespan in mice. These findings

demonstrate that cellular senescence is closely linked to age-related pathogenesis and

aging.
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1.2 Replicative senescence

Replicative senescence (RS) is one type of cellular senescence. RS is induced
when telomeres reach their critical length and become incapable to form the A-T loop
structure to protect chromosome ends. Exposed chromosome ends could instigate a DNA
damage response (DDR) that would activate senescence (Shawi & Autexier, 2008).

RS is differently regulated between species. This is due to the ability of some
species to maintain telomerase expression in somatic cells throughout their lives.
Telomerases are ribonucleoprotein reverse transcriptase that resynthesize chromosome
ends that was lost after every DNA replication. In mammals, its expression is often
restricted to the embryogenesis stage (Bekaert et al., 2004), leading to the gradual loss of
telomeres in somatic cells. Among those organisms are ungulates (cows, sheeps, horses)
and primates (chimpanzees, orangutans, macaques) and humans (Gorbunova & Seluanov,
2009). Telomerase activity however has been reported in the fibroblast of small-sized
mammals such as house mouse, naked mole rats, deer mouse, chipmunks and squirrels
(Gorbunova & Seluanov, 2009). This allows the cells from these animals to maintains
telomere length and escape the onset of replicative senescence. Other examples of
organisms with somatic telomerase activity are zebrafish (Tsai et al., 2007) and seabirds
(Haussmann et al., 2007).

Under culture condition, human, mouse and chicken fibroblast cells exhibit
different proliferation and senescent behavior. It is typical for mouse embryonic
fibroblast (MEF) cells that are maintained in vitro to have distinctly short proliferation
doubling capability, normally around 10-15 times before turning senescent. This doubling
rate is considered low when compared to human and chicken fibroblast cells that can
maintain proliferation doubling capability up to 50-60 times and 30-40 times in vitro,
respectively. This is despite the fact that murine cells have longer telomeres (25~150kb)
than human and chicken cells (15~20kb; Shay & Wright, 2000; Venkatesan et al., 1998).

Cell culture condition at ~20% atmospheric oxygen pressure causes 20-fold
increase in oxygen tension on MEF cells (1.5-3.5% in vivo oxygen pressure; Kurosawa
et al., 2006; Fischer & Bavister, 1993). This condition has thus been identified to cause
an increase in oxidative stress-associated mutation frequency in MEF cells that promotes
conversion to senescence. In line with this, MEF cells maintained at 3% oxygen level

culture condition did not exhibit senescent characteristics (Busuttil et al., 2003; Parrinello
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et al., 2003). Therefore, oxidative stress is regarded as a major cause of MEF cells
senescence in vitro in contrast to human fibroblast cells that normally turn senescent due
to telomere-induced stresses (Parrinello et al., 2003). Similarly, lack of telomere repeat
sequence, instead of telomere shortening, causes telomere length deregulation and p53
activation in chicken fibroblast cells (Kim et al., 2002).

Because the prominent activator of senescence differs in human and mouse during
culture, the way these cells engage the senescence mechanism also differs. In human cells,
telomere-mediated senescence usually engages the ATM-p53-p21°'P* pathway to activate
pRb-mediated cell cycle arrest, with p16'N*4¢-pRb pathway’s influence on senescence
was shown to be cell type-dependent. Inactivation of both p53 and pRb have caused cells
to bypass senescence induced by TRF2 deactivation (Smogorzewska & de Lange 2002).
In mouse cells, senescence activation relies primarily on p53 stabilization by p194RF-
MDM interaction. Most MEF cells that overcome senescence displayed loss of p53
function (Harvey & Levine, 1991). p19°RF also have been shown to be upregulated in
senescent MEF cells and p192R"F mutant MEF cells does not senesce (Kamijo et al., 1997;
Zindy et al., 1998). p21°'"* and p16'™K* are also induced but not essential to establish

senescence (Figure 1).
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Figure 1: p53-pRb mediated pathway to senescence (modified from Ben-Porath & Weinberg, 2004).
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1.3 NAD" and NAMPT modulation regulate cellular senescence

In recent years, NAD* have been gaining attention as an important effector for
cellular senescence. NAD™ is a form of activated carrier molecule for cellular metabolism
that is involved in glycolysis, B-oxidation and oxidative phosphorylation pathways.
NAD™ also is a co-enzyme for NAD*-dependent enzymes important for cellular processes
such as energy metabolism and homeostasis, cell death, aging, mitochondrial function,
calcium homeostasis and inflammation.

It has been reported that in aging human tissues, there is an increase in activity of
NAD*-consuming enzymes that regulate cellular homeostasis, DNA repair, cell death and
inflammation which also is accompanied by a decrease in NAD™ level (Massudi et al.,
2012; Camacho-Pereira et al., 2016). Decline in NAD*, NAMPT level and activity
(involved in NAD" biosynthesis) was also studied in subcultured primary human smooth
muscle cells (SMC) and human aortic endothelial cells (HAEC; van der Veer et al., 2007,
Borradaile et al., 2009). Increasing intracellular NAD* level through supplementation of
NAD™ intermediates, on the other hand, was successful in slowing down senescence of
human keratinocytes and human fibroblast cells in vitro (Lim et al., 2006; Kang et al.,
2006).

Limited observations regarding NAD* and NAMPT effect on cellular senescence
in non-human organisms are mostly done in rodents. NAD* level was shown to be on a
systemic decline in aging tissues of rats (Braidy et al., 2011) and mice (Mouchiroud et
al., 2013; Stein et al., 2014). This condition probably correlates with the decrease in
NAMPT level (Koltai et al., 2010; Stein et al., 2014). Furthermore, mice administered
with NAD™" intermediates through dietary supplementation showed an increase in NAD*
level and results in resistance to age-related pathogenesis and improved healthy aging
(Liu et al., 2013; Canto et al., 2012; Scheibye-Knudsen et al., 2014). Similar results were
observed upon knocking out NAD*-consuming enzymes PARP1 or CD38 in mice (Bai
etal., 2011; Barbosa et al., 2007). However, the question whether these supplementations
have any impact on cellular senescence process in mouse tissues have not been addressed.

Nampt overexpression in tissues also have shown promising results, but
information is only related to human cells. Nampt overexpression promoted NAD™ level
and extended replicative lifespan in HAEC and human SMC (Borradaile et al., 2009; van

der Veer et al., 2007). Others have reported the effect of Nampt overexpression in
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increasing NAD" level of the skeletal muscle in mice (Frederick et al., 2015), and
enhancing protection against cell death in cardiac muscles (Hsu et al., 2009) and neuronal
cells (Wang et al., 2012). However, it is not clear whether Nampt overexpression would
have similar positive effects on cell proliferation and senescence in mice and remain to
be tested. It is noteworthy that the advantageous outcomes of the increase in
NAMPT/NAD" axis seen in mice and humans also relied on the increase in SIRT1
regulatory functions, highlighting the potentially close relationship between NAD* and
cellular proliferation machinery, cell fate and aging.

1.4 NAD" biosynthesis

NAD™ biosynthesis is a highly regulated process that consists of multiple
alternative routes to ensure NAD" homeostasis. NAD™ biosynthesis in animals mainly
follows three different pathways: de novo pathway, Preiss-Handler pathway and the
salvage pathways (de Figueiredo et al., 2011). De novo pathway utilizes amino acid L-
tryptophan as the starting material to generate quinolinic acid through multiple enzymatic
conversions. Quinolinic acid is further converted to nicotinic acid mononucleotide
(NaMN) by the addition of a phosphoribosyl group followed by an addition of an adenylyl
group to form nicotinic acid adenine nucleotide (NaAD/deamido-NAD) and finally an
amidation of the nicotinic acid moiety to generate NAD*. Preiss-Handler pathway shares
the same pathway as in de novo but uses nicotinic acid (NA) obtained from diet instead
to produce NaMN (Figure 2).

On the other hand, NAD™ salvage pathway is more simplistic and provides a more
rapid alternative to NAD™ biosynthesis as opposed to de novo. In particular, nicotinamide
phosphoribosyl transferase (NAMPT) ‘salvages’ free nicotinamides (catabolized from
NAD* by NAD*-dependent enzymes) by transferring them to phosphoribosyl phosphates
to form nicotinamide mononucleotide (NMN). Subsequently nicotinamide
mononucleotide adenylyl transferase (NMNAT) mediates condensation of NMN with
ATP to generate NAD™. Alternatively, nicotinamide ribose (NR) are utilized to generate
NMN and this is carried out by nicotinamide ribose kinase (NRKSs; Figure 2).

NAMPT is expressed at a basal level to preserve NAD* homeostasis under
constitutive PARP1 activity but its level can be modulated to adapt to NAD* demand

during energy and nutritional perturbation such as physical exercise, calorie restriction
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and diet variation (Pittelli et al., 2010; Yoshino et al., 2011; Ruggieri et al., 2015).
NAMPT enzyme is therefore considered as the rate-limiting enzyme for this pathway,
supported by the fact that overexpression of NAMPT, but not NMNAT, was found to
increase NAD™ level in mouse fibroblast (Revollo et al., 2004).

Tryptophan | —» — — [ Quinolinicacid J
de novo
pathway l QPT
-
NPT

l NMNAT
Deamido-NAD

l NAD synthetase

NAD
NMNAV \Sirtuins
NMN | «— | NAM
NAMPT
NRK1,2 Tl D37 lNNMT

[ 1-methyl-nicotinamide J

Figure 2: NAD* biosynthesis pathway in mammalian cells (modified from Imai & Guarente, 2014).

1.5 Objective

Studies on cellular senescence and longevity are gaining traction especially with
the discovery that intracellular NAD™ pool poses as a key factor in fending off senescence
onset and degradation associated with aging. Most efforts would rely increasingly on
manipulation in murine models to reveal the underlying mechanisms. However, it is
becoming evident that mechanism that NAD™ levels as well as the mechanism that
regulates senescence in mammalian cells varied between species. These variables warrant
some thorough considerations if one were to draw mouse-to-human comparisons (Itahana
etal., 2004). To bridge this gap in the knowledge of murine cellular senescence, this study
attempts to test the effects of pharmacological (NMN supplementation) and genetic

manipulations (Nampt overexpression) on NAD™ homeostasis and on cellular senescence.
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This approach also would potentially allow for comparative metabolic and behavioral
analysis across multiple tissue types and stress conditions in hope to yield substantial
information that can benefit the efforts to understand and promote healthy aging.
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2.0 Materials and Methods

2.1 Reagents and Antibodies

Nicotinamide mononucleotide (NMN) was purchased from Sigma-Aldrich.
Antibodies against HA (M180-3), NAMPT (D7V5J) and B-Actin (AC-15) were
purchased from MBL (Nagoya, Japan), CST and Sigma-Aldrich, respectively. VDAC
antibody was purchased from Cell Signaling (#4866). Secondary HRP-conjugated anti-
mouse/rabbit 1gGs were purchased from GE Healthcare. pCAGGS and h Nampt-
HA/pCMV vectors were kindly gifted by Drs H. Niwa and I. Shimomura, respectively.

2.2 Animals

C57BL/6 mice purchased from Japan SLC, Inc. (Hamamatsu, Japan) were
housed under 12-h light/12-h dark cycles. Human Nampt coding sequence with HA tag
at 3’ region in pCMV was subcloned into pCAGGS vector and digested by Pvul and
BamHI to produce transgenic mice by microinjecting into the pronuclei of fertilized eggs
of C57BL/6 mice. We used in this study 4 out of 5 transgenic (Tg) mice, which have
transgenes in a single genome region confirmed by southern blotting analyses (data not
shown). Tg mice were crossed with C57BL/6 female mice to generate primary mouse
embryonic fibroblast (MEF) cells. Our experiments were approved by the Animal Care
Committee of Nara Institute of Science and Technology and conducted in accordance

with guidelines that were established by the Science Council of Japan.

2.3 Cell culture and maintenance

2.3.1 MEF cell isolation for primary cell cultivation

Preparation of MEF primary cultures was carried out according to procedures
described by Jozefczuk et al., (2009). Pregnant wildtype and NAMPT transgenic mice
(13-14 days post-coitum) were sacrificed by means of cervical dislocation. Next, the
lower part of the abdomen was dissected and the uterine horn was recovered. The uterine
horn was rinsed first in 70% ethanol and later 1X PBS. After moving to the biosafety
cabinet, the embryos were isolated from the uterus and placed in 1X PBS. Next, the head

and red-colored tissue/organs were carefully removed from each embryo and the
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remaining parts were minced finely using surgical blades. After that, 2ml trypsin
(0.53mmol/L) was added to the minced tissues and incubated at 37°C for 10 mins. Then,
the minced tissues were resuspended in trypsin by pipetting and transferred to conical
tubes containing 8ml MEF culture media (DMEM High Glucose (Nacalai) supplemented
with 1mM sodium pyruvate (Nacalai), 1X non-essential amino acids, 100uM -
mercaptoethanol (Gibco), 10% FBS (Biowest), (1%) penicillin streptomycin (Nacalai),
100pg/ml primocin (InvivoGen)). The samples were left to stand for 5 mins. Finally, the
media was aspirated and transferred onto 10cm culture dishes. At this stage, cells are
designated as cells at passage 1. The cells were incubated at 37°C, 5% CO. overnight.
The next day, cells were subcultured or cryopreserved in CellBanker (Nippon Zenyaku
Kogyo) solution and kept in -80°C for long term storage.

2.3.2 Cell culture

10cm dish vessel containing cells at 70-90% confluency were trypsinized for 5
mins at 37°C. Then, 10ml MEF culture media was added to the cells to deactivate the
trypsin. Cell suspension was then transferred into a conical tube and centrifuged at
1000rpm for 5 mins. The supernatant was discarded and cell pellet was resuspended in
1~5ml MEF media. 10ul cell suspension was mixed with trypan blue dye and used for
cell counting using haemocytometer. Appropriate volume of cell suspension equivalent
to 5x10° cells were seeded in 10ml MEF media on a new 10cm dish. The cells were then
incubated at 37°C, 5% CO..

2.3.3 Cell proliferation assay

Cells at passage 2 were cultured in 6-well plate at seeding density of 1x10° per
well with or without the presence of NMN. The cells were then maintained at 37°C, 5%
CO- and subcultured for every three days with growth media freshly supplemented with
NMN. Cell count was done before each subculture and population doubling level (PDL)
was calculated using the following formula: 3.32(log[total viable cells at harvest/total
viable cells at seeding]). The life span of the cells was presented as cell growth curve of

cumulative PDLs versus time in culture.
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2.4 NAD* measurement

To measure intracellular NAD*, NAD/NADH-Glo™ Assay (Promega) was used.
Cells were seeded in 96-well plates. After culturing for 24 hours, cells were washed with
PBS and were resuspended well in 50ul 1X PBS and 50ul 0.2N NaOH supplemented
with 1% dodecyl trimethyl ammonium bromide (DTAB). The cell suspension was mixed
by repeated pipetting to lyse the cells. Next, 50ul of the cell lysate was transferred to a
newl.5ml Eppendorf tube followed by adding 25ul 0.4N HCI. The tube was flicked to
mix the content and then incubated at 60°C for 15 mins. Then it was left to stand at RT
to cool down for 10 min. Later, 25ul of 0.5M Trizma base solution was added to the
mixture and transferred to a 96-well microplate.

To detect luminescence signals, NAD/NADH-GIlo Detection Reagent was added
to an equal volume to the sample and incubated 30 min, then signal was measured using

a microplate reader (Mithras).

2.5 Gene expression quantification using real-time PCR

2.5.1 RNA extraction

Cells grown in culture dishes to 70-90% confluency were washed with 1X PBS
and then trypsinized using Trypsin for 5 mins at 37°C. Culture dish were tapped lightly
several times to facilitate cell dissociation and MEF media was added to the cells to stop
the reaction. Depending on the volume, detached cells were either transferred into conical
or 1.5ml Eppendorf tubes and centrifuged at 2000rpm for 5 mins at room temperature to
pellet the cells. Supernatant fraction was discarded and followed by resuspending the cells
in Iml Sepasol RNA 1 Super G (Nacalai). Cells were mixed by flicking the tubes and left
to stand at RT for 5 mins before 200ul chloroform is added to each tube. The content was
mixed by inverting the tubes several times and left to stand at RT for 10 mins.

Afterwards, the mixture was centrifuged at 12,000xg for 15 mins at 4°C to obtain
the aqueous phase that contains the RNA fractions. 500-600ul of the aqueous phase was
transferred to new 1.5ml Eppendorf tubes and further added with equal volume of
isopropanol. The mixture was again mixed by tube inversion and left to stand at room
temperature for 10 mins. Next, the mixture was centrifuged at 12,000xg for 10 mins at
4°C to pellet the RNA. Supernatant was discarded and RNA pellet was rinsed by adding
75% ethanol and followed by centrifugation at 12,000xg for 5 mins at 4°C. The

19



supernatant was discarded carefully without disturbing the RNA pellet. RNA pellet was
air-dried for 10 mins at room temperature before it was dissolved in purified water. RNA
pellet was heated on a heat block to 60°C for 10 mins and allowed to cool down in ice
afterwards. RNA quantitation was carried out using Nanodrop spectrophotometer
(Thermo Scientific). Purified RNA samples are kept at -80°C for long term storage.

2.5.2 cDNA synthesis

1ug of total RNA was converted to complementary DNA (cDNA) by reverse-
transcription PCR using Superscript™ 11 Reverse Transcriptase (Invitrogen) according to
the manufacturer’s protocol. Each reaction consists of 1ug RNA extract, 1X First-Strand
Buffer, 10mM DTT, 1mM dNTPs, 250ng random primers and topped up with purified
autoclaved water to a final volume of 20pul. First, RNA samples were added to random
primers, dNTPs and water in a PCR strip and were heated to 65°C for 10 mins. Then,
First-Strand Buffer, 10mM DTT, and Reverse Transcriptase were added to each sample.
The samples were then heated up to 42°C for 2 hours followed by 70°C for 15 mins. The

cDNA products are kept in -20°C freezer for long term storage.

2.5.3 Real-time quantitative PCR (QPCR)

gPCR was carried out using SYBR Green dye from KAPA SYBR FAST gPCR
kit mastermix (KAPA BIOSYSTEMS) following the manufacturer’s protocol. Each
reaction consists of 1X KAPA SYBR FAST gPCR Master Mix universal, 200nM of
forward and reverse primers, 20ng of cDNA products and topped water to a final volume
of 10ul. All reagents except the cDNAs were prepared in a mastermix and aliquoted into
wells of a white multiwell plate before lastly adding the cDNA samples. gPCR was
carried out using Lightcycler 480 instruments and the result was analysed using
LightCycler 480 Software Version 1.5 (Roche). Samples were heated to 95°C for initial
denaturation followed by 40 sets of denaturation at 95°C for 10 secs, hybridization at
60°C for 20 secs followed by elongation at 72°C for 1 sec. Fold change of target gene
transcripts was measured using absolute quantification method and normalized to 18s
rRNA gene expression as endogenous control. The sequences of the forward and reverse

primers for mice were as follows:
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Nampt Fw: TGGCCATGATCTTCTCCATACG
Nampt Rv: ACATAACAACCCGGCCACAT
18S rRNA Fw: CGCCGCTAGAGGTGAAATTC
18S rRNA Rv: CGAACCTCCGACTTTCGTTCT
p16'NK4 Fw: CGAACTCTTTCGGTCGTACCC
p16'NK4a Ry: CGAATCTGCACCGTAGTTGAGC
p19°RF Fw: GTTCTTGGTCACTGTGAGGATTCAG
p19RF Rv: CCATCATCATCACCTGGTCCAG
p21°""1 Fw: GCAGATCCACAGCGATATCCAG
p21¢""! Rv: CGAAGAGACAAGGGCACACTTT
sodl Fw: GAGACCTGGGCAATGTGACT

sodl Rv: GTTTACTGCGCAATCCCAAT

sod2 Fw: GGAGCAAGGTCGCTTACAGA

sod2 Rv: GTGCTCCCACACGTCAATC

catalase Fw: AAATGCTTCAGGGCCGCCTT
catalase Rv: GTAGGGACAGTTCACAGGTA
gpx1 Fw: AGTTCGGACACCAGGAGAAT

gpx1 Rv: GAAGGTAAAGAGCGGGTGAG

2.6 Protein analysis

2.6.1 Protein extraction

Cells grown in culture dishes to 70-90% confluency were washed with 1X PBS
and then trypsinized using Trypsin for 5 mins at 37°C. These culture dishes were tapped
lightly several times to facilitate cell dissociation and MEF media was added to the cells
to stop the reaction. Depending on the volume, detached cells were either transferred into
conical or 1.5ml Eppendorf tubes and centrifuged at 1000rpm for 5 mins at room
temperature to pellet the cells. Supernatant fraction was discarded and followed by
resuspending the cells in 1ml of RIPA buffer containing 1X proteinase inhibitor cocktail
(Nacalai). Cells were mixed by flicking the tubes and incubated on ice for 10 mins. The
mixture was then vortexed vigorously for 10 secs and incubated on ice for another 10

mins. Later, the mixture was centrifuged at 15,000rpm for 15 mins at 4°C to pellet the
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cell debris. The supernatant containing total proteins was then transferred to new 1.5ml
Eppendorf tubes. Purified protein samples are kept at -80°C for long term storage.

2.6.2 Protein quantitation

Total protein concentration was measured using PIERCE 660nm Protein Assay
reagent (Thermo Scientific) according to the manufacturer’s protocol. Protein samples
were mixed with Protein Assay reagent at 1:15 ratio in 1.5ml Eppendorf tubes and
vortexed briefly to mix. Samples were then covered and left to stand at room temperature
for 5 mins before being transferred to disposable cuvettes. Measurements were carried
out at 660nm wavelength and normalized to control reaction containing water or RIPA
buffer.

2.6.3 Western blotting:

2.6.3.1 Immunoprecipitation

Protein samples were first diluted in RIPA buffer to a final concentration of
Img/ml. Then 1ul of primary antibody was added to 1ml of samples and incubated
overnight at 4°C on a tube rotator. Next, agarose beads coated with IgG Protein A
(Nacalai) that have been rinsed in RIPA buffer beforehand was added to the samples and
incubated at 4°C for 3 hours on a tube rotator. Afterwards, the samples were centrifuged
at 3000rpm at 4°C for 10 secs to pellet the beads. The supernatant was later removed and
the beads were rinsed three times in 1ml RIPA using the same protocol. After the final
rinse, the supernatant was removed completely and added with 20ul of 2X denaturing
buffer (100mM Tris-HCI (pH 8.6), 4% (w/v) sodium dodecyl sulfate, 0.2% (w/V)
bromophenol blue, 20% (v/v) glycerol, 200mM dithiothreitol). The samples were then
heated up to 95°C for 5 mins and immediately placed on ice for at least 5 mins to bring
the temperature down. Subsequently, the samples were analysed using SDS-PAGE and

western blotting as described.

2.6.3.2 SDS-PAGE and membrane blotting

Protein samples were diluted in RIPA buffer to a final concentration of 1mg/mi
and added with 4X denaturing buffer (200mM Tris-HCI (pH 8.6), 8% (w/v) sodium
dodecyl sulfate, 0.4% (w/v) bromophenol blue, 40% (v/v) glycerol, 400mM
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dithiothreitol) containing 1X proteinase inhibitor cocktail (Nacalai). Samples were
vortexed briefly to mix, denatured by heating at 95°C for 5 mins and immediately placed
on ice for at least 5 mins to bring the temperature down.

SDS-PAGE instruments and precast 5-20% polyacrylamide gels (Nacalai) were
set up according to manufacturer’s protocol. Each well was flushed with SDS running
buffer before 20ug protein samples were loaded into each well. 5ul of Precision Plus
Protein ™ standard (Bio-Rad) was included in every run to serve as indicator of protein
size in kDalton. Samples were electrophoresed at 300V 20mA until the dye front have
moved sufficiently down the gel (roughly 60-70 mins).

Resolved proteins were transferred onto Amersham Hybond PVDF membrane
(GE Healthcare) using semi-dry transfer set up. Transfer stack was prepared by
sandwiching the acrylamide gel and pre-wet PVDF membrane between pre-wet filter
papers (both soaked in transfer buffer prior to transfer). Transfer was carried out at 300V
100mA for 60 mins. Upon completion, the membrane was blocked in blocking buffer
(5% skimmed milk in 1X TBS-T) for 60 mins with agitation at room temperature. Later,
the membrane was rinsed in wash buffer (1X TBS-T) for 10 mins with agitation at room
temperature for three times. Membrane was then incubated with agitation in diluted
primary antibody for either 60 mins at room temperature or overnight at 4°C. Upon
completion, membrane was rinsed in wash buffer as described earlier followed by an
incubation with conjugating second antibody (diluted in blocking buffer (5% skimmed
milk in 1X TBS-T) with agitation for 60 mins at room temperature. After that, membrane
was rinsed in wash buffer as described earlier before being treated with Chemi-Lumi One
chemiluminescent reagent (Nacalai) for 5 mins at room temperature. Subsequently, blot
imaging was carried out using an X-ray film (Fujifilm) while analysis of band intensity

was done using ImageJ software.

2.7 MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
MTT Cell Count Kit (Nacalai) was used to measure the mitochondrial condition
in the cells based on its dehydrogenase activity. 4000 cells in 100ul were seeded into 96-
well plates. Cells were incubated at 37°C, 5% CO2 for 24 hours before the start of assay.
Following that, 10ul of MTT solution (5mg/ml MTT in phosphate buffered saline) was
added to each well and the plate was incubated at 37°C, 5% CO2 for 2 hours. Later, 100ul
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of solubilization solution (0.04mol/I HCI in isopropanol) was added to each well and the
solution was pipetted repeatedly to dissolve the precipitated formazan. The plate was
observed under microscope to ensure that all formazan has dissolved before the
absorbance was measured microplate reader (Mithras) at 570nm wavelength.

2.8 ATP (Adenosine triphosphate) assay

To measure the ATP level, the CellTiter-Glo® Luminescent Cell Viability Assay
(Promega) was used. 4000 cells in 100pl were seeded into 96-well plates. Cells were
incubated at 37°C, 5% CO: for 24 hours before the start of assay. H20, treatment was
carried out by adding 100uM H20- to the cells during seeding. The CellTiter-Glo®
Reagent was prepared prior to use by first CellTiter-Glo® Buffer and lyophilized
CellTiter-Glo® Substrate were thawed to RT. Then 10ml of CellTiter-Glo® Buffer were
added to the lyophilized CellTiter-Glo® Substrate and swirled gently to reconstitute the
powder. After cell incubation time is up, equal volume of CellTiter-Glo® (i.e. 100ul) was
added to each well. Plate content was then mixed on an orbital shaker for two mins and
then left to stand at RT for 10 mins to stabilize the luminescent signal. Signal was then

measured using a microplate reader (Mithras).

2.9 Senescence-associated p-galactosidase (Sap-Gal) assay

Sap-Gal staining was carried out according to protocol described by Debacg-
Chainiaux et al. (2009). Cells were subcultured in 35mm culture dish at 1x10° seeding
density and incubated at 37°C for 24 hours. Then, the cells were rinsed with 1X PBS
twice to remove residual growth media. The cells were then incubated in fix solution (2%
formaldehyde and 0.2% glutaraldehyde in water) for 5 mins at room temperature with
agitation. After that, the cells were rinsed again with 1X PBS twice before 2ml of Saf}-
Gal staining solution (40mM sodium citrate (pH 6.0), 5mM potassium ferrocyanide,
5mM  potassium  ferricyanide, 1 mg/ml  5-bromo-4-chloro-3-indolyl-f-D-
galactopyranoside (X-gal), 150mM sodium chloride, and 2mM magnesium chloride) was
added to each dish. Cells were incubated at 37°C without CO- for 12-16 hours. Cells were

examined under microscope and positively stained cells were counted and photographed.
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2.10 Cell viability assay

MEF cells were seeded in 6-well plate at seeding density of 1x10° per well and
cells were then maintained at 37°C, 5% CO>. Then cells were treated with H>O> at the
designated concentration for 24 hours. Cell viability was measured using trypan blue
staining. Viable cells were counted based on the lack of staining in the cells and
normalized to the total number of cells in the viewplane. Calculation was presented in

percentage.

2.11 ROS measurement assay

Intracellular ROS level was determined using oxidation probe 5—6-chloromethyl-
2', 7'-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) kit (Life Technologies).
MEF cells were seeded in 6-well plate at seeding density of 1x10° per well and cells were
then maintained at 37°C, 5% CO,. For NMN treatment, 1mM NMN was added to cells
24 hours prior to adding CM-H2DCFDA probe. In the case of H20, treatment, 100uM
H>0, was added to the culture medium 2 hours before adding CM-H2DCFDA probe.
CM-H2DCFDA probe that has been freshly diluted in DMSO was later added to the cells
at a final concentration of 10uM/well. Cells were incubated for 30 mins at 37°C, 5% CO>
and, trypsinized and counted. 6 x10* cells were aliquoted into new 1.5ml Eppendorf tubes,
and centrifuged to pellet cells. Supernatant was discarded and cell pellets were
resuspended in 100ul 1X PBS and transferred to 96-well microplate. Fluorescence signal
were measured using a microplate reader (Mithras) at wavelengths 492—-495nm excitation

and 517-527nm emission.

2.12 SIRT1 activity assay

Measurement of SIRT1 activity was done using Fluor De Lys SIRT1 Fluorometric
activity assay/Drug Discovery Kit (Enzo) according to the manufacturer’s guidelines.
MEF cells were seeded in 6-well plate at seeding density of 1x10° per well and maintained
at 37°C, 5% COa>. The cells were cultured for 24 hours before 1mM NMN was added to
the culture media. The cells were then maintained at 37°C, 5% CO. for another 24 hours
before cells were trypsinized and counted as described earlier. An appropriate volume of
1x10° cells was aliquoted from the cells suspension and centrifuged to pellet the cells.

Cells were resuspended well in 50ul Assay Buffer supplemented in the kit. The cell
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suspension was mixed by repeated pipetting and sonicated to lyse the cells. After
centrifugation, supernatants, 1U SIRT1 and 0.1mM Substrate were applied to SIRT1
assay to a total reaction volume of 50pl.

2.13 Statistical analysis

Values are reported as mean + SE. Statistical differences were determined by a
Student's t test. Statistical significance is displayed as * (p < 0.05) or ** (p < 0.01).
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3.0 Results

3.1 NAD* and NAMPT levels decrease in higher cell passage number MEF cells
NAD™ level has been shown to decline with age in mouse and human tissue
biopsies as well as in cultured human cells. However, whether the NAD™" level also
decrease in primary MEF cells is not known. To address this, we first measured NAD*
level in wild type MEF cells and discovered that NAD™ level in MEF cells also show a
decline with subsequent passages (Figure 3A). We further investigated whether NAMPT
level was also affected. As expected, expression level of Nampt gene and protein level
also showed a decline with passage number progression (Figure 3B, C). These results are
consistent with the NAD* decline observed in human cells (van der Veer et al., 2007).
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Figure 3: NAD* and NAMPT protein levels decreased in passaged MEF cells. (A) Primary MEFs were
isolated and cultured before cell lysate were extracted at passage 4 and 8 before NAD* level were
measured using NAD/NADH colorimetric quantification kit. (B) Primary MEFs were isolated and
cultured before total RNA was extracted from cells at passage 2, 4 and 6 and subjected to quantitative
PCR analysis. Expression level was normalized to 18s rRNA gene expression. (C) NAMPT protein were
isolated from primary MEFs at passage 2,4 and 6 and subjected to western blot analysis. **: p<0.01
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3.2 Supplementation of NMN did not improve cellular proliferation and cellular
senescence

Increase in cellular NAD* level have been previously linked to improvement in
cell proliferation and delay of cellular senescence. The exogenous precursor
supplementation approach, in particular, have been shown to be an efficient method to
elevate cellular NAD" level and SIRT1 activity (Ho et al., 2009; Jang et al., 2012).
Considering these points, we therefore tried to find out if it is possible to slow down the
onset of senescence in wild type MEF cells by increasing intracellular NAD" level
through exogenous source.

We carried out cell proliferation assay using wild type MEF cells cultured in
growth media supplemented with NMN at the beginning of every cell passage. MEF cells
were subcultured every 3 days and their cumulative population doubling level (PDL) was
recorded. PDL is a measure of cell proliferation rate from a single passage, while
cumulative PDL represent the overall proliferation rate throughout the cell culture
duration. Monitoring the PDL of cells will enable us to see the effect of NMN treatment
on cell proliferation capacity and identify the point of which cell proliferation ceases.
Here, we define a cease of cell proliferation (CCP) as the point at which PDL value dips
below 0.5.

Of note, NMN is the direct enzymatic product of NAMPT and has been shown to
be able to increase intracellular NAD* level of human foreskin fibroblast cells upon 1mM
treatment (Song et al., 2015). Accordingly, 1mM NMN treatment was able to increase
cellular NAD" level in wild type MEF cells to about two-fold (Figure 4A). However,
NMN treatment did not stimulate any significant increase in cell proliferation rate when
compared to untreated wild type cells (Figure 4B, C). Both NMN-treated and untreated
wild type cells showed similar growth curves, reaching CCP at passage 5 and having

cumulative PDL of 8.
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Figure 4: NMN treatment did not affect cellular proliferation and senescence. (A) NAD* measurement of
primary wild type MEFs cultured with 1mM NMN for 24 hours. (B) Primary wild type MEFs were cultured with
1mM NMN and cumulative PDL was recorded and analysed to generate a growth curve. (C) PDL level for each
passage from the growth curve in (B). Passage with PDL value less than 0.5 threshold (dotted line) is considered
to have entered senescence. **:p<0.01.
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3.3 Generation and evaluation of Nampt-overexpression (Nampt-OE) transgenic line

We also took a genetic approach in order to increase cellular NAD*. Transgenic
mice overexpressing HA-tagged human Nampt gene (Nampt-OE) under by a CAG
promoter (Figure 5) were generated (see section 2.2 of Materials and Methods) and four
independent transgenic lines were established (designated as Tg#l, Tg#2, Tg#3 and
Tg#4). Immunoblotting against HA or NAMPT proteins from these four lines showed
variable magnitude of fold increase in exogenous NAMPT abundance. Line Tg#4 has the
highest fold increase (5-fold) followed by line Tg#1, Tg#2 and Tg#3 with 3-fold, 2-fold
and 1.5-fold increase, respectively (Figure 6A, B).

Figure 5: A schematic drawing of the expression vector construct carrying human Nampt gene
fused with HA tag used in generating Nampt-OE transgenic mice.

Considering the fact that NAMPT is the rate-limiting enzyme in the NAD" salvage
pathway that is vital for cellular NAD™ biosynthesis, we proceeded to measure the total
NAD™ level under Nampt overexpression. As shown in Figure 6C, NAD™ level was found
to be elevated in a similar pattern to the fold increase of NAMPT abundance in the cells
of each transgenic line. At passage 4, cells from line Tg#4 has the highest fold increase
(5-fold) followed by line Tg#1, Tg#2 and Tg#3 with 3-fold, 2-fold and 1.5-fold increase,
respectively. At passage 8, NAMPT transgenic cells exhibited similar fold increase of
NAD" level when compared to wild type cells despite showing an overall decline in
NAD™ level.

Next, ATP level in Nampt-OE cells was measured to see if there is any change to
the redox state of the cells due to the increase in NAD™ level. Accordingly, ATP level
rose in these transgenic cells when compared to wild type cells, with line Tg#4 cells
showed the highest fold increase (2.3-fold) followed by line Tg#1, Tg#2 and Tg#3 with
1.6-fold, 1.5-fold and 1.3-fold increase, respectively (Figure 7A). Since ATP production

takes place mainly in the mitochondria, we proceeded to check if the mitochondrial redox
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activity was upregulated in the transgenic cells. Measurement of mitochondrial activity
based on MTT colorimetric assay indicated that mitochondria of Nampt-OE cells have
higher activity than wildtype cells (Figure 7B). In particular, mitochondria in line Tg#4
cells had 2.6-fold increase in activity, followed by line #1 (2.3-fold) and Tg#2 (2-fold)
while Tg#3 showed a slight but statistically insignificant increase.

Comparison of the level of mitochondrial outer membrane protein VDAC by
western blotting was also carried out to serve as a readout for any increase in
mitochondrial mass. VDAC protein level however was found to be unchanged in all
transgenic lines tested when compared to wild type cells, suggesting that Nampt
overexpression enhanced energy metabolism by increasing mitochondrial redox activity
without changing the mitochondrial mass (Figure 7C). Together, these results showed
that Nampt-OE cells have enhanced NAD™ production and that this alteration impacts the

cellular energy metabolism.
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Figure 6: Variable level of NAMPT overexpression and NAD* in MEF cells isolated from Nampt-OE
transgenic mice. (A) Western blotting analysis against NAMPT and HA. Band intensities of NAMPT

were normalized to J-actin and represented in (B). (C) Intracellular NAD* level measured based on
recycling NAD® reaction method. **: p<0.01.
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Figure 7: Changes in mitochondrial properties in MEF cells isolated from Nampt-OE transgenic mice. (A)
Measurement of ATP level using luciferase-based assay. (B) Measurement of mitochondrial activity based
on MTT colorimetric assay. (C) Change in mitochondrial mass based on VDAC membrane protein level
normalized to [i-actin. *:p<0.05; **:p<0.01.

3.4 Nampt-OE transgenic line shows delayed cellular senescence

As mentioned before, intracellular NAD* level has been causally linked to cellular
senescence in human cells. To figure out if Nampt overexpression has any effect on
cellular proliferation and senescence of MEF cells, we carried out cell proliferation assays.
Wild type MEF cells were also obtained from littermates of each transgenic line
respectively and cultured in parallel to serve as controls. MEF cells were subcultured

every 3 days and their cumulative population doubling level (PDL) was recorded. This

33



allow us to see the effect of Nampt overexpression on cell proliferation capacity and
pinpoint when the majority of cells cease to proliferate.

First, we monitored the PDL of the independent wild type MEF cohorts to serve
as controls for the Nampt-OE MEF cells. PDL analysis revealed that all the wild type
MEF cells have similar growth curves, reaching CCP at passage 6 with an average
cumulative PDL of 9.52. PDL analysis of Nampt-OE cells on the other hand showed
mixed results when compared to the wild type cohorts. Line Tg#4 cells reached CCP later
than control, at passage 8, with cumulative PDL of 12.8. Line Tg#1 and Tg#2 cells both
also reached CCP later than control, at passage 7, with cumulative PDL of 11.9 and 11.7
respectively. Line Tg#3 however reached CCP at passage 6 similar to wild type MEF
cells with cumulative PDL of 10. These results suggest that Nampt-OE cell had an
enhanced proliferation capability than wild type cells and these enhancements correspond
to the degree of Nampt overexpression and NAD* increase in the respective transgenic
MEF cell lines (Figure 8).

We then asked if the enhanced proliferation capability and delayed CCP observed
in Nampt-OE cells was due to a delay in the onset of cellular senescence. To address this
question, we compared the cellular senescence state of wild type and Nampt-OE cells by
analyzing several senescence markers such as senescence-associated [-galactosidase
(Sap-Gal) activity and quantitative analysis of p16'™K42 p19ARF and p21°'"™ gene
expression.

Staining for Sap-Gal activity is a standard method to assess the presence of
senescent cells in a cell population based on the reported increased activity of -
galactosidase at suboptimal pH. Sap-Gal staining of wild type MEF cohort cells revealed
that wild type cells started to have dramatic accumulation of Saf-Gal-positive cells at
passage 6, which is consistent with the CCP observed in the PDL analysis. The presence
of Sap-Gal-positive cells continues to increase from 10% to 40% with every subsequent
subcultures. On the other hand, Nampt-OE MEF cells showed a slow but steady
accumulation of Sap-Gal-positive cells. Unlike their matching wild type cohorts, these
Nampt-OE MEF cells did not show a dramatic increase in the percentage of Sap-Gal-

positive cells at their respective CCPs and maintained the presence of Sap-Gal-positive
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cell under 10% until passage 11 when all lines except Tg#3 start to show a sudden
increase in percentage (Figure 9A, B).
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Figure 8: Changes in cell proliferation pattern in MEF cells isolated from Nampt-OE transgenic mice.
Left panels: growth curves based on cumulative PDLs of each transgenic cell line; right panels: PDL
value for each passage from growth curve analysis. Passage with PDL value less than 0.5 threshold
(dotted line) is considered to have entered senescence (arrows).
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Figure 9: Nampt-OE MEF cells have lower presence of senescence cells. (A) Bright field image of
senescence-associated B-galactosidase (sap-Gal) positive cells (arrowhead). (B) Quantitation of Sap-Gal
positive cells in presented in percentage over total cell counted. **:p<0.01.
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p16'NK4a  p19ARF and p21°'P are well known cell cycle regulators and the
expression level of these genes have been known to increase during cellular senescence.
To corroborate the Saf3-Gal staining results, we compared the expression level of these
markers in cells at passage 4 and 8 as representative of cells at exponential growth and
plateaued growth phases, respectively. For these assays, we utilized the Tg#1 and Tg#4
since these two lines have the highest fold in increase in Nampt overexpression and
elevated NAD™ level.

As shown in Figure 10, p16™K4% p19”RF and p21°'™ gene expression levels in
Nampt-OE cells were observed to be similar to that of wild type cells at passage 4 in Tg#1.
However, at passage 8, the expression of these genes in Nampt-OE cells was found to be
lower than their wild type cells. It is worthy to note that the expression of p16'N4® and
p19°RF was upregulated in both wild type and Nampt-OE cells at passage 8 when
compared to passage 4 while p21°'"* was upregulated at passage 8 only in wild type cells.
In Tg#4, p16'™K4 p192RF and p21°'™! gene expression levels in passage 4 were already
lower than those in wild type cells and these gene expressions were almost similar
between passage 4 and 8. Taken together, these results suggest that Nampt-OE cells
exhibit a delayed onset of cellular senescence as opposed to wild type MEF cells. This

delay could be a contributing factor to the extended cell proliferation phase noted earlier.
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Figure 10: Nampt-OE MEF cells have low p16'WKe p194RF and p219F1 expression. mRNA level of target genes
were normalized to 185 rRNA gene expression and fold increase calculated were based on the level of wild
type (Wt) passage 4 samples. Top panels: Tg#l; bottom panels; Tg#4. *:p<0.05; **:p<0.01.
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3.5 Nampt-OE cells exhibit higher resistance against oxidative stress and better
preservation of cell proliferation potential.

Oxidative stress is one of the more prominent trigger for cellular senescence. It
has been found to underlie the premature onset of replicative senescence in cells cultured
under hyperoxic (O2 concentration of ~20%) condition. Therefore, improving resistance
towards oxidative stress is likely to be beneficial to stave off senescence onset and
preserve cellular proliferation potential. Since our initial results demonstrated that Nampt-
OE cells have delayed senescence onset compared to wild type MEF cells, we wondered
if Nampt-OE cells mount a better resistance towards oxidative stress compared to wild
type cells.

In order to clarify this, we first measured and compared viability of Nampt-OE
cells under acute sublethal hydrogen peroxide (H2O>) treatment. Cells were treated with
an increasing dose of H>O> and these treatments reduced the overall viability of the cells
in a dose-dependent manner. However, only Tg#4 with the highest NAMPT
overexpression showed a consistent high in viability across the tested H2O»
concentrations when compared to wild type MEF cells, while moderate NAMPT
overexpression in Tg#l and #2 only showed significant improvement in viability under
the highest H>O, dose. These results suggest that Nampt-OE MEF cells have better
resistance against oxidative stress (Figure 11).

On top of that, we carried out a cell proliferation assay under chronic low
oxidative stress condition. Cells were cultured in the presence of 50uM H20>, and was
subcultured every 3 days. From this assay, we observed that Nampt-OE cells from all
lines have higher cell count as compared to wild type cells. This indicated that under
oxidative condition, Nampt-OE cells maintain higher proliferation capacity than wild type
(Figure 12). Consistent with their levels of the Nampt overexpression and NAD™
upregulation, Nampt-OE MEF cells from Tg#4 showed the highest proliferation potential
compared to the rest of the lines based on the cell number recorded at passage 5.

It is interesting to point out that in Tg#3, under oxidative stress condition induced
by 50uM H,O; treatment, Nampt-OE MEF cells showed a better proliferation potential
compared to wild type MEF cells even though cell proliferation was not found to be
different under non-stress condition. This indicates that the degree of change in terms of

Nampt overexpression and NAD™ upregulation in Tg#3 MEF cells was not sufficient to

38



enhance cell proliferation under normal culture condition but can preserve the

proliferation potential of wildtype cells under a more intense oxidative stress condition.
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Figure 11: Nampt-OE MEF cells have higher viability under acute H,0,-induced oxidative stress condition. Cells

were treated with H,0, at concentration as described for 24 hours. Cell viability was assessed by counting cells
unstained by trypan blue. *:p<0.05; **:p<0.01.
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Figure 12: Nampt-OE MEF cells have higher proliferative potential under chronic H,0,-induced oxidative stress
condition. Cells were treated with 50uM H,0,. Cell viability was assessed by counting cells unstained by trypan
blue. *:p<0.05; **:p<0.01.

3.6 Nampt-OE cells exhibit increased ROS scavenging activity

Since Nampt-OE cells exhibited enhanced resistance against oxidative stress and
higher cell proliferation potential, we wondered if these changes are attributed to an
improvement in ROS mitigation. ROS measurement revealed that cellular ROS in Nampt-
OE cells is 70% lower than the wildtype cells at basal level. And when treated with
100puM H202, ROS level in both cells showed an increase but ROS level in Nampt-OE
cells still measured below 50% of that in the wild type MEFs (Figure 13). The low ROS
level in Nampt-OE cells even under H.O»-treated condition suggests that Nampt-OE cells
has a more active ROS scavenging activity. We wondered if anti-oxidant gene
expressions were upregulated in Nampt-OE MEF cells. Using qRT-PCR analysis, the
results revealed that Nampt-OE cells have notable upregulation of Sod2 and Catalase

gene expressions, but not Sodl and Gpx1, when compared to wildtype cells at both
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passage 4 and 8, although overall expression level showed a decrease at the later passage
(Figure 14). Overall, our results demonstrated that Nampt-OE cells have better resistance
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Figure 13: Nampt-OE MEF cells have lower ROS levels than wild type MEF cells both under basal
and oxidative stress induced by 100puM H,0,.**:p<0.01.

soD2 Catalase
33 =Wt mTg
s 2
Te#l %
i - _ - n
H Lo 1
E 3
g 2
Te#s &
¢ 1
z
€0
Sod1 Gpx1
_ 1.2
E 1.0
g 0.8
Tg#l E 06
.3 0.4
=
2 02
0
_ 1.2
i 1.0 *
g 0.8
Tg#a E oe
-E 0.4
a
2 02
0
passage passage

Figure 14: Nampt-OE MEF cells have upregulated S0D2 and Catalase gene expression. Total RNA was
extracted from primary MEFs at passage 4 and 8 before being subjected to quantitative PCR analysis.
Expression level of (A) Sod2 and Catalase and (B) Sod1 and Gpx1 were normalized to 18s rRNA gene

expression and the fold increase calculated were based on the level of wild type (Wt) passage 4 samples.
*:p<0.05; **:p<0.01
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to oxidative stress partly due to enhanced mitigation of ROS and in return show improved

proliferative potential than wild type cells.

3.7 Nampt-OE cells show increased SIRT1 deacetylase activity

SIRT1 has been shown to regulate cellular proliferation and senescence but this
function is dependent on the robustness of the intrinsic NAMPT activity and NAD" level
(Ho et al., 2009). SIRT1 is also vital in regulating FOXO-mediated activation of
antioxidant enzymes including SOD2 and Catalase (Klotz et al., 2015). Therefore, we
tried to find out if the SIRT1 activity is enhanced in response to Nampt overexpression.

To that end, SIRT1 activity was measured using the Fluor-de-Lys SIRT1
Fluorometric Kit (Enzo), which is based on the ability of SIRT1 to deacetylate and hence
activate a partial p53 protein fused with a fluorescent compound. When fluorescent
signals were measured and compared, signal intensity from Nampt-OE cells (Tg#4) was
found to be 2.5-fold higher than that of the wild type, indicating that Nampt-OE cells
produced more deacetylated products from the reactions thus suggesting that Nampt-OE
cells have higher SIRT1 activity than wild type MEF cells (Figure 15). In addition, 1mM
NMN treatment did not increase SIRTL1 activity. This observation perhaps offers an
explanation as to why ImM NMN treatment was unable to improve cellular proliferation
and senescence in wild type MEF cells.
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Figure 15: SIRT1 activity is increased in Nampt-OE MEF cells. Wild type (WT) cells were cultured with or
without 1mM NMN (NAD+ precursor) for 24 hours. **p<0.01; n.s.: not significant when compared to WT.
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4.0 Discussions

4.1 NAD" level decreases in passaged MEF cells

Cellular senescence is slowly gaining attention as a key aspect behind the mystery
of organismal aging. Growing evidences have implicated cellular senescence process in
the early step of tissue degeneration and dysfunction related to aging. The recent findings
that identified NAD™ as one of the potential determinant for cell longevity have since
added another layer of complexity to this conundrum (Gomes et al., 2013). In many
examples involving human cells, NAD" and NAMPT levels have been shown to decline
both in vivo in relation with age and in primary cells that have been extensively passaged
during cell culture. In this study, we also observed that NAD* was depleted and NAMPT
expression was downregulated in primary MEF cells that have been successively
passaged. The consistency of NAMPT-NAD* depletion between human and mouse cell
supports the universal role of NAMPT-NAD? in regulating cellular senescence.

The NAD" depletion seen in MEF cells is speculated to be due to several factors.
One possible factor is a change in activity of the transcription factors for NAMPT, such
as Bmall-Clock dimer. Bmall activity might have declined with age which, in turn,
would have caused NAMPT gene downregulation. Another possibility is due to a chronic
activation of PARP1 activity that might have exhausted the cellular NAD™ reserve. This
is because MEF cells were cultured at atmospheric oxygen condition that have been
shown to increase oxidative stress and DNA damage accumulation. In addition, depletion
of cellular NAD* might also be due to an overactivation of CD38 in senescing MEF cells
that consumes NAD™" to generate CADPR. This is based on the latest report by Camacho-
Pereira (2016) that found CD38 activity was increased and is responsible in age-related
decline of NAD".

Furthermore, the NAD"-consuming SIRT1 is also found to regulate NAMPT
expression to form a positive feedback loop as shown in mouse hepatocytes (Choi et al.,
2013). Therefore, the lack of NAD" is also likely to hinder SIRT1 function and disrupt
SIRT1-mediated upregulation of NAMPT. This NAMPT/NAD* and SIRT1
interdependency and its conserved effect on cellular senescence between species is
consistent with the “NAD world” theory put forth by Imai (2009).
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4.2 Supplementation of NMN did not improve cellular proliferation and cellular
senescence

We tried to investigate whether any approach to elevate intracellular NAD™ level
would have an impact on MEF cell proliferation and senescence. First we tried a
pharmacological approach to increase NAD" level in MEF cells by supplementing with
NMN. However, our results showed that 1ImM NMN supplementation did not improve
population doubling level despite displaying an increase in the intracellular NAD™ level
(Figure 2A). Subsequently, we found that SIRT1 activity in NMN-treated MEF cells was
not significantly increased (Figure 13). This probably explains why NMN treatment did
not impact proliferation and senescence of MEF cells in culture since SIRT1 activity is
vital in controlling cellular proliferation and senescence in response to oxidative stress
(Furukawa et al., 2007). We speculate that although NMN treatment could increase
cellular NAD" level in wild type MEF, it could also result in the accumulation of NAM,
the byproduct of NAD" breakdown by SIRT1. NAM is an endogenous inhibitor for
SIRT1 and its accumulation would upset the NAD*/NAM ratio and favors the inhibition
of SIRTL1 activity. Of note, it has also been shown that NMN treatment was not able to
increase SIRT1 deacetylase activity in myocytes (Hsu et al., 2016) and that SIRT1 gene
expression can be downregulated by NMN treatment in primary mouse hepatocytes (Yu
et al., 2013). Such accumulation of NAM however might not be present in Nampt OE
cells. This is because even though Nampt overexpression increases NAD" and hence
SIRT1 activity, the level of NAM as the byproduct would still be inherently low due to
the high Nampt activity. In other words, NAMPT OE cells would consistently maintain
high NAD" and low NAM state, a condition that would support high SIRT1 activity.

However, previous reports have shown that elevation of NAD" level through
exogenous supplementation of NAD™ and its intermediates such as NMN and NAM can
have positive effects on cell proliferation in human cells. For example, supplementation
of NMN to human endothelial cells have been observed to increase NAD" level and
preserve proliferation potential from growth inhibition induced by glucose overload
(Borradaile et al., 2009). 5mM NAM treatment in normal human fibroblasts, normal
keratinocytes and human dermal fibroblasts also have been shown to increase replicative
lifespan by at least 1.3-fold (Kang et al. 2006), while administration of 0.2mM NAD" to
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Hs68 human foreskin fibroblasts can extend cumulative population doubling by two
additional passages (Song et al., 2015). Therefore, the inability for NMN to increase MEF
cell proliferation suggests that murine cells probably have a different
mechanism/preference that mediates the response to exogenous NAD™ intermediates.
Besides that, this also shows that using Nampt overexpression as a means to increase
NAD™ might be advantageous in circumventing the potential inhibitory effect of NAM
accumulation on SIRT1 activity, as opposed to supplementation of NAD™ intermediate.
Therefore, a more extensive study is much needed to elucidate and confirm why SIRT1
activity is not increased under NMN-induced high NAD™ condition.

4.3 Nampt overexpression boosts mitochondrial function

Second, we tried to use a genetic approach to increase NAD" level in MEF cells.
In particular, we generated transgenic mice that systemically overexpress NAMPT, the
rate-limiting enzyme in the NAD" biosynthesis pathway. This transgenic approach
potentially allows for the examination of the effect of Nampt-OE at the molecular and
cellular level, across different developmental stages, across multiple organ and tissue
types as well as observation of phenotypic and behavioral changes during natural course
of aging. However, this study only focuses on the changes that occurred at the molecular
and cellular level.

MEF cells overexpressing Nampt have higher NAD" level compared to wild type
MEF cells and are able to sustain the increase considerably in later passages. Due to the
interdependence of redox reactions and intracellular NAD* concentration and/or a
possible autoregulation mechanism since NAMPT activity requires ATP, increased
NAD" level in Nampt-OE MEF cells showed a concomitant increase in ATP synthesis
(Figure 5A). For example, we observed a 1.3-fold increase in ATP when NAD" is
increased 1.3-fold in Tg#3. Similarly, it has been shown that a 1.19-fold increase in ATP
when NAD" is increased 1.3-fold by a localized Nampt overexpression in cardiac muscles
(Hsu et al. 2009). This increase in activity however was not accompanied by any change
in mitochondrial mass based on the unchanged level of mitochondrial membrane protein
VDAC (Figure 5C).
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4.4 NAMPT overexpressing cells show higher proliferation doubling capability due
to improved oxidative stress mitigation

Here, we provide evidences that Nampt overexpression have a positive impact on
cellular oxidative stress mitigation, proliferation and senescence onset of MEF cells
maintained under cell culture condition. MEF cells overexpressing Nampt was found to
have enhanced antioxidant activity that lowered ROS level and conferred better resistance
towards acute and chronic oxidative assaults as well as preserving the cellular
proliferation potential (Figure 9, 10).

We postulate that the activation of SIRT1 function is central in modulating these
effects. SIRT1 activity is highly dependent on NAD* level and Nampt overexpression in
human smooth muscle cells have been demonstrated to boost SIRT1 activity in promoting
resistance to senescence and extension of replicative lifespan (Ho et al., 2009). Consistent
with this, SIRT1 activation was also observed in Nampt-OE MEF cells, presumably as a
result of increased intracellular NAD™ level (Figure 13). SIRT1 regulates the activity and
function of many proteins essential for metabolic homeostasis and cell survival. Among
the enzymes that fall under SIRT1 regulation are the primary antioxidant enzymes SOD2
and Catalase through the function of FOXO family transcription factors (Kops et al.,
2002). Gene expressions of Sod2 and Catalase have been shown to be activated in
astrocyte after SIRT1 upregulation (Cheng et al., 2014). Mice with specific loss of SOD2
function in the connective tissues suffered premature onset of age-related phenotypes
such as kyphosis and skin atrophy along with reduced overall lifespan (Treiber et al.,
2011). Meanwhile, specific Catalase overexpression in the mitochondria have been
shown to extend mouse lifespan (Schriner et al., 2006). Sod2 and Catalase upregulation
in Nampt-OE MEF cells therefore provides a cohesive proof that supports the impact
Nampt overexpression had on oxidative stress mitigation (Figure 12). Not only Sod2 gene
expression, but also SOD2 scavenge activity might be increased in Nampt-OE MEF cells,
since SIRT3, another Sirtuin family deacetylase located in mitochondria, has been
demonstrated to deacetylate SOD2 and enhance its activity, thereby reducing oxidative
stress (Qiu et al., 2010; Chen, et al., 2011).

Accordingly, expression of p16'N4a p194RF and p21°'™ genes, that would be
upregulated upon activation of DNA damage signals by oxidative stress, were found to

be more subdued in Nampt-OE MEF cells when compared to wild type MEF cells,
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indicating that the level of DNA damage stress is not at a critical level (Figure 8). The
level of repression of these genes were dependent on the Nampt overexpression level
since significant downregulation was observed in both passage 4 and 8 only in Tg#4
which has the highest Nampt overexpression. Our results also show the upregulation of
all three markers at passage 8, suggesting that MEF cells engage both p19”RF-p53-p21°'Ft
arm and p16™*%-pRb arm of the senescence activation pathway. This indicated that
senescence activation in MEF cells is a tightly regulated process. Furthermore, activation
of both arms of senescence activation pathway in this case is potentially vital in
demonstrating the increased resistance of Nampt-OE MEF cells towards both acute and
chronic oxidative stress. This is because MEF have shown to be dependent on p192%F to
initiate senescence under chronic DNA damage while p53 response towards acute DNA
damage is found to be p19”RF independent (Bieging-Rolett et al., 2016). It is interesting
to note that in MEF cell undergoing senescence, p53 level was previously reported to
remain unchanged (Kim et al., 2002). Attempts have been made to compare the level of
p53 in wild type and Nampt-OE MEF cells but to no avail. It is noted that information
comparing p53 levels in these cells would further substantiate the effect Nampt-OE has
on delaying the onset of cellular senescence.

Nampt-OE MEF cells were observed to have a higher population doubling
capacity and a delayed cell cycle arrest of 1-2 passages later than wild type MEF cells.
Interestingly, this arrest is not completely consistent with Sap-Gal staining results
because Tg#4 MEF cells showed low accumulation of Sap-Gal positive cells at the point
of proliferation arrest (passage 8) as compared to wild type MEF cells that had dramatic
increase of Saf-Gal positive cells at the point of proliferation arrest (passage 6). In fact,
Tg#4 MEF cells showed a dramatic increase in Sap-Gal positive cells percentage at
passage 11 (Figure 7). This suggests that Tg#4 MEF cells were arrested by p16'NK4,
p19°RF and p21°'P* activation of cell cycle checkpoints and probably kept under quiescent
state rather than becoming senescent at passage 8. Quiescent state is known to precede
senescence event (Blagosklonny, 2011). And based on the Sap-Gal staining, Tg#4 MEF
cells were maintained in arrested state longer than wild type cells before eventually
becoming senescent. These events are similar with arrested retinal pigmental epithelium
(ARPE-19) cells that were treated with rapamycin, an mTOR pathway inhibitor
(Demidenko et al., 2009). Arrested ARPE-19 cells that have suppressed mTOR activity
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showed extended quiescent state that precedes senescence. Therefore, it is likely that
Nampt overexpression prolonged the duration of this quiescent state in MEF cells,
effectively protecting them from becoming irreversibly arrested or senescent.

This protective effect of Nampt overexpression might be achieved through
SIRT1-mediated increase in mTOR inhibitor complex TSC2 activity (Ghosh et al., 2010),
as our data showed that SIRT1 activity was increased in Nampt-OE MEF cells. Similar
protective effect of Nampt overexpression was reported in neuronal cells during cerebral
ischemia (Wang et al., 2012). Further examination into the activity of mTOR in both wild
type and Nampt-OE MEF cells is required to elucidate potential relationship between

Nampt overexpression and the regulation of mTOR pathway.

48



5.0 Concluding remarks

In this study, we attempted to shed some light onto the mechanism of cellular
senescence in MEF cells in association with NAMPT and NAD"-dependent functions.
Nampt overexpression in MEF cells resulted in the increase in NAD™ level which in turn
increased SIRTL activity. Higher SIRTL1 activity promotes delay onset of senescence
during culture through enhancing resistance to oxidative stress. Supplementation of
NAMPT enzymatic product NMN to wild type MEF cells however have no effect on the
onset of senescence despite increasing NAD™ level. This supports the growing notion
that NAMPT and NAD" levels play a role in determining the decision-making for cellular
proliferation vs. senescence both in human and mouse cells.

Moving forward, more aspects of NAMPT regulation on MEF cell proliferation
and senescence should be addressed and elucidated. NAMPT and SIRT1 form an auto
feedback loop with Bmall, connecting cellular metabolism and the circadian mechanism.
And interestingly, cellular senescence has been implicated with altering circadian clock
gene expression (Kunieda et al. 2006). Therefore, Nampt overexpression could have an
impact on the modulation of the cellular circadian oscillation mechanism. It is thus
possible that the circadian oscillation mechanism partly contributes to the delayed
senescence observed in Nampt-OE MEF cells.

Aside from that, the open question regarding the NAM/NAD? ratio in Nampt-OE
MEF cells needs further clarification. NAMPT produce NMN (and later generate NAD™)
by consuming NAM. Therefore, constitutive Nampt-OE would likely depletes NAM pool.
Low NAM level might be advantageous since NAM is an endogenous SIRT1 inhibitor.
However, NAM can also be methylated by NNMT to form N-methylnicotinamide
(MNAM). MNAM has been demonstrated to stabilize SIRT1 by regulating its ubiquitin-
proteosome degradation (Hong et al., 2015). It is therefore intriguing to see how Nampt-
OE augment the interplay between NAD*/NAM/MNAM in MEF cells.

Finally, it would be of utmost interest to see how the systemic NAMPT
overexpression would impact the healthy lifespan or ‘healthspan’ and median lifespan of
the transgenic mice. Baker and colleagues have demonstrated earlier the advantage of
removing p16'NK4-positive senescent cell on the onset of age-related diseases as well as

on median lifespan in mice (Baker et al., 2011; 2016). So far, no morphological difference
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was observed when NAMPT is overexpressed in the murine heart when compared to wild
type mice (Hsu et al., 2009; Frederick et al., 2015). However, given that p16'NK4
expression in MEF cells was downregulated and senescent cell occurrence was delayed
when NAMPT is overexpressed, we are positive that NAMPT overexpression would also

have similar positive effect on organismal healthspan and lifespan extension.
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