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ABSTRACT

The tumor suppressor pS53 acts as a master transcription factor that controls
hundreds of effecter genes in response to various cellular stresses. The flexibility of p53
to regulate its target genes with distinct functions (growth arrest, DNA repair, apoptosis
etc.) is largely conferred by extensive and dynamic posttranslational modifications of the
protein, including phosphorylation, acetylation, methylation, ubiquitination, sumoylation,
neddylation and ADP-ribosylation. Recent evidence suggests that acetylation is
indispensable for p53 activation. A major regulator of p53 acetylation, and hence p53
function, is a group of Class III histone deacetylases known as Sirtuins (SIRTs), that
utilize nicotinamide adenine dinucleotide (NAD") as substrate to catalyze the removal of
acetyl groups from p53, resulting in the “silencing” of p53 activity. In an effort to
determine whether a feedback loop exists whereby p53 is involved in the regulation of
NAD" metabolism, nicotinamide adenylyltransferase 2 (Nmnat2), a key NAD" synthetase,
was identified to be a novel target gene of p53, from which two transcript variants are
expressed in human (TV1 and TV2). Two putative p53 response elements within the first
intronic region of human Nmnat2 gene were also identified that can actively drive the
expression of luciferase reporter gene in a p5S3-dependent manner. Most importantly, data
suggests that Nmnat2, like SIRTs, is involved in the regulation of p53-mediated apoptosis
and protein acetylation upon DNA damage. Furthermore, Nmnat2 isoforms exert
opposite functions on SIRT-mediated deacetylation of p53. Specifically, ectopic
expression of Nmnat2 TV2 isoform promotes p53 acetylation after DNA damage,
whereas ectopic expression of Nmnat2-TV1 isoform suppresses it. Manipulation of SIRT
activities by either RNA interference or specific inhibitors modifies p53 acetylation status
the same way Nmnat2-TV2 isoform does. Collectively, the results suggest the existence
of a p53-Nmnat2 feedback loop, whereby p53 can regulate its own activity positively or
negatively, depending on the nature and extent of DNA damage.
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CHAPTER 1 INTRODUCTION

1.1 P53 AcTts As A MASTER TRANSCRIPTION FACTOR

1.1.1 Overview

The proliferation and differentiation of cells needs to be tightly regulated,
ensuring their appropriate physiological functions. Failure to do so can lead to diseases
such as cancer. To adapt to dynamic environmental changes such as genotoxic insults,
oncogenic activation and availability of nutrients/oxygen, cells have evolved sensitive
and elaborate mechanisms to switch their gene transcription patterns. One of such core
regulatory loops is activation of the tumor suppressor p53, a master transcriptional
regulator that modulates the expression of hundreds of effecter genes [1, 2]. Products of
pS3 effecter genes play roles in cellular processes such as cell-cycle arrest, apoptosis,
senescence, metabolism, autophagy and DNA repair [3-6]. For example, by inducing the
expression of p21"7"C%! 4 cyclin-dependent kinase inhibitor, p53 rapidly responds to
DNA damage and oncogenic activation, causing reversible cell-cycle arrest [7, 8]. If
problems persist, p53 initiates an apoptotic program by inducing target genes such as
puma, bax, perp, fas, DRS5/killer, noxa and p534IPI1, and/or directly triggers
mitochondrial outer membrane permeabilization (MOMP) [9-13]. Alternatively,
depending on the context of stress and cell type, p53 can induce permanent cell growth
arrest or senescence [14, 15]. The importance of p53 in tumor prevention is manifested
by the fact that about half human cancers bear direct p5S3 gene mutations and the rest

manage to inactivate the p53 pathway [16, 17]. Animal studies demonstrated that p53



knock-out mice spontaneously develop tumors of distinct tissues with 100% penetrance
[18, 19]. An ancestral function of p53 is to trigger programmed cell death, also known as
apoptosis, in response to DNA damage, thereby keeping the integrity of the germ line
[20-22]. It is thought that p53 has acquired the ability during evolution to respond to

oncogenic stimuli, and functions as a safeguard against neoplasia [21].

1.1.2 Transcriptional Regulation By p53

Most cancer-derived p53 mutations have been found within the DNA-binding
domain (DBD), underscoring the main role of p53 as a sequence-specific DNA-binding
protein [23, 24]. To date over 125 protein-coding genes and noncoding RNAs have been
shown to be direct transcriptional targets of p53 [6]. p53 target genes contain sequence-
specific responsive elements (RE) to which p53 binds, leading to activation of their
transcription. p53 was originally characterized as a transcriptional activator. Further
research expanded p53’s functions to include transcriptional repression [25]. p53, like
other transcription factors, has a modular protein domain structure [3, 26-28] (Figure 1).
There are two transcriptional activation domains (TAD) within the N-terminus of p53
protein, TAD1 and TAD2, which span amino acid residues 1-40 and 41-80, respectively.
A proline-rich domain (PRD) is located C-terminal to TAD2 and was originally proposed
to play a role in protein-protein interactions based on the presence of PxxP motifs that
resemble Src homology 3 (SH3)-domain-binding regions [29]. Although gene knock-in
mice with p53 containing proline-to-alanine mutations at putative protein interaction sites
appear normal, complete deletion of the PRD abolishes the tumor-suppressive function of
p53 [30]. The central DNA-binding domain spans residues 100-300. p53 gene mutations

in tumors can either alter residues essential for direct contact with the protein’s response



elements (contact mutation) or cause mis-folding of the domain (structural mutation).
“Hot-spot” mutations of p53 have been found in the DNA-binding domain, including
R175, G245, R248, R249, R273 and R282 [17, 23, 31]. Those p53 mutations not only
disrupt DNA-binding but also confer new capacities to p53 thus turning p53 into an
oncoprotein, a phenomenon known as “gain-of-function”, which is relevant to increased
tumor invasiveness and metastasis [3, 23, 31-33]. p53 binds to its response elements as a
tetramer through its tetramerization domain comprising residues 325-356. At the very C-
terminus of p53 protein lies a basic, lysine-rich domain containing residues 363-393.
Lysines within the C-terminus of p53 (CTD) are subject to extensive post-translational
modifications that could modulate p53 protein stabilization and sequence-specific DNA-
binding [34-36].

p53 tetramers bind as dimers of dimers to sequence-specific p53 response
elements, which are classically defined as two DNA half sites of RRRCWWGYYY
(where R is a purine, W is adenine or thymine and Y is a pyrimidine) with a spacer of 0-
13 base pairs between half sites [6, 27, 37-39]. pS3 REs are most commonly found in the
promoter at varying distances upstream (e.g. p21, noxa) from the transcription initiation
site. Some p53 REs (e.g. mdm2, pcna) are found to be located very close (within ~300
bp) to the transcription initiation site, or within early intronic sequences (e.g. puma, pig3
microsatellite RE), but can even be found within exons (e.g. miR-34a) [6].

Regarding the discrete locations of p53 REs, one important question is: How
does p53 locate its target sequence within highly condensed chromatin? One clue may be
the fact that p5S3 can bind to DNA with two distinct DNA-binding domains, the central

DBD and the highly basic C-terminal domain (CTD). The DBD is capable of recognizing



specific p53 Res, whereas the CTD of p53 has been shown to render p53 the ability to
linearly diffuse on naked DNA [40-42]. Whether such sliding contributes to p53’s
binding site localization remains to be determined but it remains as an appealing
possibility. The CTD of p53 can positively regulate p53-binding to unique DNA
structures including single-stranded DNA overhangs, hemicatenated DNA, minicircular
DNA, and supercoiled DNA [40, 43-45]. However, a carboxy-terminally truncated p53
(pS3AC30) is markedly impaired in binding to chromatinized DNA templates in vitro
[46] and to p53 target promoters in vivo [47], indicating that the CTD of p53 facilitates
pS3 promoter binding in the context of chromatin.

p53 is involved in two steps of gene transcription. First, pS3 stimulates
transcription initiation of RNA polymerase II-transcribed genes. Upon DNA damage, p53
is involved in the recruitment of the histone variant H2A.Z, which is required for full
activation of the p21 gene [48]. Histone methyltransferases (HMTs) PRMTI1 and
CARMI, that cooperate with p300/CBP in a p53-dependent fashion, facilitate
transcription on the gadd45 gene after UV radiation [49]. p53 also promotes histone
acetylation. Histone acetyltransferases (HATs) such as p300/CBP, PCAF, GCNS5, or
TIP60, are recruited after p53 has bound to its recognition site to acetylate histones
within the vicinity of p53 RE [50-55]. p53 can direct pre-initiation complex (PIC)
assembly on target gene promoters. This process involves the ordered recruitment of
histone methyltransferases (HMTs), histone acetyltransferase (HATs), and other
cofactors in the vicinity of the p53 response element. Subsequently, RNA polymerase II
and its associated transcription factors (TFs) can bind to the transcription start site [56-

63]. Under certain conditions, p53 can also modulate transcription elongation through



interaction with various elongation factors [64]. During elongation, RNA polymerase II
activity is facilitated by several elongation factors that function to repress the stalling and
pausing of RNA polymerase. It has been reported that p53 interacts physically or
functionally with several of these factors, including cdk9, FACT, various components of
the mediator complex, and ELL [65-68]. p53 and its upstream signaling pathways have
been reported to be involved in the stimulus- and locus-specific control of transcription
elongation. For example, DNA-PK is implicated in inhibiting the elongation of p2/ RNA
but not puma RNA, in response to chromium exposure [69], whereas after replication
stress, p21 RNA elongation is inhibited in a Chk1-dependent fashion [70]. The regulation
of transcription elongation is emerging as a key layer of control in fine-tuning p53-
regulated transcription. p53 has also been shown to repress a wide range of target genes.
Several mechanisms of p53-mediated repression of transcription include: First, p53 can
directly bind to its RE and recruit co-repressors; Second, p53 can induce a repressor
protein thereby indirectly repressing some genes; Third, binding of p53 to its RE may
occlude the binding of other transcription factors; Fourth, p53 can bind to other

transcription factors and repress them by recruiting HDACs [6, 71].

1.1.3 Regulation Of p53: Posttranslational Modifications

The diversity of p53 function is attributed to the flexibility of the protein to be
modified by upstream regulators that sense various cellular stress signals, for example,
DNA damage [13, 72]. There are about fifty sites within the p53 polypeptide that are
subject to extensive posttranslational modifications (PTMs), including phosphorylation,
acetylation, ubiquitination, sumoylation, methylation, ADP-ribosylation and neddylation

[73] (Figure 1). It is worth noting that de-modifying enzymes exist to balance p53-



mediated DNA damage responses [74-78]. For example, histone lysine acetyltransferases
(HATS) such as P300 and CBP acetylate p53 and promote its transcriptional activity. On
the other hand, histone deacetylases (HDACs) catalyze the removal of acetyl groups from
p53, resulting in the “silencing” of p53 activity [74]. Protein p53 is kept at a low levels in
cells under physiological conditions. The mouse double minute (MDM?2) oncoprotein, a
ubiquitin E3 ligase, constantly ubiquitinates p53 and promotes its degradation through
cytoplasmic proteasomal machinery [79]. Interestingly, the mdm2 gene is a direct target
of p53 transcription such that p53 protein levels is controlled in a negative feedback
manner [79, 80]. MDM2 binds to amino-terminal transactivation domain 1/2 (TAD1/2)
of p53 and ubiquitinates a cluster of six lysine residues within carboxyl-terminal of the
protein [79-81]. TADI and TAD2 comprise amino acids 1-40 and 41-80, respectively,
both of which contain multiple serine and threonine residues that can be phosphorylated
by upstream kinases from diverse cellular pathways. Phosphorylation of p53 in the TAD
domains results in the release of p53 from MDM2 and stabilization of the protein [82].
MDM2 not only degrades p53 by the ubiquitination-proteasome pathway, but also blocks
its transcriptional activity because acetylation, critical for p53's function, occurs at the
same set of lysine residues targeted by MDM?2 [81, 83-85]. Several lines of evidence
suggest a complex sequential and inter-dependent regulation between phosphorylation
and acetylation events [86].

Although a large body of evidence supports the view that phosphorylation
events taking place in TAD1 and TAD?2 are essential for p5S3 activation, gene knock-in
mice expressing p53 with amino-terminal serines substituted with alanines show no

increased susceptibility to cancer [87]. It is likely that these mutations in TAD domains



simultaneously disrupt p53-MDM2 interaction and facilitate acetylation of p53, thereby
preserving its tumor suppression activity. If this is the case, activation of p53 can be
achieved by mechanisms where phosphorylation of p53 is dispensable. Indeed, the tumor
suppressor protein ARF, activated by oncogenic signals, binds to MDM2 and unleashes
p53 functions [88, 89]. Importantly, there is no detectable phosphorylation of p53
following induction through the oncogene-ARF pathway, although acetylation of p53
occurs during this process [88]. It is thus possible that the TAD domain of p53 serves as
an antenna for incoming signals relayed from upstream stress sensors (e.g. DNA damage-
activated protein kinases), disrupting p5S3-MDM2 interaction, and primes p53 for further
modifications such as acetylation. Indeed, activation of p53 can be achieved by blocking
negative regulators such as MDM?2 and HDAC deacetylases, mechanisms that do not
necessarily depend on TAD phosphorylation.

Protein p53 is the first non-histone protein identified to be acetylated by a group
of histone lysine acetyltransferases such as P300, CBP, PCAF, and TIP60/hMOF, which
play important regulatory roles in chromatin assembly, gene transcription and DNA
repair [58, 90-92]. Seven lysine residues (K305, K370, K372, K373, K381, K382, and
K386) within the carboxyl-terminus of human p53 are acetylated by P300 and CBP [93-
95]. The same HATs also acetylate K164 in the central DNA-binding domain (DBD) of
p53 and this acetylation event is related to cell-cycle regulation [96]. Acetylation of p53
by PCAF at K320, located in the tetramerization domain, is important for pS3 nuclear
localization [97]. K120, acetylated by the MYST HATSs family members TIP60/hMOF,
has been shown to regulate p53-dependent apoptosis, but not cell-cycle arrest [98-100].

Strikingly, mutation of all eight lysines (K120/164 in DBD, K370, K372, K373, K381,



K382 and K386 in carboxyl-terminus) to arginines abolishes p53's ability to induce p21
but not MDM2 [96]. Of particular interest is the observation that acetylation events
within the DBD (e.g. K120 for apoptosis, K164 for cell-cycle arrest) have profound
impacts on the regulation of the promoter binding selectivity of p53 toward its target
genes. Also deducible from these studies, these acetylation events (e.g. K120) need to be
tightly controlled to avoid inappropriate activation of p53's apoptotic function under
conditions favoring cell survival. This safeguarding mechanism possibly acts through
HDAC:s that negatively regulate p53 in such way that a p53 response is fine-tuned. If this
is true, then inhibition of HDACSs under pro-apoptotic conditions will be necessary for

pS53-triggered cell death.

1.2 CELLULAR PATHWAYS REGULATED BY P53

pS3 is activated by diverse cellular stress signals through protein stabilization
and posttranslational modifications (discussed above). Once activated, p53 binds to DNA
and stimulates the transcription of either protein-coding or non-coding genes (e.g.
microRNAs and intergenic lincRNAs) [6, 27, 101, 102]. Through its downstream genes,

p53 regulates cell life in many aspects (Figure 2).

1.2.1 Cell-Cycle Arrest

The cell has cell-cycle checkpoint mechanisms to ensure the fidelity of cell
division. At each phase of the cell cycle, cellular processes (e.g. DNA replication) are
verified to be accurately completed before progression into the next phase. The role of
p53 in regulating cell-cycle arrest has been extensively studied and both upstream

regulators and downstream effectors of p53 have been identified [103]. p53 regulates



cell-cycle arrest at both G1/S and G2/M. p53 induces GI1 cell-cycle arrest primarily
through transactivation of the cyclin-dependent kinase inhibitor p21 VPl 1y mouse
embryonic fibroblasts (MEFs), DNA damage activates upstream kinases ATM/ATR,

leading to p53-dependent G1 arrest. Targeted gene knock-out of p21"*/CiP!

compromises
the G1/S check-point in MEFs, to an extent less than that caused by p53 inactivation
([104, 105]. p53 induces G2/M cell-cycle arrest by perturbing the function of cyclin B1
and cdc2, which constitute the maturation-promoting factor (MPF) driving the cell-cycle
from G2 to mitosis. p53 can either transcriptionally repress the expression of cdc25c, a
phosphatase that activates cyclin B1 and cdc2 complex [106], or activates the expression
of the 14-3-3 sigma gene, which prevents nuclear localization of cyclinB1 and cdc2 after
DNA damage [107, 108]. Interestingly, gene deletion of either p21™*"“P! or 14-3-3
sigma in human colon cancer HCT116 cells resulted in enhanced cell death in response to

DNA damage, suggesting that pS3-mediated apoptosis in this cell line is inhibited by cell-

cycle arrest [107].

1.2.2 Apoptosis

Among the many functions of p53, controlling apoptosis is the most extensively
studied. A p53-dependent apoptotic program was first documented by the observation
that thymocytes from p53 gene knock-out mice are resistant to ionizing radiation-induced
apoptosis [109, 110]. Thereafter, it was reported that oncogene activation and certain
DNA-damaging agents can activate p5S3 leading to apoptosis [111]. These studies
established the role of p53 in an intrinsic fail-safe mechanism that prevents cellular
transformation. As more p53 downstream effectors have been implicated in apoptosis

than other processes, the complexity of p53-controlled apoptosis is getting revealed.



Evidence accumulated from the past indicates that the apoptotic function of p53 is tightly
controlled and determined by both quantitative and qualitative factors, including tissue
type, signal intensity and the nature of stress [112-118]. p5S3-mediated apoptosis involves
both transcription-dependent and transcription-independent function of p53. On the one
hand, once activated, p53 is capable of transactivating a large group of genes that are
involved in regulating apoptosis, including bax, p53AIP1, perp, DR5/Killer, fas/CD95,
Pig3, BH3-only protein noxa and puma [6, 7, 28, 32, 119]. On the other hand, p53 can
induce apoptosis in a transcription-independent manner. Specifically, in response to death
signals (e.g. DNA damage), p53 translocates to mitochondria and induces mitochondrial
outer membrane permeabilization (MOMP), resulting in the release of pro-apoptotic
factors from mitochondrial intermembrane space. Mechanisms of action of p53-induced
MOMP may include interaction with Bcl2 and Bcl-Xp as a derepressor, or directly
activating Bak/Bax like BH3-only proteins [9, 120-126]. The pro-apoptotic gene pS53-
upregulated modulator of apoptosis (puma) is worth noting for its role in coordinating the
transcription-dependent and transcription-independent mechanisms of p53-induced
apoptosis [127]. Specifically, in response to cellular stresses, pS3 transactivates the puma
gene. PUMA then translocates to mitochondria, where it binds to the Bcl-X protein,
releasing p53 to activate Bax [127]. These findings indicate that a full activation of p53-
induced apoptosis is synergized between transcription-dependent and transcription-
independent events of the p53 network, in which PUMA might play a critical role. Indeed,
it is the only p53 target gene whose inactivation leads to a similar apoptotic defect as p53
inactivation in response to IR in mouse lymphocytes [128]. However, puma knock-out

mice are not tumor prone, indicating that multiple p53 downstream pathways need to be
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inactivated in order to initiate tumorigenesis. This might also suggest that pS3 protein

itself is critical for apoptosis induction.

1.2.3 Senescence

Normal cells lack endogenous telomerase and consequently suffer from
telomere erosion that limits their proliferative potential, a process known as replicative
senescence. Cellular senescence is a permanent form of cell-cycle arrest, which was
originally described in normal human fibroblasts by Hayflick [129]. It was proposed that
telomere erosion beyond a certain limit can trigger a cellular DNA damage response and
activation of the ATM/ATR-p53 pathway, which leads to growth arrest [130, 131].
Senescence is an important and evolutionarily conserved tumor-suppressive mechanism
that acts as a natural barrier to cellular transformation, which renders cells able to
replicate with unlimited passages (i.e. immortalized) [132-136]. The p53 and pRb
pathways are critical for the initiation and maintenance of senescence in human and
mouse cells. In mouse embryonic fibroblasts (MEFs), disruption of p53 alone is sufficient
to overcome senescence. pS3 gene knock-out MEFs are immortalized and mice are
highly susceptible to spontaneous tumor formation [135, 137, 138]. p53-dependent
senescence can be induced by a wide spectrum of stress signals, including telomere
erosion, oncogenic activation, oxidative stress, inhibition of HDAC, protein misfolding
and DNA-damaging agents. DNA damage caused by sub-lethal doses of radiation,
chemotherapeutic drugs and telomere shortening can induce senescence primarily
through the p53-p21 pathway. Deficiency of DNA repair caused by inactivating genes
such as DNA ligase IV induces premature aging in mice and senescence of MEFs [139,

140]. Interestingly, simultaneous inactivation of p53 can rescue these phenotypes,
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suggesting the critical role of p53 in DNA damage-triggered cellular senescence [139,
140]. p21waﬂ/Cip s important for both DNA damage-induced senescence and transient
growth arrest. The determinant factor for the decision between these outcomes remains
largely elusive. It has been proposed that efficient DNA repair may inhibit the p53-—p21
pathway-mediated senescence, allowing cell-cycle progression, whereas irreparable DNA
lesions provoke the ATM/ATR-—p53-p21 DNA damage response, maintaining the
senescent phenotype [141]. However, one question still remains as to the decision making
between senescence and apoptosis upon severe DNA damage. In contrast to the role of
pS3 in inducing cell-cycle arrest, mechanisms of activation of p53-mediated senescence
are not fully understood. In addition to p21, there are other p53 effector genes involved in
induction of senescence, including plasminogen activator inhibitor-1 (PAI-1) and MIC-1,
a cytokine of the TGF-f family [142-145]. The tumor suppressor ARF (pl4ARF in
human; p19ARF in mouse), encoded by the INK4a—ARF locus, stimulates p53 activity by
sequestering MDM2 (HDM2 in human). MDM2 is an E3 ubiquitin ligase that targets p53
for proteasome-mediated degradation. Therefore ARF acts to prevent the MDM2-
mediated negative regulation of p53 [146, 147]. The ARF-MDM2-p53 regulatory
pathway represents an important tumor suppressive mechanism in response to oncogenic
signals. In human cells the role of ARF and p53 is more complicated. For example, ARF
and p53 are critical regulators of E2F-induced senescence but not RAS-induced
senescence in human primary fibroblasts [148-150]. Another important activator of p53 is
the promyelocytic leukaemia (PML) tumor suppressor. PML has been implicated in
replicative senescence and in premature senescence in response to oncogenic RAS [151].

PML stabilizes p53 through acetylation by activating CBP/p300 acetyltransferase [152].
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Oncogenic RAS-induced senescence also activates PRAK (p38-regulated/activated
protein kinase), which phosphorylates p53 on Ser37. In addition, p38 can phosphorylate

pS3 on Ser33 and Ser46 during RAS-induced senescence [153].

1.2.4 DNA Repair

In eukaryotes, there are five major DNA repair mechanisms including:
nucleotide-excision repair (NER), base-excision repair (BER), mis-match repair (MMR),
non-homologous end-joining (NHEJ) and homologous recombination (HR) [154-157].
p53 is involved in these cellular DNA repair processes mostly through both transcription-
dependent and transcription-independent mechanisms, except HR, in which p53 functions
only in a transcription-independent manner. The most versatile type of DNA repair is
NER, which includes global genomic repair (GGR) and transcription-coupled repair
(TCR) [158, 159]. By NER, cells can fix damaged bases and disrupted base pairings
caused by ultraviolet light (UV) or oxidative damage. Inactivation of p53 in human cells
can cause reduced repair of UV-induced DNA damage [160-162] . p53 regulates the
transcription of p48-DDB2 and XPC [163, 164]. p48-DDB2 is the key downstream gene
responsible for the transport of XPC to sites of DNA damage in irradiated cells [165,
166]. Besides, pS3 may function as a chromatin-accessibility factor in NER and this
function of p53 is independent of transcription [158]. It has been shown that, in response
to localized sub-nuclear UV radiation, p53 can initiate chromatin relaxation, which
subsequently extends over the whole genome, thereby facilitating the GGR system for
detecting lesions [158]. Interestingly, p53 also recruits p300/CBP to NER sites to
promote acetylation of histone H3, which is the key event in p53-dependent chromatin

relaxation [158]. Inhibition of p53 in human cells also impairs cellular TCR [163, 167].
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However, the role of p53 in TCR is probably dependent on the nature of UV light. In
response to UVC (wavelength 254 nM), p53 is dispensable for TCR [168]. The p53
response depends on its sub-cellular localization in regard to the site of DNA lesions,
cell-cycle phase, the dose and duration of DNA damage. Therefore, when DNA damage
is low, the latent p53 might interact with cellular DNA repair machinery, alone or
together with other repair proteins, promoting genomic integrity. However, if
accumulated DNA lesions exceed the capacity of basal DNA repair, upstream pathways
are activated and stabilize p53 protein, leading to transactivation of genes such as p21 to
induce growth arrest allowing cells time to correct lesions. p53 probably is also involved
in this step by interacting with a different set of DNA repair factors. I[f DNA damage
persists or is irreparable, p53 can induce cell death in a transcription-dependent or
transcription-independent manner. Therefore, p53 serves as the “guardian of the genome”

[169], ensuring the integrity of genome [170].

1.2.5 Energy Metabolism And Antioxidant Defense

The p53 tumor suppressor plays a key role in maintaining genetic stability.
However, as p53 gene knock-out mice develop normally, it was initially concluded that
p53 functions are dispensable under physiological condition. Recent studies suggest
additional important roles of p53 in regulating the homeostasis of energy metabolism,
coordination of biosynthesis, and cellular anti-oxidation against reactive oxygen species
(ROS), which serve as preventive mechanisms against transformation, because cellular
damages generated naturally and constantly by physiological processes constitute the

major threats leading to cancer and aging process.
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p53 can control cellular aerobic respiration and glycolysis. In normal cells,
glucose is the major source of energy. Glycolysis, an anaerobic process in the cytoplasm,
generates two molecules of pyruvate and two molecules of ATP from one glucose
molecule. Aerobic mitochondrial respiration instead produces nearly 30 molecules of
ATP consuming one glucose molecule. However, despite its high energy efficiency,
mitochondrial aerobic respiration is a slow process compared to glycolysis, which serves
as a fast source of energy. Therefore, glycolytic production of ATP may be beneficial
under certain conditions, where rapid release of energy and/or massive biosynthesis is
required [171]. The balance between glycolysis and mitochondrial energy metabolism is
subject to tight regulation [172]. Recent studies suggest that the p53 tumor suppressor has
multiple roles in coordinating energy metabolism with growth condition and proliferation
status of cells [173, 174]. Inactivation of p53 causes cells to depend more on glycolysis
for energy production, due to impaired mitochondrial functions [175-178]. Although the
gross amount of ATP in p53 —/— cells does not change, p53 +/+ cells produce three times
more ATP from mitochondrial respiration than from glycolysis. In contrast, p53 —/— cells
produce three times more ATP from glycolysis than from mitochondrial respiration,
suggesting that mitochondrial ATP synthesis depends on p53 functions [176]. The SCO2
gene is the p53 target responsible for this process, and encodes a copper chaperon protein
required for the assembly of mitochondrial cytochrome ¢ oxidase complex IV [133, 176,
179]. AIF, encoding a protein required for the assembly of mitochondrial respiratory
complex I, might be another effector gene regulated by p53 [180, 181]. p53 also
regulates glucose catabolism at multiple levels. By repressing transcription of G/ut 1 and

Glut 4 genes, which encode glucose transporters [182], pS3 can inhibit cellular glucose
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uptake. However, p53 also stimulates cellular glucose catabolism by transactivating the
Hexokinase II gene [183], which converts glucose to glucose-6 phosphate and serves as a
key enzyme in cytoplasmic glycolysis. Furthermore, phosphoglycerate mutase (PGM), an
enzyme that functions at the late-stage of glycolysis, is also regulated by p53 [184]. p53
is able to repress the expression of PGM through a posttranscriptional mechanism [184],
adding another levels of complexity to the regulation of glycolysis by p53. The tigar gene
encodes a protein homologous to the bis-phosphatase domain of 6-phosphofructo-2-
kinase, which converts glucose-6-phosphate to fructose-2,6-bis-phosphate, an inhibitor of
fructose-1,6-bis-phosphatase [185, 186]. Fructose-1,6-bis-phosphatase is a regulatory
enzyme in the biosynthesis of glucose. Thus, this finding suggests that TIGAR can
stimulate glucose synthesis. On the other hand, fructose-2,6-bisphosphate is also an
allosteric activator of 6-phosphofructo-1-kinase, a key enzyme of glycolysis. Therefore
TIGAR can also block glycolysis and divert glucose catabolism toward the Pentose
Phosphate Pathway (PPP). Moreover, glucose-6-phosphate dehydrogenase (G6PDH),
which catalyzes a rate-limiting step in the PPP, is also regulated by p53 [187, 188].
Enhanced PPP activity results in increased synthesis of nucleotides that are needed for
DNA repair, and generation of NADPH, which is essential for cellular anti-oxidation.
Therefore, p53 can exert a pro-survival function by diverting glycolysis toward the PPP
that enhances cellular DNA repair and anti-oxidation capacity [171]. Like many
metabolic enzymes, p53 is affected by cellular energy status in a feedback manner. For
example, it has been reported that ADP can bind to the p53 tetramer and promote its
DNA-binding activity [189], while ATP, GTP and NAD" act in opposite ways [189,

190]. Accordingly, p53 might also function as a sensor for cellular energy status.
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Cancer cells switch their energy metabolism from oxidative phosphorylation to
aerobic glycolysis, a phenomenon known as the “Warburg effect” [191]. The switch
from oxidative phosphorylation to glycolytic fermentation is a characteristic of many
rapidly dividing cells, such as lymphocytes, hematopoietic cells, embryonic cells and
cells of other types [192, 193]. The high glycolytic rate provides certain advantages for
proliferating cells. First, although the yield of ATP is low, the rate of ATP production
during glycolysis is much higher compared to that from oxidative phosphorylation [194].
Second, proliferating cells require intermediates for biosynthesis, including NADPH,
citrate and glycerol for lipids, and ribose sugars for nucleotides, while energy might not
be an issue. p53 could stimulate oxidative phosphorylation and production of ATP
through up-regulation of the SCO2 gene. Therefore, disruption of the p53 pathway in
cancers may result in uncontrollable proliferation due to dysregulated cellular energy
metabolism.

Organisms living in aerobic conditions consume oxygen not only for energy
production. Oxygen can be metabolized into reactive oxygen species (ROS) that are
highly reactive intermediates capable of modifying numerous biological substrates.
Oxidation of cellular macromolecules such as lipids, proteins and nucleic acids damages
cellular structures and represents a major threat, leading to aging and other diseases.
Several cellular anti-oxidation mechanisms exist to regulate metabolism and homeostasis
of ROS. Glutathione peroxidase (GPX) is essential for rapid elimination of large amounts
of ROS. Exposure of cells to high levels of ROS leads to oxidative stresses, which induce
the p53 response, resulting in the inhibition of cell proliferation, premature senescence or

apoptosis [174, 195]. Therefore, p53 restricts further proliferation of (or eliminates) cells
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exposed to hazardous oxidative environments. Approximately one third of the genes that
are highly responsive to hydrogen peroxide treatment represent transcriptional targets of
pS53 [196]. Also, p53 induces other genes, such as the quinine oxidoreductase homologue
PIG3, whose products increase intracellular ROS and sensitize cells to oxidative stress
[197]. These observations suggest that p5S3 may facilitate apoptotic cell death through the
oxidative degradation of mitochondrial components, as the induction of apoptosis itself is
accompanied by the massive release of ROS [197]. It has been reported that abrogation of
p53 functions resulted in a substantial increase of intracellular ROS. Similar increases of
ROS were observed in tissues of p53 —/— mice [198, 199]. The increases of ROS in p53-
deficient cells correlated with down-regulation of p53 effector genes such as gpx/,
sestrinl and sestrin2, indicating that latent p53 is sufficient for maintaining functions of
these genes under physiological condition [198, 199]. As discussed above, Tigar encodes
a homologue of the bis-phosphatase domain of 6-phosphofructo-2-kinase which diverts
glycolysis toward the pentose phosphate pathway. Stimulation of the PPP promotes the
production of NADPH, leading to up-regulation of reduced glutathione. This additionally
contributes to the anti-oxidant activity of p53 [200]. Consequently, inactivation of p53 in
cancer cells leads to elevated intracellular ROS levels. However, p53 loss also makes
these highly proliferating cells tolerant to aberrant ROS levels, which results in increased

rates of genetic instability.

1.2.6 Autophagy
Macroautophagy (autophagy), a self-eating process, can be triggered by nutrient
deprivation and provides cells with nutrients for their survival. The process of autophagy

consists of formation of autophagosomes and double-membrane vesicles that engulf
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certain volumes of the cytoplasm, including portions of endoplasmic reticulum,
endosomes and mitochondria. The autophagosomes fuse with lysosomes to form
autolysosomes, in which the engulfed structures are digested and nutrients are recycled
[201]. Defective mitochondria and cell death-induced MOMP release certain free
molecules and ROS that can stimulate autophagy, leading to the removal of these
unwanted masses [202-204]. So, autophagy promotes viability under certain conditions.
However, under other conditions, autophagy promotes apoptosis [205]. Autophagy is a
tightly regulated process, which is negatively regulated by the mTOR pathway [206,
207]. Confusingly, it seems that p53 has dual mechanisms to regulate autophagy. First,
p53 can activate autophagy through inhibition of the mTOR pathway [208]. Second, p53
can induce autophagy through its effector gene DRAM [209]. Ectopic over-expression of
DRAM results in increased clonogenicity, suggesting autophagy may have a pro-survival
role [210, 211]. On the other hand, DRAM was shown to be required for p53-induced
apoptosis, suggesting there probably is an inter-regulation between autophagy and
apoptosis [209]. Cytoplasmic p53 has been shown to be a strong inhibitor of autophagy
[212, 213]. Therefore, p53 modulates autophagy in both transcription-dependent and
transcription-independent manner. Regarding the role of p53 in regulating mitochondrial
biogenesis, base excision repair of mitochondrial DNA and induction of A/F and SCO2
genes [175, 176, 214], it is likely these functions of p53 are co-regulated. Apoptosis-
inducing factor (AIF) is a NADH oxidase in the inner membrane of mitochondria, which
facilitates assembly of the mitochondrial respiratory complex I [180]. Similarly, the
product of SCO2 gene also participates in oxidative phosphorylation by promoting the

assembly of mitochondrial respiratory complex IV [133, 154, 173, 176, 179]. It has been
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proposed that deficiency in these p53-regulated genes may compromise mitochondrial

functions, leading to autophagy [215].

1.2.7 Dual Mechanisms Of p53 Functions

As discussed above, p53 is a multi-functional protein. As for the cell, pS3 exerts
two facets of protector or killer [3, 200, 216] (Figure 3). The function of p53 in the
regulation of processes such as DNA repair, cell-cycle arrest, anti-oxidation and
maintenance of energy metabolism casts pS3 as a protector, ensuring genetic stability and
a balanced cellular environment. However, under situations where propagation of the cell
is harmful or potentiates malignant transformation, p53 acts as a killer to eliminate
incipient cells from the population, by inducing apoptosis or senescence. The mechanism
of decision-making between p53’s protective and destructive functions remains a
challenging issue in the field of p53 study. It is widely accepted that under mild stresses,
which are manageable to the cell’s check-point or surveillance system, p53 co-ordinates
cellular processes to promote cell survival. Under certain conditions such as severe DNA
damage and sustained oncogenic activation, p53 is active to induce the suicide program,
which irreversibly leads to elimination of the cell. Establishment of p53 as a critical
regulator sitting in the center of a network formed by various inter-connected pathways
suggests that this protein is capable of adapting to dynamic changing environments. This
notion also implies that multiple feedback regulatory loops exist in the cell to fine-tune
p53 functions. In other words, the consequence of p53 activation might determine the up-
coming p53 responses, positively or negatively. Several lines of evidence presented in

this thesis might support such a notion.
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1.3 THE REGULATION OF NAD* METABOLISM

1.3.1 The Salvage Biosynthesis Of NAD*

Nicotinamide adenine dinucleotide (NAD") and its phosphorylated and reduced
forms, NADP', NADH and NADPH, have central roles in cellular metabolism and
energy production as redox co-enzymes. Cellular NAD™ consumption is intrinsically
linked to signaling pathways that control gene expression, Ca*” mobilization, cell death
and aging. Although de novo synthesis of NAD" from amino acids (i.e. tryptophan and
aspartic acid) exists across all organisms, in mammals the salvage pathway for cellular
NAD" synthesis is essential to meet the demand from non-redox NAD'-consuming
proteins such as SIRTs and PARPs [217]. NAD" precursors (i.e. nicotinamide, nicotinic
acid and nicotinamide riboside), are either derived from nutrients or released from
performed reactions (e.g. deacetylation and poly ADP-ribosylation) [218]. There are two
steps in the synthesis of NAD" from nicotinamide precursor. First, nicotinamide (Nam) is
condensed with  5-phosphoribosyl-1-pyrophosphate to  generate nicotinamide
mononucleotide (NMN), catalyzed by nicotinamide phosphor-ribosyltransferase (Nampt).
Second, NMN is then condensed with ATP to form NAD', catalyzed by nicotinamide
nucleotide adenylyltransferase (Nmnat) 1, 2 and 3 (Figure 4) [218]. Nampt, the rate-
limiting enzyme, is thought to maintain cellular NAD" levels and not surprisingly, affects
activities of NAD'-consuming proteins such as SIRTs [219, 220]. Unlike the ubiquitous
cellular localization of Nampt, Nmnat proteins are compartmentalized, with Nmnatl in
the nucleus, Nmnat2 in the cytoplasm and Nmnat3 in mitochondria, indicating their
specialized and localized regulatory functions [221-224]. Cellular NAD" is partitioned

Into reduce , phosphorylate and reduced, phosphorylate
i duced (NADH), phosphorylated (NADP") and reduced, phosphorylated (NADPH)

21



pools, in addition to the NAD" pool. Each pool resides differentially in membrane-bound

compartments and is partially sequestered from free NAD" by binding to proteins.

1.3.2 NAD™ As A Signaling Molecule

Pioneering work by Otto Warburg and co-workers in the 1930s led to the
identification of nicotinamide adenine dinucleotides NAD (H) and NADP (H). NADP"
was discovered as the co-factor of glucose-6-phosphate dehydrogenase, whereas NAD"
turned out to be the obligatory cofactor of fermentation. Later studies revealed that NAD
and NADP play indispensable roles in cellular oxidative and reductive reactions, with the
NAD'/NADH couple primarily driving oxidative reactions and the NADP'/NADPH
couple driving reductive reactions. NAD (H) and NADP (H) are predominantly bound to
cellular proteins. The concentrations of free NAD', NADH, NADP", and NADPH are
much lower than the total concentrations, as determined in protein-free tissue extracts
[225]. As co-factors, NAD" and NADH have hydride-accepting and hydride-donating
capacities in metabolic reactions catalyzed by key enzymes of the glycolytic pathway and
the respiratory chain, and in the redistribution of the electron equivalents generated from
these catabolic pathways into de novo biosynthesis of macromolecules. In the last decade,
it has become clear that NAD" not only acts as a coenzyme in oxidative and reductive
reactions, but also serves as a substrate for non-redox reactions. Three major families of
enzymes can cleave NAD' in mammals: 1) ADP-ribose transferases (ARTs) and poly
(ADP-ribose) polymerases (PARPs); 2) cADP-ribose synthases; 3) Sirtuins or SIRTs
(class III histone deacetylases). ARTs and PARPs consume NAD" to create an ADP-
ribosyl protein modification and/or to form the ADP-ribose polymer, PAR. PARP has

complex roles in cell survival, DNA repair and cell death. cADP-ribose synthases are a
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pair of ecto-enzymes also known as the lymphocyte antigens CD38 and CD157, which
produce the Ca*-mobilizing second-messenger cADP-ribose from NAD" [226-228].
Sirtuins (SIRTs), homologues of yeast silent information regulator 2 (Sir2), are enzymes
that function primarily in removing the acetyl moiety from lysine on histones and other
proteins [229]. SIRT is also known as class III histone deacetylases (HDACsS), or class II1
protein lysine deacetylases. SIRT binds to two substrates: a protein or peptide that
contains an acetylated lysine and NAD" [230]. SIRT positions the acetyl moiety to attack
the ribose C1 carbon of the ADP-ribose moiety of NAD", producing acetylated ADP-
ribose, nicotinamide and the deacetylated lysine on protein [231]. ART, PARP, CD38
and SIRT enzymes all contain a nicotinamide-product site that can be occupied in the
presence of substrates and enzyme intermediates [232-234]. Therefore, all these NAD"
consumers are sensitive to inhibition by nicotinamide. Because of this type of product
inhibition, the salvage and/or elimination of nicotinamide are crucial steps in NAD"
metabolism, which is primarily fulfilled by salvage NAD" biosynthesis. These NAD"-
consuming enzymes not only indirectly affect NAD" bioavailability but also have a major
impact on energy metabolism, cell survival, and aging. These facts have led to the
hypothesis that NAD-consuming enzymes, mostly SIRTs, might act as energy sensors
through NAD' and, consequently, trigger appropriate adaptive responses. Cellular

processes affected by NAD are illustrated in Figure 5.

1.3.3 Class III NAD*-Dependent Histone Deacetylase SIRTs
SIRTs are a family of NAD -dependent protein deacetylases with similarity to
the yeast silent information regulator 2 (Sir2), which remove acetyl groups of lysine

residues on histones and other proteins, releasing nicotinamide, O-acetyl ADP ribose, and
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the deacetylated substrate [229]. It has been shown that providing yeast cells with extra
copies of Sir2 gene increases their life span by 30%, whereas ablation of the Sir2 gene
reduces their life span by 50% [235]. This finding in yeast was further confirmed in
metazoans such as Caenorhabditis elegans and Drosophila melanogaster, which also live
longer with extra copies of Sir2 homologs [236, 237]. Considering the NAD" dependence
of Sir2 for its deacetylase activity, it was hypothesized that Sir2 could act as a metabolic
sensor, coordinating cellular gene transcription [238]. Indeed, several lines of evidence
showed that Sir2 is a critical mediator in the calorie restriction (CR)-caused extension of
yeast life span [239, 240]. In mammals, there are seven homologs of Sir2, namely
SIRT1-7, which are ubiquitously expressed and share a conserved catalytic core
comprising 275 amino acids [241, 242]. Consistent with a crucial role of yeast Sir2 in the
regulation of chromatin remodeling and gene expression, SIRT1, SIRT 6, and SIRT 7 are
nuclear proteins, enriched in the nucleoplasm, heterochromatin, and nucleolus,
respectively [243, 244]. SIRT2 is mainly localized in the cytoplasm, but undergoes
nucleocytoplasmic shuttling, and is thus also involved in the regulation of gene
transcription [244]. During mitosis, SIRT2 contributes to chromatin condensation,
therefore regulating cell-cycle progression [245]. Other SIRTs (SIRT 3, SIRT 4, and
SIRT 5) are localized predominantly in mitochondria [243, 246, 247]. In addition to their
distinct sub-cellular localizations, mammalian SIRTs display different enzymatic
activities. Indeed, SIRT1 and SIRT5 seem to act exclusively as deacetylases [248, 249].
SIRT4 and SIRT6 act as mono-ADP-ribosyl transferase [250, 251]. SIRT2 and SIRT3

display both activities [248, 252]. SIRT7 has been proposed to act as a deacetylase [253].
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SIRT activity is sensitive to intracellular NAD" levels and energy metabolism
changes induced by experimental manipulations. However, physiological concentrations
of NAD" rarely fluctuate more than 2-fold, and thus it is uncertain whether SIRT is
indeed regulated by NAD" concentrations in cell [254-257]. While SIRTs can be
stimulated by NAD", competition for NADH binding inhibits their catalytic activities, but
at ranges of around millimolar [258, 259]. Regarding the inter-convertible nature of
NAD" and NADH, it is possible that cellular NADH levels might affect SIRT activities
indirectly [260]. As discussed above, nicotinamide can noncompetitively bind to SIRTs,
acting as a potent inhibitor [229, 261, 262]. The in vivo relevance of this inhibition,
however, needs to be further investigated because the salvage NAD" biosynthesis can
efficiently recycle cellular nicotinamide. Due to the difficulty of quantifying cellular
NAD" (free and bound) and nicotinamide, the impact of these metabolites on SIRT
activity are not completely clarified. Therefore, it is not clear whether the link between
intracellular NAD" levels and SIRT activity is correlative or causal.

SIRT1 is the best characterized mammalian SIRT. SIRT1 can be activated in
response to energy stress, such as fasting, exercise, or low glucose availability, which
lead to increased intracellular NAD" levels [254, 255]. SIRT1 critically regulates the
activity of a number of transcription factors and cofactors by modulating their acetylation
status, including the peroxisome proliferator-activated receptor y (PPARy), PPARy
coactivator-1a (PGC-1a), p53, and the FOXO family of transcription factors, all of which
are key regulators in cell metabolism [263].

SIRT2 was first identified as a tubulin deacetylase [248]. It has been shown that

ectopic expression of SIRT2 in glioma cells decreases colony formation, implying that
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SIRT2 could be a tumor suppressor [264]. This hypothesis could be supported by the
observation that SIRT2 controls mitotic exit in the cell-cycle and delays cell-cycle
progression through mitosis [265]. Furthermore, SIRT2 is involved in the mitotic
checkpoint in early metaphase that prevents chromosomal instability and the formation of
hyperploid cells [266]. Interestingly, SIRT2 might inhibit adipogenesis by deacetylating
FOXO1, which then inactivates the pro-adipogenic nuclear receptor PPARy through
protein interaction [244].

The mitochondrial SIRT3 is related to adaptive thermogenesis, mitochondrial
function, energy homeostasis, and cellular survival during genotoxic stress [252, 267,
268]. SIRT3 might affect cellular energy production because MEFs from SIRT3 knock-
out mice have lower intracellular ATP levels than do wild-type MEFs [267]. SIRT3
seems to interact with and deacetylate subunits of complex I of the mitochondrial
respiratory chain [267]. This might cause defective mitochondrial functions. Also, SIRT3
might affect energy metabolism by deacetylating other mitochondrial proteins, including
glutamate dehydrogenase (GDH) and acetyl-CoA synthetase 2 [269]. Interestingly, upon
massive cytosolic NAD" depletion, mitochondrial NAD" levels are reported to be
maintained, suggesting that the transfer of NAD equivalents between the cytosol and
mitochondria is tightly regulated during stress [268, 270]. This could be due to the fact
that mitochondria contain all the necessary enzymes required for salvage NAD'
synthesis, including Nampt and Nmnat3, thereby maintaining mitochondrial NAD" levels
and NAD'-dependent activities. This also suggests that NAD" production might be
confined to specific sub-cellular compartments to achieve activation of specific SIRTs,

triggering appropriate physiological responses.
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SIRT4 modulates activities of target proteins through ADP-ribosylation instead
of deacetylation [250]. For instance, GDH can be ADP-ribosylated and inhibited by
SIRT4 [250]. Like SIRT3 and SIRT4, SIRTS is a mitochondrial protein and has
deacetylase activity. Not much is known about SIRTS5 targets. The identification of
carbamoyl phosphate synthetase 1 (CPS-1) as a target of SIRTS in liver provided the first
clue of the possible biological functions of this SIRT [271]. SIRT6 possesses both ADP-
ribosylation activity and deacetylase activity. SIRT6 can deacetylate histones and DNA
polymerase B, a DNA repair enzyme, suggesting that SIRT6 is involved in genomic
stability and DNA repair [251, 272]. Interestingly, SIRT6 —/— mice display an aging
phenotype, indicating an essential role of SIRT6 in maintaining organ integrity during
aging [272]. SIRT7 is localized in the nucleolus and is thought to be a component of the
RNA polymerase 1 (Pol I) transcriptional machinery [273]. SIRT7 positively regulates
transcription of ribosomal DNA (rDNA) during elongation [273, 274]. As a consequence,
depletion of SIRT7 stops cell proliferation and triggers apoptosis [273]. Interestingly,
SIRT7 could directly control p53 acetylation in cardiomyocytes [253]. This might
indicate that SIRT7 is relevant to tumorigenesis. Indeed, the tumorigenic potential of
several cell lines inversely correlates with SIRT7 expression [275]. Future research will

bring some light in our understanding of SIRT7 functions.

1.3.4 PARP And CD38 Are Modulators Of Intracellular NAD™ Levels
Chambon et al. first described in 1963 that addition of NAD to liver nuclear

extracts stimulated ADP-ribosylation activities (i.e. synthesis of poly ADP-ribose) [276].

Unlike deacetylation catalyzed by SIRTs, which use NAD" as a substrate for removal of

acetyl moieties from target proteins, poly ADP-ribosylation attaches ADP-ribose to an
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amino acid acceptor (e.g. glutamic acid) [277]. The half-life of poly ADP-ribose is very
short due to cellular poly(ADP-ribose) glycohydrolase (PARG) activities, indicating that
poly ADP-ribosylation is a highly dynamic process [278]. In higher eukaryotes, poly and
mono ADP-ribosylation are catalyzed by ADP-ribosyl transferases [279]. Specifically,
poly ADP-ribosylation reaction is catalyzed by PARPs. The PARP proteins are the most
abundant ADP-ribosyl transferases. The PARP superfamily of proteins includes 17
members that share a conserved catalytic domain [280]. PARP1 and PARP2 have been
widely studied because they account for almost all PARP activities in the cell [281].
Targets of PARP1 and PARP2 are involved in the maintenance of chromatin structure
and DNA metabolism. In response to DNA damage, PARPI accounts for the most
cellular PARP activity, whereas PARP2 only accounts for 5-10% [277, 282, 283]. It has
been shown that the catalytic activity of PARPs seems to be regulated by binding to DNA
breaks through their DNA-binding domains and that DNA-binding stimulates the
catalytic activity of PARP by more than 500-fold [284]. Therefore, PARP proteins play
important roles in DNA damage responses. It has been reported that NAD" availability
affects the length of poly ADP-ribose polymers (free or attached) but not the activity of
PARPs [285]. Despite being insensitive to cellular NAD" levels, PARP proteins are
thought to be the major NAD -consuming enzymes, forcing the cell to continuously
synthesize NAD" from de novo or salvage pathways to maintain cellular activities [286-
289]. DNA-damaging agents can stimulate a robust PARP activity and a concomitant
decrease in cellular NAD" levels to 10-20% of their normal levels within a few minutes

[286, 290]. Considering that ATP is required for NAD" synthesis, depletion of cellular
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NAD" pools by PARPs under severe genotoxic conditions may cause a cellular energy
crisis and consequent cell death [291].

The predominant form of Nmnat proteins in mammals, Nmnatl, is a nuclear
protein, suggesting that nuclear NAD" synthesis might be required to compensate for the
high rates of NAD" consumption caused by PARP activation [292]. PARP1 and Nmnat!
are reported to interact with each other and it was proposed that an inter-regulation
between these two proteins may exist [293, 294]. The fact that activation of PARPs in
response to DNA damage could consume a high amount of cellular NAD" brings up one
possibility: PARPs and SIRTs might compete for intracellular NAD" pools. In myocytes,
PARP activity induced by H,O, depletes the cellular NAD" pool and down-regulates
SIRT1 deacetylase activity [295]. Adding NAD" directly to culture medium or over-
expressing NAD" biosynthetic enzymes was able to maintain cell viability but only in the
presence of SIRT1 [295]. In this experiment, hyper-acetylation of p53 was also observed
after H,O, treatment, probably due to decreased SIRT1 activity [295]. Therefore, PARPs
critically modulate cellular NAD" levels in response to DNA damage, consequently
determining SIRT activity. Interestingly, activation of SIRTI1 with resveratrol, a SIRT
activator, can decrease PARP1 activity [296]. Furthermore, knocking out SIRT1 greatly
stimulates PARP1 activity [296]. These experiments strongly suggest that cellular SIRT
and PARP proteins affect each other by competing for the NAD" supply.

The cADP-ribose synthases CD38 and CD157 are a pair of ectoenzymes [297].
CD38 is a type II glycosylated protein with a single transmembrane domain near its N
terminus [298]. CD38 and CD157 are multi-functional enzymes that use NAD" as a

substrate to generate second messengers, such as cADP-ribose, which regulate calcium

29



mobilization [298-301]. Similar to PARPs, the catalytic activity of CD38 may not be
limited by intracellular NAD" levels [302]. However, the stoichiometry of the reaction
catalyzed by CD38 requires a massive amount of NAD", around 100 molecules, to yield a
single cADP-ribose [303, 304]. Indeed, research identified CD38 as one of the main
cellular consumers for NAD" in mammalian tissues and confirmed CD38 as a critical
regulator of cellular NAD" levels [304]. CD38 —/— mice displayed up to a 30-fold
increase in intracellular NAD" levels, which is much greater than physiological increases
in NAD" levels upon fasting or CR, which do not exceed 2-fold changes [254, 256].
Consequently, CD38 depletion stimulates SIRT1 activity through up-regulation of
intracellular NAD" levels [305]. Therefore, CD38 may serve as a pharmacological target

for stimulating SIRT activity.

1.4 LINK BETWEEN P53 AND NAD* METABOLISM

1.4.1 p53 And Cellular NAD" Synthesis

NAD" and NADP’, together with their reduced forms NADH and NADPH, are
essential regulatory molecules in cellular metabolism and other processes such as gene
transcription and anti-oxidation [306, 307]. NADH is a coenzyme involved in metabolic
pathways such as the citric acid cycle (also known as the tricarboxylic acid cycle/TCA
cycle). It serves as the electron carrier in the electron-transition chain during
mitochondrial oxidative phosphorylation, a major source of the cellular energy currency
ATP. When the cellular ATP/AMP ratio, the index of cellular energy status, falls below a
threshold, AMP-activated kinase (AMP-K) phosphorylates a broad range of protein

targets including p53, SIRT1 and mammalian target of rapamycin (mTOR), enabling
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cells to adjust their gene transcription and protein synthesis rates [255, 308, 309]. Thus,
the NAD'/NADH ratio reflects the redox state and metabolic activities of the cell,
indirectly affecting the activities of cellular energy sensors. Oxidative reactions in
proliferating cells (e.g. cancer cells) constantly generate reactive oxygen species (ROS)
such as free radicals and peroxide that, if not neutralized properly, will damage cellular
components (e.g. genomic DNA). ROS can be reduced by anti-oxidant enzymes through
the conversion of glutathione to its oxidized form glutathione disulfide (GSSG). On the
other hand, GSSG is constitutively reverted to reduced glutathione (GSH) by glutathione
reductase (GSR) that requires the coenzyme NADPH for reducing equivalents [310-312].
Therefore, the levels of GSH can be used as an indicator of cellular anti-oxidation
capacity. As discussed above, p53-induced TIGAR diverts cellular glycolysis toward the
pentose phosphate pathway that generates considerable amounts of NADPH [185, 313].
Interestingly, p53 transactivates glutathione peroxidase 1 (gpx/), an antioxidant enzyme
that scavenges hydrogen peroxide and organic hydroperoxides and hence protects cells
from ROS [314]. Therefore, p53 is implicated in the regulation of cellular metabolism
and anti-oxidation. In view of cancer metabolism, inactivation of p53 not only promotes
glycolysis but also renders cancer cells refractory to increased cellular levels of ROS.
Also advantageous to cancer cells is the accelerated accumulation of genetic mutations
due to aberrant high levels of ROS, resulting from hyper-proliferation.

Regarding the fact that p53 is involved in the regulation of glycolysis and other
metabolic processes such as mitochondrial energy generation, all of which affect cellular
NAD'/NADH and NADP/NADPH ratios, it is tempting to ask one question: Does p53

directly regulate NAD" biosynthesis? One would expect that modulation of the NAD"
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biosynthesis pathway should affect activities of cellular proteins, particularly NAD'-
dependent histone deacetylases (SIRTs) and the poly (ADP-ribose) polymerase family of
protein (PARPs), whose activation depends on the availability of NAD" and its

derivatives (i.e. NADP', NADH, NADPH) (Figure 5).

1.4.2 p53 And SIRTs

SIRT proteins, also known as Sirtuins, resemble members of a family of
deacetylases that utilize NAD+ as a substrate to catalyze the removal of acetyl moieties
from target proteins [315]. There are seven SIRTs (1-7) identified so far in human, with
SIRT1/2 in both nucleus and cytoplasm, SIRT 3,4,5 in mitochondria and SIRT6,7
exclusively in the nucleus [243]. Distinct sub-cellular localization of SIRTs, parallel to
that of Nmnat proteins, implies that their activities are likely closely linked. SIRT1 can
deacetylate p53 at residue K382 in vitro and in vivo and is considered as a negative
regulator of p53, hence a tumor promoter [249]. Hypermethylated in cancer 1 (HIC1), a
pS3-inducible transcriptional repressor, directly binds to the SIRT1 promoter and
represses its transcription, thus forming a positive feedback circuit of p5S3-HIC1-SIRT1-
p53 [316]. At the protein levels, deleted in breast cancer 1 (DBC1) protein interacts with
SIRT1 and inhibits its deacetylase activity, leading to hyperacetylation of p53 and
enhanced p53 activities [317, 318]. These results suggest that pS3 can modulate SIRT1
activity. However, it has also been shown that SIRT1 promotes DNA repair and hence
genomic stability upon DNA damage, indicating that SIRT1 might be a tumor suppressor
[319-321]. Indeed, doubly heterozygous mice (i.e. p5S3+/- and SIRT1+/-) spontaneously
develop tumors in multiple organs at 5 months of age whereas only a few heterozygous

mice with p53+/- or SIRTI1+/- genotypes grow tumors in the same period of time,
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suggesting that SIRT1 functions in concert with p5S3 to suppress tumor growth [322].
Interestingly, over-expression of SIRT1 in p53 gene knock-out mice largely suppresses
their spontaneous tumor growth, presumably by promoting genomic stability [319].
Nonetheless, it is clear that SIRT1 and p53 activities are closely linked, although the
mechanisms are more complicated than expected. SIRT2, first identified as a tubulin
deacetylase, has been shown to regulate mitotic cell-cycle progress and can deacetylate
p53 at K320 in vitro [323, 324]. However, whether SIRT2 indeed targets p53 at K320 in
the cell has no supportive evidence. As discussed above, p53 has been shown to be a
target of SIRT7 in vitro [253]. More experiments are needed to address the inter-
regulation between these two complicated networks, both of which are crucial regulators
for diverse cellular processes such as gene transcription, DNA repair/genomic stability,

aging, metabolism and cell death, key events relevant to cancers.
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1.5 FIGURE S AND LEGENDS

DNA damage/Cellular stresses
DNA damage/Cellular stresses

Kinases such as: ] . ) |

Histone Acetyltra r!sferases (cer/P300)

DNA-PK, ATM/ATR, CHK1/2... 4 A 4 i
f ' , e -l|l |--| -|
|
, , , ” , «37n  Kazz wapz  Cterminal a9y yw3gy  wase
T ! A S A
LuB ub ) ub Lub b LUk
. s G
|

MDM2/ARF-BP1/COP1/Pirh2

Normal condition

®

5376 5378 5392
 Tetramerization C-terminal
Domain Regulatory domain
307 355 366 393

Tip60/hMOF  CBP/P300

DNA damage/Cellular
stresses

.Phosphorylatinn S Sumoylation
- Acetylation “me_- Methylation

@8 uviquitination s Neddylation

AP ADP-ribosylation v Glycosylation

Figure 1. Schematic of p53 protein structure and posttranslational modifications. See text
for details.
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CHAPTER 2 MATERIALS AND METHODS

2.1 CELL CULTURE AND TREATMENT

All human cell lines utilized in this thesis were either purchased from American
Type Culture Collection (ATCC) or maintained in Dr. Patrick Lee’s laboratory. U20S
human osteosarcoma cell line and Saos-2 human osteosarcoma cell line were cultured in
McCoy’s 5SA medium (Invitrogen, CA). Hs68 human foreskin fibroblast cell and 293T
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, CA).
H1299 human lung cancer cell line was grown in RPMI 1640 medium. All culture media
were supplemented with 10% fetal bovine serum (FBS) (Invitrogen, CA) and anti-
mycotics and antibiotics (Invitrogen, CA). Cells were grown in a humidified incubator
with 5% CO, at 37 °C. U20S, 293T and H1299 cell lines were split every 2~3 days by
trypsinization and one fifth was passaged. Saos-2 was normally sub-cultured once a
week. Hs68 cells were split every 4~5 days. Cell culture medium was changed at least
every 2~3 days.

In UV-irradiation experiments, cells were washed with PBS and irradiated as a
monolayer with UV-C rays on a UV cross-linker (50, 100 or 250 Joule/m?; Stratagene).
Pre-warmed culture medium containing reagents specified in each individual experiment
was added immediately after irradiation. For ionizing irradiation, cells were kept in

culture dishes without removing medium.
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2.2 ANTIBODIES AND REAGENTS
Antibodies used in western blotting and immunofluorescence are listed in

Table-1. Information of DNA-damaging agents (chemicals) and inhibitors are included in

Table-2.

2.3 SuB-G1 AND CELL-CYCLE ANALYSIS BY DNA CONTENT

Cells were collected at desired time-points post DNA damage by trypsinization
and washed twice with cold phosphate buffered saline solution without Ca*" or Mg*"
(PBS). After each wash, cells were recovered by centrifugation (500 x g, 5 min, and 4°C).
After final wash, cells were resuspended at 2 x 10° cells in 1 ml ice-cold PBS. 3 ml 95%
ethanol was added slowly (dropwise) to cell suspension with gentle vortexing. Cells were
fixed at 4°C to - 20°C for at least 2 hours or stored up to few weeks. Before FACS, cells
were centrifuged at 500 x g for 10 min and cell pellet was resuspended in 10 ml cold PBS
for washing. Cells were washed twice then resuspended in 500 ul PI/Triton X-100
staining solution (0.1 % (v/v) Triton X-100 in PBS with 20 ng/ml RNase A (DNase free)
and 50 pg/ml propidium iodide). Single-cell suspension was made by gentle pipetting
then incubated at room temperature for at least 30 minutes or stored at 4°C overnight
(protected from light). Samples were run on flow cytometer within 24 hours to avoid cell
breakdown. Flowcytometer was set to FL2-A and FL2-W as linear. Data was analyzed

with FCS express software.

2.4 CHROMATIN IMMUNOPRECIPITATION
U20S cells were treated with Actinomycin D (10 nM) or Nutlin-3 (10 uM) for

48 hours then cross-linked with formaldehyde solution. In a fume hood, cell cross-linking
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was performed by adding 37 % formaldehyde stock to culture medium to reach 1% final
concentration (815 pl to 30 ml medium). Cells were incubated for 10 minutes at room
temperature. Then, cross-linking was stopped by adding glycine to medium to 0.125 M
final concentration. Medium containing formaldehyde was removed and cells were
washed twice with PBS. Cross-linked cells were collected by scraping and transferred to
15 ml tube. Cell pellet was washed twice with 15 ml cold PBS. After final wash, cells
were resuspended thoroughly in Iml PBS and transfered to micro-centrifuge tube and
spun down at 12,000 g for 30 seconds. To lyse cells, 250 pl lysis buffer (50 mM Tris-
HCIL, pH8.0; 5 mM EDTA, pH 8.0; 1% SDS; protease inhibitor cocktail (Sigma)) was
added to cell pellet. Cell lysate was sonicated with 15 pulses using a sonicator. Sonication
was optimized to generate chromatin DNA fragments of about 500 base pairs. Sonicated
cell lysate was spun down at 12,000 g for 10 minutes then supernatant was transferred a
new microcentrifuge tube. Protein concentration was measured with MicroBCA assay
(Pierce) and adjusted to 4 pg/ml. 10% of total cell lysate was saved as input for PCR.
Cell lysate was then diluted with IP dilution buffer (Tris-Cl pH 8.0; 200 mM sodium
chloride; 0.01 % SDS; 1% Triton-X100; 5 mM EDTA; protease inhibitor cocktail) to
decrease SDS concentration to 0.25% (i.e. 1:3). Cell lysate was pre-cleared with 20 pl
Dynabeads (pre-blocked with 1 % BSA and sheared salmon sperm DNA) at room
temperature with rotation. Pre-cleared lysate was split into two tubes. Protein G-
Dynabead pre-bound with antibodies (control IgG and anti-p53 (DO1)) was added to
lysate for immunoprecipitation of p53. Reactions were incubated overnight with rotating
at 4 °C. The next day, Dynabeads were washed thoroughly with washing buffers , twice

with WS1 (5 mM EDTA; 50 mM Tris-Cl pH 8.0) and twice with WS2 ( 100 mM Tris-Cl
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pH8.0; 500 mM LiCl; 1% NP40; 1% deoxycholate; SmM EDTA). Elution of protein and
DNA from Dynabeads were achieved by incubating beads with 100 pl IP elution buffer
at room temperature for one hour. Then protein-DNA complex was decross-linked by
adding 18 pl decross-linking buffer (6 ul 20% SDS and 12 pl 1 M NaHCOs) and
incubated overnight at 65°C. Samples were further treated with RNase A (200 pg/ml) for
30 minutes at room temperature to destroy any RNA. Immunoprecipitated chromatin
DNA fragments were recovered with Quickspin PCR purification kit (Qiagen) according
to instructions. Recovered DNA fragments were then used as templates for PCR
amplification of target pS3 REs. PCR primers used for each p53-binding site in Nmnat2

gene or for p21V* P and MDM2 genes are listed in Table-3.

2.5 IMMUNOPRECIPITATION, SDS-PAGE AND WESTERN BLOTTING
Protein immunoprecipitation (IP) was conducted for enrichment of p53
protein from U20S cells. pS3 protein was immunoprecipitacd with anti-p53 antibody
(DO1, Santa Cruz) from whole cell lysate prepared from U20S cells over-expressing
Nmnat2-TV1, Nmnat2-TV2 or empty. In general, cells were damaged with Actinomycin
D and collected at indicated time-points. Cells were lysed with 1% SDS buffer (50 mM
Tris-Cl pH 8.0; 150 mM sodium chloride; 1% SDS; protease inhibitor cocktail) followed
by 3 minutes boiling at 95°C. Protein concentrations were measured with MicroBCA
assay and adjusted to 2 pg/ml. For IP, SDS concentration in the sample was reduced to
0.2 % by adding RIPA buffer (50mM Tris-HCI pHS8.0; 150 mM sodium chloride; 1% NP-
40; 0.5% sodium deoxycholate). Protein G-Dynabeads were pre-bound with either anti-
p53 antibody (DO1) or control IgG in the presence of 1% BSA in RIPA buffer and used

for immunoprecipitaion. 500 pg of diluted whole cell extract was used for each IP.
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Reactions were allowed overnight at 4°C with rotating. Proteins bound to Dynabeads
were eluted with 20 pl of 1% SDS sample buffer by boiling at 95°C for 5 minutes. 10 pl
of elutes were resolved with SDS-PAGE and transferred to PVDF membrane for western
blotting. Anti-acetyl lysine antibody and anti-acetylated p53 (site-specific) were used to
detect acetylation on p53 protein. Antibodies information is listed in Table-1.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) based
on Tris-glycine buffer was employed in most cases for separating proteins of interest.
Gels were poured with various concentrations according to the size of target proteins. For
detection of cellular poly ADP-ribose (PAR), 5% SDS-PAGE gel was used because of
the linearity of the molecule. Otherwise, SDS-PAGE and western blotting was performed

following standard protocols.

2.6 LENTIVIRAL INDUCIBLE P53 EXPRESSION VECTOR

The lentiviral inducible gene expression system was constructed by modifying
the TRIPZ-Tet On vector from Openbiosystems. TRIPZ vector was originally designed
for inducible expression of shRNAmir. To convert it into a gene expressing vector, the
shRNA cassette was replaced with p53 open reading frame. Briefly, TRIPZ vector was
digested with Agel and Mlul restriction enzymes and the vector backbone was recovered.
p53 coding sequence was PCR amplified from IMR-90 cell (human lung fibroblast with
wild-type p53 gene) cDNA with forward primer containing Agel linker sequence and
reverse primer containing Mlul linker sequence. PCR product was digested with Agel
and Mlul then ligated with pre-cut TRIPZ vector. Cloning was confirmed by DNA
sequencing. The new p53 inducible vector was named TPZ-p53-Tet On and used for

generating lentiviruses. H1299 human lung cancer cell (p53 null) was infected with TPZ-
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p53-Tet On as described in section 2.8 in this thesis. Primers used for amplification of

p53 are listed in Table-3.

2.7 RETROVIRUS-MEDIATED RNAI AND GENE EXPRESSION

RNA interference was delivered with retroviral vectors for most cell lines used
in this thesis. There were two retrovirus-based shRNA expression systems being used.
For gene knock-down in Hs68 human fibroblast cell, the pPSUPER-Retro (Oligoengine)
vector was used. However, for gene knock-down in other cell lines, the SMP system from
Openbiosystems was used. These two systems utilize different promoters for driving the
expression of shRNA. pSUPER-Retro has a human HI RNA polymerase III promoter,
whereas SMP vector has a CMV-based RNA polymerase Il promoter. For each target
gene, at least three shRNA sequences were designed and cloned into either pSUPER-
Retro or SMP. p53 knock-down in Hs68 cells was approached with pSUPER-Retro.
Knock-down of Nmnat2, Nmantl, Nmnat3, SIRT1, SIRT2 and p53 in U20S cells was
approached with SMP vectors.

For cloning pSUPER-Retro vectors, DNA oligos (forward and reverse) were
annealed in a thermocycler (95°C for 3 minutes, 75°C for 3 minutes, and decrease by 1
°C/minutes to room temperature). pPSUPER-Retro vector was cut with BglIl and Xhol as
directed by the instruction. Annealed oligos were digested with BamHI and Xhol then
ligated into pSUPER-Retro. For cloning SMP vectors, the shRNA mir sequences were
from Openbiosystem but cloned with PCR. Oligos containing each shRNA sequence
were PCR amplified using SMP-Forward and SMP-Reverse primers, which contain Xhol
and EcoRI restriction site, respectively. PCR products and SMP vector were digested

with Xhol and EcoRI and ligated together. Constructs were confirmed by DNA
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sequencing. Retroviruses were made according to protocols described in the next section.
Primer sequences and shRNA sequences are listed in Table-3.

Gene overexpression of Nmnat2-TV1 and Nmnat2-TV2 was approached with
MSCYV retroviral vector (Clontech). First, MSCV vector expressing p5S3 was constructed.
Briefly, p53 gene was PCR cloned into MSCV with a forward primer containing Xhol
restriction site and a reverse primer containing one copy in-frame coding sequence of HA
tag, which is separated form p53 coding sequence by a restriction site of Notl. The
reverse primer also contains an EcoRI restriction site at its end. PCR product and MSCV
vector were cut with Xho I and EcoR I and ligated together. The recombinant (MSCV-
P53HA) was used for cloning of Nmnat2 isoforms, Nmnatl and Nmnat3 via Xhol and
Notl sites. Nmnat 1, Nmnat2-TV1, Nmnat2-TV2 and Nmnat3 were PCR amplified from
cDNA prepared from U20S cell. Xhol restriction site and Notl restriction site were
incorporated into each forward and reverse primer, respectively. PCR products and
MSCV-p53HA vector were digested with Xhol and Not I then ligated together. All
constructs were confirmed by DNA sequencing. MSCV retroviruses were generated with
protocol described in the next section and used to infect U20S cells for establishing
stable cell lines expressing each Nmnat protein. Primers used for gene cloning are listed

in Table-3.

2.8 GENERATION OF RETROVIRUS AND LENTIVIRUS

To generate infectious retroviruses and lentiviruses, a general protocol was
followed. This protocol was developed based on transfection of 293T cell line with three
plasmids of MD2.G, pHIT60 and retroviral vectors (MSCV, SMP and pSUPER-Retro).

For lentivirus production, the similar procedure was followed except pPAX (Addgene)
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vector was used instead of pHIT60. Briefly, 293T cells were seeded in 10 cm dishes one
day before transfection such that they reached 70~80% confluence upon transfection.
Thirty minutes before transfection, cell culture medium was changed to 8 ml fresh
medium without antibiotics. Chloroquine was added to the medium at a final
concentration of 25 uM. DNA solution A was prepared by mixing 14 pg retroviral
vector, 8 ug of MD2.G and 8 pug of HIT60 in nuclease-free water, then 86.8 ul 2 M
calcium solution was added to the total volume of 700 pl. Meantime, 2X HBS solution
was thawed and warmed up to room temperature. The equal volume of 2X HBS solution
was added dropwise with vortexting to DNA solution A. The mixture was incubated at
room temperature for 10 minutes then gently added to cell culture medium. The cell
culture dish was swirled to ensure an even distribution of DNA complex. 6~12 hours post
transfection, DNA containing medium was removed and cells were washed with PBS, 8
ml complete medium was added to culture dishes. Cells were returned to incubator and
virus-containing medium was collected 24 hours later, followed by continuous collection
with 12 hours-intervals until cells lost viability (normally after 72 hours). Collected
medium was pooled and used for infection of target cell lines.

For infection, U20S, H1299 and Hs68 cells were seeded in 6 cm dishes. Virus-
containing medium was centrifuged at 500 g for 5 minutes to sediment cell debris then
filtered through a 0.45 pM filter with a 50 ml syringe. Polybrene was added to the
medium to a final concentration of 8 uM. 2 ml Virus-containing medium was mixed with
equal volume of complete medium and added to cell. Cells were infected for 24 hours
then put back to regular medium for recovery. Puromycin or blasticidin was added to cell

culture medium at 2 pg/ml and 5 pg/ml, respectively. Mock-infected cells were used as a
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control for monitoring cytotoxicity of drugs. Once selection was finished, cells were kept

growing in low concentrations of puromycin (0.2 pg/ml) or blasticidin (0.5 pg/ml).

2.9 RNA EXTRACTION AND QUANTITATIVE PCR

Total RNA was extracted from U20S cells with Trizol reagent (Invitrogen)
following manufacturer’s instruction. To recover highly pure RNA, U20S cells were first
dissolved in Trizol then RNA-containing phase was mixed with ethanol and loaded on
RNeasy RNA purification kit (Qiagen). On-column DNase digestion was performed to
destroy residual DNA contamination. 2 pg total RNA was used for cDNA synthesis in a
reaction of 20 pl with MMLYV reverse transcriptase (Invitrogen). cDNA products were
then diluted with nuclease-free water to 100 pl. 2 pl of diluted cDNA was used for either
semi-quantitative or real-time quantitative PCR reaction unless specified. For Nmnat2
transcripts, 5 pul of diluted cDNA was used for each PCR reaction. Semi-quantitative PCR
was conducted with Taq DNA polymerase with 30 cycles (95 °C for 3 minutes; 55 °C for
45 seconds; 72°C for 1 minute). After 20 cycles, 5 pl aliquot of 50 ul PCR reaction was
taken every 2 cycles such that a linear range of PCR was ensured. 4 pl was loaded on 1.5
% agrose-TAE gel for separation. PCR primers used for detecting Nampt, Nmnatl,
Nmnat2, Nmnat3 and p53 are listed in Table-3.

For real-time quantitative PCR, 2 ul of cDNA was used in each reaction except
for Nmnat2, for which 5 pl of cDNA was used. PCR reactions were set up with Quanti-
fast Sybr-green qPCR kit (Qiagen) and run on Stratagenee MX 300 thermocycler using
conditions specified by Qiagen. Data analysis was done with MXpro (Stratagene)
software. mRNA levels were normalized to the actin internal control. PCR primers used

for RT-qPCR for each gene are listed in Table-3.
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2.10 DUAL LUCIFERASE REPORTER ASSAY

To examine the functionality of p53 responsive elements identified in human
Nmnat2 gene, both wild-type and mutant p53-binding sites (BS#1 and BS#2) were
cloned upstream of the firefly luciferase gene. NF-kB luciferase reporter vector was
digested with Mlu I and BglIl to remove NF-kB responsive sequence. Forward and
reverse oligos (about 60 bases) containing Nmnat2 p53-binding sites (20 bases) with
extra linker sequences of Mlul (forward oligo) and BglII (reverse oligo) were annealed
according to protocols described earlier. PS3BS#1 and p53BS#2, either wild-type or
mutant, were cloned into luciferase reporter vector ( NFkB RE removed) and used for
transfection. All constructs were confirmed by DNA sequencing.

U20S cells, control or p53 knock-down, were transfected with luciferase
reporter plasmids carrying individual p5S3BS with Lipofectamine 2000 following standard
procedure (Invitrogen). Specifically, U20S cells were seeded in 6-well plate with equal
numbers. 1 pg firefly luciferase reporter plasmid was used for each transfection, together
with 20 ng renilla luciferase reporter plasmid (TK-Renilla luciferase, Promega) as an
internal control for transfection. Twenty four hours post transfection, cells were either
mock treated or treated with Actinomycin D (10 nM) or Nutlin-3 (10 uM). Forty-eight
hours later, cells were lysed in 6-well plate with PLB buffer from dual luciferase reporter
assay kit (Promega). Protein concentration was measured for each sample and 10 pl from
500 pl lysate was used for reaction according manufacturer’s instruction. Firefly
luciferase activities were measured with the GloMax luminometer (Promega) and values

were normalized to renilla luciferase activity measured in the same reaction. These values
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were further normalized to protein concentration of each sample and presented as relative

amount change to non-treated cells.

2.11 NAD*/NADH QUANTIFICATION ASSAY

To measure cellular NAD", U20S cells with control, p53, Nmnat1, Nmnat2 and
Nmnat3 shRNA were treated with Actinomycin D (10 nM) and harvested at indicated
time-points. Cells were lysed and processed with the NAD'/NADH quantification kit

(Biovision) following manufacturer’s protocol.

2.12 IMMUNOFLUORESCENCE MicrosoPY OF P53 PROTEIN IN Hs68 CELLS

Hs68 (control or p53-KD) cells were grown on 4-well chamber slides (LabTek).
Cells were washed twice then fixed in 3.7% paraformaldehyde for 10 minutes.
Permeabilization was carried out for 5 min with 0.1% Triton X-100 in PBS at room
temperature. After washing 3 times with PBS, cells were blocked with 1% BSA (Fisher
Scientific) in PBS containing 0.05% Tween-20 for 30 minutes, and then incubated with
primary antibodies for 1 h at room temperature or overnight at 4°C followed by
secondary antibodies for 30 minutes at room temperature. Slides were examined under a
Axiovert fluorescence microscope or LSM 510 confocal microscope (Zeiss). Images
were collected and processed with Adobe Photoshop software. For p53 staining, rabbit
polyclonal anti-p53 antibody (FL-393, Santa Cruz) was used at 1:400. For cytochrome ¢
staining, a mouse monoclonal antibody (6H2, Santa Cruz) was used at 1: 200. For Grp75,
a rabbit polyclonal antibody (H-155, Santa Cruz) was used at 1: 400. Donkey anti-rabbit

or mouse secondary antibodies are conjugated with either Cy2 or Cy3 and used at 1: 500.
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TABLE-1. ANTIBODY INFORMATION

Antibody

p53, DO1

p53, DO7

p53, FL393

HA probe

Actin

Cytochrome C

Grp75
Poly-ADP-ribose
Poly-ADP-ribose
SIRT1

SIRT2

Nmnat2

p53, acetyl-K120

p53, phospho-serine 15
p53, phospho-serine 46
p53, acetyl-K382
Acetyl-lysine

Acetyl-Histone 2A (Lysine5)
Acetyl-Histone 3 (Lysine9)

Cleaved caspase 3
p53, acetyl-K320
pS3, acetyl-K373

Working concentration
: 2000 (W.B.)
: 2000 (W.B.)
: 1000 (W.B.)

1
1
1

: 1000 (W.B.)
: 4000 (W.B.)
: 1000 (W.B.)
: 1000 (W.B.)
: 500 (W.B.)
: 500 (W.B.)
: 1000 (W.B.)
: 1000 (W.B.)
: 250 (W.B.)
: 500 (W.B.)
: 1000 (W.B.)
: 500 (W.B.)
: 1000 (W.B.)
: 1000 (W.B.)
: 2000 (W.B.)
: 2000 (W.B.)
: 1000 (W.B.)
: 200 (W.B.)
: 200 (W.B.)

50

Vendor

Santa Cruz (sc-126)
Santa Cruz (sc-47698)
Santa Cruz (sc-6243)
Santa Cruz (sc-805)
Santa Cruz (sc-47778)
Santa Cruz (sc-13561)
Santa Cruz (sc-13967)
Santa Cruz (sc-56198)
Alexis/Enzo life Science (10H)
Abcam (ab32441)
Abcam (ab51023)
Abcam (ab56980)
Abcam (ab78316)

Cell signaling (cat#9284)
Cell signaling (cat#2521)
Cell signaling (cat#2525)
Cell signaling (cat#9441)
Cell signaling (cat#2576)
Cell signaling (cat#9671)
Cell signaling (cat#9661)
Upstate/Millipore (cat#06-915)

Upstate/Millipore (cat#06-916)



TABLE-2. REAGENTS

Chemicals Stock Solution Vendor ( Cat#)
Actinomycin D 2 mM in DMSO Sigma (A1410)
Camptothecin 10 mM in DMSO  Sigma (C9911)

Adriamycin /Doxorubicin hydrochloride 1 mg/mlin DMSO Sigma (D1515)

5-Fluorouracil 100 mg/ml in DMSO Sigma (F6627)
Etoposide 50 mM in DMSO  Sigma (E1383)
Cycloheximide solution 100 mg/ml in DMSO Sigma (C4859)
Puromycin 10 mg/ml in ddH,O Sigma (P7255)
LY294002 5 mg/ml in DMSO  Sigma (L9908)
Wortmannin 50 mg/ml in DMSO Sigma (W1628)
SIRTT1 Inhibitor 11T 10 mM in DMSO  Calbiochem (566322)
SIRT?2 inhibitor (AGK2) 20 mM in DMSO  Calbiochem (566324)
SIRT?2 inhibitor (AGK?7) 20 mM in DMSO  Calbiochem (566326)
DNA-PK Inhibitor II 5 mM in DMSO Calbiochem (260961)
ADP-HPD 5 mM in ddH,O Calbiochem (118415)
Doxycycline 5 mg/ml in ddH,O  Clontech

Geneticin /G418 100 mg/ml in ddH,O Invitrogen (10131035)

Blasticidin S HC1 5 mg/ml in ddH,O Invitrogen (R21001)
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TABLE-3. LIST OF PRIMERS

NAME D SEQUENCES

RT p53 F CACATGACGGAGGTTGTGAG

RT p53 R TGGTACAGTCAGAGCCAACCT

RT P21 F GACTCTCAGGGTCGAAAACG

RT P21 R GCCAGGGTATGTACATGAGGA

RT MDM?2 F GTGAATCTACAGGGACGCCAT

R