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Abstract

Nicotinamide adenine dinucleotide, NAD?*, is a small metabolite coenzyme that is essential for the
progress of crucial cellular pathways including glycolysis, the tricarboxylic acid cycle (TCA) and
mitochondrial respiration. These processes consume and produce both oxidative and reduced
forms of NAD (NAD* and NADH). NAD* is also important for ADP(ribosyl)ation reactions
mediated by the ADP-ribosyltransferase enzymes (ARTDs) or deacetylation reactions catalysed
by the sirtuins (SIRTs) which use NAD™* as a substrate. In this review, we highlight the
significance of NAD™ catabolism in DNA repair and cell death through its utilization by ARTDs
and SIRTs. We summarize the current findings on the involvement of ARTD1 activity in DNA
repair and most specifically its involvement in the trigger of cell death mediated by energy
depletion. By sharing the same substrate, the activities of ARTDs and SIRTSs are tightly linked and
dependent on each other and are thereby involved in the same cellular processes that play an
important role in cancer biology, inflammatory diseases and ischemia/reperfusion.
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1. NAD*/NADH coenzyme
1.1. NAD* production pathways

Nicotinamide adenine dinucleotide is an essential metabolite and coenzyme present in cells
in both an oxidatized form (NAD*) and reduced form (NADH). It is composed of two
nucleotides, an adenine monophosphate (AMP) and a nicotinamide mononucleotide (NMN)
(Figure 1A). NAD is an electron carrier and is involved in redox reactions occurring during
cell metabolism. It is synthesized de novo from the amino acid tryptophan [1] but can also
be produced by salvage pathways from three precursors: nicotinic acid (Na) (vitamin B3 or
niacin), nicatinamide (Nam) and nicotinamide riboside (NR). Nam is also directly released
from the ADP-ribose transfer reaction that consumes NAD* (Figure 1B). This recycling
pathway is mostly activated under cellular stress when the exogenous precursors are not
directly available.

1.2. NAD™* catabolism pathways

1.2.1. Redox roles of NAD*—NAD* and NADH have an essential role in glycolysis, in
the mitochondrial electron transport chain and in the tricarboxylic acid (TCA) cycle. These
three important cellular pathways are inter-connected through a process of provider/
consumer of both forms of NAD and towards the goal of ATP production (Figure 2).
Therefore, cells maintain a high concentration of both NAD* and NADH.

Glycolysis produces pyruvate from glucose through several different steps including the
reduction of NAD* to NADH in the cytosol. NADH can be transferred into the mitochondria
through NADH shuttles [2, 3] and affects oxidative phosphorylation. The mitochondrial
TCA cycle is also a consumer of NAD™ and the main provider of reduced NAD to the
respiratory chain. NADH is the electron donor and its oxidation to NAD* is mediated by
complex | of the respiratory chain. The electron is then transferred through the different
respiratory chain complexes until ATP synthase, or complex V, generates ATP through
oxidative phosphorylation [4].

1.2.2. Non-redox roles of NAD*—Beside its role in energy production, the NAD*
coenzyme is a substrate of the ADP-ribosyltransferase enzymes (ARTD or PARP) [5] and of
the sirtuins, NAD-dependent deacetylases [6].

1.2.2.1 Poly(ADP-ribosylation): Poly(ADP-ribosyl)ation is a posttranslational modification
of proteins catalysed by the poly(ADP-ribose) polymerases (PARPSs), newly named ADP-
ribosyltransferases diphtheria toxin-like proteins (ARTDs) [5]. The ARTD family is
composed of 17 enzymes involved in multiple cellular pathways such as DNA repair
response, chromatin remodelling, transcription, telomere homeostasis or cell death [7-9].
Some ARTD:s are able to catalyse the poly(ADP-ribosyl)ation reaction while others are
responsible for mono(ADP-ribosyl)ation [5]. In both cases, ARTDs transfer the ADR-ribose
moiety of NAD* to the carboxyl group of lysine, aspartic and glutamic acid residues of the
acceptor proteins [10, 11] and release the nicotinamide unit (Figure 1B). ARTD activity is
the main NAD™ catabolic process in the cell and forces the cell to continuously synthesize
NAD* from the de novo pathway or recycling pathway in the case of cellular stress, mostly
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during the DNA repair process. The founding member of the ARTD family, ARTD1, as well
as ARTD2 and ARTD3, are involved in DNA repair and are referred to as DNA dependent-
ARTDs. ARTD3 has been shown to play a major role in the repair of DNA double-strand
breaks [12, 13], while ARTD1 and ARTD2 activation is triggered by DNA single-strand
breaks occurring during Base Excision Repair [14].

1.2.2.2. Deacetylation: Sirtuins belong to a seven member family of NAD* dependent
deacetylases. The budding yeast gene Sr2 (Slencing information regulator 2) was the first
sirtuin gene discovered [15]. The mammalian sirtuin family is composed of 7 isoforms
(SIRT1-7) and each have functions with distinct subcellular localisation [16]. They have
been shown to play pivotal roles in genome stability, mitochondrial and oxidative
metabolism [17] and lifespan regulation. The sirtuins catalyse the removal of an acetyl

group present on proteins by using NAD* and releasing nicotinamide and acetyl-ADP-ribose
units [18, 19]. As an NAD™ consumer, sirtuin activity is greatly dependent on the
availability of the coenzyme and several studies have shown that the other NAD* consuming
enzymes such as ARTDs or cADP-ribose synthase might influence sirtuin activity by
reducing NAD™ availahility [20].

2. Role of NAD+ catabolism in DNA repair and cell death

ARTD1 (PARP1) involvement in DNA repair has been the first and the most extensively
described role of the enzyme in past decades. However, this role of ARTD1 in DNA repair
is primarily following moderate levels of DNA damage. Conversely, in response to
excessive DNA damage, pADPr can become a death signal for the cell enduring the
genotoxic insult.

2.1 Poly(ADP-ribosyl)ation in DNA repair

The involvement of ARTD1 and ARTD2 in DNA repair has been known for decades. The
first studies reported that over-expression of the DNA binding domain of ARTD1 in human
fibroblasts or its constitutive expression in HeLa cells allowed the discovery of a role for
this enzyme in the repair of DNA damage, in particular in single-strand break and Base
Excision Repair [21, 22]. In fact, over-expression of the dominant-negative mutant of
ARTD]1, or depletion of ARTD1 via RNA interference does not alter cell proliferation under
normal conditions. However, upon alkylating agent treatment (MNNG, MMS) or gamma
irradiation, triggers cell hypersensitivity, a decrease in cell survival and eventually apoptotic
cell death [22—24]. Moreover, knockout of ARTD1 in mice and in fibroblasts leads to
genomic instability after gamma irradiation and alkylating agent treatment, an increase in
sister chromatin exchange events and cell cycle arrest in G2/M [25-28]. The mechanism of
ARTD1 and ARTD?2 activation by single-strand and double-strand DNA breaks is now well
established. ARTD1 and ARTD?2 activation, following their binding to DNA damage site,
leads to chromatin relaxation by modification of histones H1 and H2B which helps in the
recruitment of DNA repair proteins such as XRCC1 and DNA Polymerase § which have a
strong affinity for poly(ADP-ribose) (pADPR) [29]. ARTDL1 has been indicated as the main
NAD™ consuming enzyme responsible for more than 99% of pADPr synthesis during
genotoxic stress [30-32]. ARTD1 also undergoes auto-modification which triggers its
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release from the chromatin and its recycling by the degradation of pADPr by Poly(ADP-
Ribose) Glycohydrolase, PARG. PARG is present in the cells in mainly 4 isoforms, coded
from one gene: one in the nucleus, 2 in the cytosol and 1 in the mitochondria [29, 33, 34].
Hence, ARTD1 and PARG activities are responsible for a tight balance between pADPr
production and degradation. Any dis-regulation of this balance toward an over production of
pADPr is detrimental for the cell, in particular due to NAD* over consumption. This aspect
of NAD™ catabolism is further addressed in the following sections.

2.2 Poly(ADP-ribosylation) mediated cell death

Poly(ADPRIibosyl)ation mediated cell death has been named Parthanatos after the fusion of
PAR for Poly(ADP-Ribose) and Thanatos, the personification of death in greek mythology
and has been designated as pADPr mediated cell death [35, 36]. Dawson and co-workers
reported for the first time the toxicity of free pADPr [35]. They injected in vitro synthesized
pADPr into living cells and observed cell death dependent on both the size and dose of the
pADPr. This cell death was caspase-independent and was prevented by the pre-treatment of
pADPr with PARG, supposedly by the lack of the more toxic long pADPR polymers. Two
main mechanisms responsible for ARTD1 dependent cell death have been described, both
requiring excessive pADPr production.

2.2.1. Programmed necrosis—The pADPr, when produced in large quantities, is able to
migrate from the nucleus into the cytosol and trigger the release of the mitochondrial protein
Apoptosis Inducing Factor (AlF), a flavoprotein which in turn is transferred to the nucleus
where it condenses the chromatin and activates endonucleases leading to apoptosis [37, 38].
In parallel, AIF is responsible for the loss of mitochondrial membrane potential and release
of cytochrome ¢, amplifying the apoptotic cascade [39]. Interestingly, AIF encodes a PAR
Binding Motif (PBM) and its mutation diverts its role in cell death in favour of its primarily
mitochondrial role of cell survival after treatment by the alkylating agent MNNG or the
neurotoxin NMDA [40]. The role of PARG in this process has been reported as essential but
dual and is still being evaluated. The absence of the PARG catalytic domain leads to a larval
lethality in Drosophila at a normal temperature of 25°C, while a PARG knockout in mice
triggers early embryonic death [41, 42]. The stem cells that originated from these mice
present with a high basal level of pADPr and die by apoptosis. The absence of the nuclear
isoform of PARG in mice leads to pADPr accumulation in the brain and worsens the
damage created after brain ischemia [43]. Consequently, PARG over-expression protects
mice from neuronal cell death [36]. Conversely, other studies reported that the absence of
nuclear PARG in mice protects against renal and intestinal injury after ischemia/reperfusion,
while sensitizes them after alkylating agent or ionizing radiation treatment [44-47].
Moreover, it has been shown that sSiRNA depletion of PARG in HeLa cells is beneficial for
undamaged cells, protecting them from spontaneous DNA single-strand breaks and
telomeric abnormalities while increasing radiosenstivity [48]. More recently, it has been
demonstrated that PARG activities are essential for the release of AlF in MEFs exposed to
H»0, and in which ARH3, another enzyme responsible for pADPr hydrolysis, has been
knocked out [49]. The authors showed that PARG activity is essential to generate free
pADPr which can migrate into the cytosol and interact with AIF (Figure 3). In contrast,
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ARH3 would hydrolyse the pADPr to ADPr units and protect the cell against AIF dependent
cell death.

2.2.2. ARTD suicide mechanism—The second mechanism, named “ARTD suicide” by
Berger, is described as a passive form of cell death resulting from excessive energetic and
metabolic depletion due to ARTD1 hyper-activation [50-52]. It has been widely observed
by numerous studies that ARTD1 hyper-activation, upon massive DNA damage, is
responsible for as much as 80 to 90% loss of the coenzyme NAD* pool [53-56]. Some
reports demonstrate that the loss of NAD* precedes the induction of mitochondrial
depolarization and mitochondria outer membrane permeability transition [57, 58].
Moreover, the metabolic pathways relying on NAD availability, such as glycolysis, the TCA
cycle and oxidative phosphorylation, are largely impaired leading to a loss of ATP
production and thereby amplifying the energetic depletion phenotype [59]. This ATP
depletion occurs first in the mitochondria and is followed by a loss in both the cytosol and
the nucleus [56]. The ATP depletion can also occur in an effort to re-synthesize the NAD*
pool by the ATP consuming enzymes Phophoribosyl Pyrophosphate Synthase (PRT) and
nicotinamide mononucleotide adenyl transferase (NMNAT), from the nicotinamide released
by the poly(ADP-ribosyl)ation reaction [52]. The role of ARTD1 activation and an impact
on the cellular metabolic pathways, in the mechanism of the ARTD suicide, has become
clearer. Two reports demonstrated that in astrocytes, cytosolic NAD™ depletion, resulting
from ARTD1 activation, triggers a glycolytic block that can be rescued by NAD* or TCA
cycle substrates, such as a-ketoglutarate and pyruvate [53, 60] as well as by a treatment with
the NAD* biosynthesis precursor nicotinamide riboside (NR) preceding MNNG treatment
[56]. Moreover, in apoptosis-deficient cells, it is suggested that only cells relying on
glycolysis are sensitive to DNA damage-mediated ARTD1 hyper-activation and necrotic
cell death [61].

2.2.3 A direct role of ARTD1 in glycolysis regulation after DNA damage—As
mentioned above, ARTD1 or PARP1 mediated cell suicide has been attributed to a form of
passive necrotic cell death resulting from bio-energetic catastrophe, NAD* depletion,
metabolic pathway shutdown and ATP loss [62]. However, recent studies have revealed a
more direct role for ARTD1-activation in the process of glycolysis inhibition in response to
DNA damage. A mass spectrometry analyses performed in HeLa cells [63] as well as in
glioblastoma cells [56], in an attempt to identify the pADPr binding partners after alkylating
agent treatment, identified the glycolytic enzyme hexokinase 1 (HK1). HK1 catalyses the
first step of glycolysis in which a molecule of glucose is phosphorylated to yield glucose-6-
phosphate. HK1 is one of the three major iso-enzymes of the hexokinase family. HK1 is
mainly associated with the outer mitochondrial membrane through an interaction with the
channel protein VDAC [64]. This interaction is known to facilitate the exchange of
ATP/ADP between the mitochondria and the cytosol. Two recent studies have shown that
HK1 is able to bind pADPr through an HK1-encoded pADPr Binding Domain (PBM),
leading to the inhibition of its activity [56, 65]. More importantly, Fouquerel et al suggested
a mechanism in which, like AIF, HK1 is released from the mitochondria upon ARTD1
hyper-activation by MNNG treatment in glioblastoma cells unable to complete BER. This
release has been reported to be responsible for HK1 inactivation [66]. Thus pADPr binding
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to HK1 and its release into the cytosol constitutes a mechanism that would explain the
glycolytic block observed after DNA damage-mediated ARTD1 hyper-activation (Figure 3).
Importantly, it was demonstrated that the glycolytic block is dependent on PARG activity
[56]. These reports bring a new level of complexity to pADPr-mediated cell death and
describe a more active role of ARTD1, PARG and pADPr in the metabolic shutdown
observed after excessive DNA damage or aborted/failed DNA repair.

2.3. Sirtuins in DNA repair and cell death

Sirtuins are a family of protein deacetylases composed of seven members, named SIRT1-
SIRT7, and are expressed in various subcellular locations. SIRT1, SIRT6 and SIRT7 are
present in the nucleus, SIRT2 plays its role in the cytoplasm and SIRT3, SIRT4 and SIRT5
are mitochondrial proteins [67]. As NAD* consumers, the activities of Sirtuins and ARTDs
are inter-dependent and are involved in many of the same biological processes [68]. Thus,
some Sirtuin members, more particularly SIRT1 and SIRT6, have been shown to play an
important role in DNA repair and cell metabolism after DNA damage.

SIRT1 is the most characterized sirtuin family member in mammals. Its involvement in
DNA repair and cell death has been extensively reported. Deletion (knockout) of SIRT1
induced early postnatal lethality in mice that present with chromosomal and DNA repair
defects [69]. Moreover, SIRT1 inhibition or SIRT1 knockdown by siRNA inhibits the
growth of acute myeloid leukaemia cells and sensitizes them to chemotherapy [70]. This
effect is explained by the observation that SIRT1 is able to deacetylate the pro-apoptotic
protein protein p53 to reduce its transcriptional activity leading to a reduction of apoptosis
induction following DNA damage [71, 72]. In this context, NAD™ depletion mediated by
ARTD1 activation after oxidative DNA damage, leads to SIRT1 activity impairment and
stimulates apoptosis [73]. Interestingly, the absence of SIRT1 enhances ARTD1 activity that
is further emphasized by oxidative damage and triggers AlF release from the mitochondria
[74]. SIRT1 is also directly responsible, upon H,O, treatment, for the deacetylation of the
transcription factor FOXO, leading to the activation of genes responsible for the control of
cell cycle arrest, detoxification of ROS, DNA damage repair and inhibiting those involved in
apoptosis [75].

SIRT6 has been recently reported to be involved in DNA repair regulation. SIRT6 is able to
translocate to DNA damage sites and promote DNA repair and the loss of SIRT6 (mouse
KO cells) triggers sensitivity of fibroblasts to ionizing radiation [4, 76]. More importantly,
SIRT®6 is directly involved in Base Excision Repair and DNA double-strand break repair by
interacting with and mono-ADP-ribosylating ARTDL1, thereby stimulating its activity [4].
These studies revealed the complexity of the relationship between the sirtuins and ARTD1
as they are capable of regulating each other either directly or indirectly by the consumption
of their common coenzyme, the NAD™,

3. Concluding remarks

In this review, we highlight the crucial role of the coenzyme NAD* in DNA repair, cellular
metabolism and cell death through its utilization as a coenzyme for essential proteins,
ARTDs and SIRTSs. The balance and cooperation between ARTD1 and PARG activities as
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well as between ARTD1 and SIRT1 or SIRT6 are key to the control of cell fate. More
importantly, the dual role of pADPr in both DNA repair and cell death demonstrates how
pADPr production and degradation can promote a choice between cell survival and cell
death. Following minimal DNA damage, the moderate production of pADPr will allow the
recruitment of DNA damage response and DNA repair proteins to promote DNA repair and
cell survival. Conversely, in the face of excessive DNA damage, the over-consumption of
NAD*, due to the over-activation of ARTD1, contributes, along with the direct targeting of
key proteins such as AIF or HK1 by pADPr, to the energy and metabolic defect, eventually
leading to cell death. Understanding these mechanisms is of great importance in cancer
therapy in which ARTD1 activity regulates DNA repair but also in the treatment of acute or
chronic inflammatory diseases and brain, cardiac or kidney ischemia/reperfusion
characterized by ARTD1 activation due to oxidative stress, for which the ARTD1 inhibition
will lead to cell survival.

Acknowledgments

This work was supported by grants from the National Institute of Health (NIH) [CA148629] to RWS.

Abbreviations

AMP Adenine Monophophate

ARTD ADP-ribosyltransferase diphtheria toxin-like

HK1 Hexokinase 1

NAD Nicotinamide Andenine Dinucleotide

Nam Nicotinamide

NR Nicotinamide Riboside

Na Nicotinic acid

MNNG N-methyl-N’-nitro-N-nitrosoguanidine

PBM Poly(ADP-ribose)AR Binding Motif

pADPr Poly(ADP-ribose)

PARG Poly(ADP-Ribosyl) Glycohydroalse

SIRT Silent Information Regulator 1

TCA Tricarboxylic Acid

VDAC Voltage Dependent Anion Chanel
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Figure 1.
A. Structure of NAD. Nicotinamide adenine dinucleotide (NAD™) is composed of two

nucleotides, an adenine monophosphate (AMP) and a nicotinamide mononucleotide (NMN)
linked together by two phosphate groups. During the ADP-ribosylation reaction the ADP-
ribose unit is transferred to target proteins by ARTD enzymes and a unit of nicotinamide
(Nam) is released.

B. Pathways of NAD™ synthesis. NAD™ is synthesized by a de novo pathway from the
amino acid tryptophan (black arrows) and by a salvage pathway (Blue arrows).
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Figure 2.
Catabolism of NAD*/NADH. NAD* is used by glycolysis in the cytoplasm to produce

NADH which can migrate into the mitochondria to be used as a coenzyme by the respiratory
chain which in turn releases NAD™. In the mitochondria, the TCA cycle is also a consumer
of NAD* and provides NADH to the respiratory chain to produce ATP and release NAD™.
The NAD™ produced is used by ARTDs and SIRTs to assure their catalytic activity.
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Figure 3.
pADPr mediated cell death. Upon excessive DNA damage, the hyper-activation of ARTD1

triggers cell death via two different mechanisms. Programmed necrosis involves the release
of pADPr chains by PARG into the cytosol that can then bind the mitochondrial protein
AIF. AIF is released from the mitochondria and reaches the nucleus where it triggers DNA
condensation, endonuclease activation and DNA segmentation. The second mechanism
describes the nuclear hyper-activation of ARTD1 triggers NAD™ depletion in the
mitochondria followed by loss in the cytosol and in the nucleus. Rapid ATP depletion is
observed by the shutdown of the metabolic pathways relying on NAD™* such as glycolysis,
the TCA cycle and mitochondrial respiration. However, a new role of ARTD1 and PARG in
this process has been discovered in which the release of pADPr chains into the cytosol by
PARG activity leads to the inactivation of HK1 and its release in the cytosol [56, 65].
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