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NAD+ was discovered during yeast fermentation, and since its discovery, its important roles in redox metabolism, aging, and
longevity, the immune system and DNA repair have been highlighted. A deregulation of the NAD+ levels has been associated with
metabolic diseases and aging-related diseases, including neurodegeneration, defective immune responses, and cancer. NAD+ acts
as a cofactor through its interplay with NADH, playing an essential role in many enzymatic reactions of energy metabolism, such as
glycolysis, oxidative phosphorylation, fatty acid oxidation, and the TCA cycle. NAD+ also plays a role in deacetylation by sirtuins and
ADP ribosylation during DNA damage/repair by PARP proteins. Finally, different NAD hydrolase proteins also consume NAD+ while
converting it into ADP-ribose or its cyclic counterpart. Some of these proteins, such as CD38, seem to be extensively involved in the
immune response. Since NAD cannot be taken directly from food, NAD metabolism is essential, and NAMPT is the key enzyme
recovering NAD from nicotinamide and generating most of the NAD cellular pools. Because of the complex network of pathways in
which NAD+ is essential, the important role of NAD+ and its key generating enzyme, NAMPT, in cancer is understandable. In the
present work, we review the role of NAD+ and NAMPT in the ways that they may inﬂuence cancer metabolism, the immune system,
stemness, aging, and cancer. Finally, we review some ongoing research on therapeutic approaches.
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INTRODUCTION
Nicotinamide adenine dinucleotide (NAD+) is an abundant
metabolite that plays an essential role in the maintenance of
cellular homeostasis. NAD+ acts as a cofactor in multiple
reduction-oxidation (redox) reactions related to energy production, glycolysis, the tricarboxylic acid (TCA) cycle, oxidative
phosphorylation (OXPHOS), fatty acid oxidation (FAO), and serine
biosynthesis.1–3 On the other hand, NAD+ is a substrate for
different signaling enzymes, such as sirtuins, PARPs, and cADPRSs.
In these reactions, NAD+ is degraded and cleaved into ADP ribose
and nicotinamide (NAM), which can be recycled.
To respond to the high and dynamic NAD+ cellular demand for
both redox and nonredox processes, mammalian cells must
synthesize NAD+ from different dietary precursors through the de
novo pathway and the Preiss–Handler pathway (Fig. 1). Indeed, a
chronic dietary deﬁciency of these precursors leads to pellagra,
which is characterized by diarrhea, dermatitis, dementia, neurological damage, and even death. During an investigation into a
treatment for pellagra in the 1920s, NAD+ was discovered as an
essential metabolite for cells2,4,5 (Fig. 2). Alternatively, cells can be
recycled and NAD+ reconstituted from its catabolic products via
the salvage pathway, which is the preferential route for cells to
replenish NAD pools6–10 (Fig. 3). NAD levels are limiting
components, and the availability of NAD is essential for cellular
functionality. Therefore, the biosynthesis, subcellular localization,
and systemic transport of NAD and its intermediates are key to the
regulation of various biological processes with signiﬁcant impact
on cellular and tissue functionality. To date, studies have revealed
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a complex layer of tissue/organ-speciﬁc effects and differential
roles for various NAD intermediates.
NAD+ CONCENTRATION AND COMPARTMENTALIZATION
Although the oxidized form, NAD+, is the most abundant and
ubiquitous state in cells, its availability may ﬂuctuate. Indeed, the
free NAD+ concentration largely varies depending on several
factors, including its subcellular compartment; the cellular type;
glucose level, including deprivation; caloric intake and restriction;
exercise; age; and circadian cycles. It has been shown that the
cytosolic and nuclear NAD+ pool concentrations are quite similar
(approximately 100 µM) because these compartments are interconnected. The mitochondrial NAD+ pool, with a higher
concentration (~250–500 µM), is an independent source since
the mitochondrial membrane is impermeable to NAD+ and NADH.
The free NAD+ concentration also depends on the cell type. For
example, myocytes have a greater mitochondrial NAD+ pool,
whereas hepatocytes and astrocytes have greater cytosolic NAD+
pools.11
In addition, NAD+ concentration may oscillate throughout the
day due to circadian regulation. The CLOCK:BMAL1 complex
activates the promoter of NAMPT, the critical enzyme of the NAD+
salvage pathway, in a cyclic manner every 24 hours, increasing
NAD+ production. In addition, SIRT1, an NAD+-consumed enzyme,
counteracts the effect of the circadian complex by deacetylating
BMAL1 and the histones in the promoter region of other regulated
genes.12–14

1
Instituto de Biomedicina de Sevilla (IBIS), Hospital Universitario Virgen del Rocío, Universidad de Sevilla, Consejo Superior de Investigaciones Cientíﬁcas, Sevilla, Spain and 2CIBER
de Cancer, Sevilla, Spain
Correspondence: Amancio Carnero (acarnero-ibis@us.es)

Received: 21 July 2020 Revised: 11 September 2020 Accepted: 27 September 2020

© The Author(s) 2020

NAD+ metabolism, stemness,. . .
Navas and Carnero

2

Fig. 1 a Structure of nicotinamide adenine dinucleotide (NAD+). This molecule is formed by adenosine monophosphate (AMP) linking to
nicotinamide mononucleotide (NMN). AMP is formed by adenosine (in green), ribose ring (in blue) whose hydroxyl (marked in red) can be
phosphorylated resulting in NADP+, and phosphate group (in orange). NMN is formed by a ribose ring, phosphate group, and nicotinamide
(NAM) (in pink) that is responsible for redox NAD+ functions, thus, the atom carbon (marked in red) is capable of accepting a hydride anion
(H+, 2e-) leading to the reduced form NADH. In addition to the classical redox functions, NAD+ acts as a substrate of multiples enzymes
donating the group adenosine diphosphate ribose (ADP-ribose) and releasing nicotinamide as the catabolic reaction product. b Structure of
the different states of NAD+. NAD+ can be phosphorylated to NADP+ by NADK enzyme. Thus, NAD+ and NADP+ can be reduced to NADH or
NADPH, respectively. NADH nicotinamide adenine dinucleotide, NAD+ nicotinamide adenine dinucleotide, NADP+ nicotinamide adenine
dinucleotide phosphate, NADPH reduced nicotinamide adenine dinucleotide phosphate

Fig. 2 NAD+ in cancer metabolism. Cancer cells rely on glycolysis
(pathway in yellow) than mitochondrial oxidative phosphorylation
(OXPHOS) (in black) what is called the Warburg Effect. The pentose
phosphate pathway (in purple), serine synthesis (in green), and fatty
acid synthesis (in blue) are also upregulated in cancer and depend
on glycolysis as the core of cancer metabolism. Glutaminolysis (in
red) is also upregulated as the main nitrogen source. All these
pathways require the cofactor NAD+/NADH/NADP+/NADPH as
essential cofactors to support faster energy production, counteract
ROS production, and synthesis building blocks for tumor proliferation. G6PD glucose-6-phosphate dehydrogenase, GSH glutathione,
GSSG glutathione disulﬁde, ROS reactive oxygen species, GAPDH
glyceraldehyde 3-phosphate, LDH lactate dehydrogenase, PRPP 5phosphoribosyl-1-pyrophosphate

Fig. 3 NAD+ biosynthesis pathways. NAD+ can be synthesized from
the different dietary precursors by de novo pathway (from Trp), the
Preiss–Handler pathway (from NA), and the nucleoside pathway
(from nicotinic NAR or NR). However, the main source of NAD+ is the
salvage pathway where the catabolic product (NAM), from
NAD+-consumed enzymes (sirtuins, PARPs and cADPRSs), is recycled
to reconstitute NAD+
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NAD+ has a short half-life, ~1 h in mammalian cells,15 and
limited ability to diffuse through cell membrane barriers.16 This
impermeability ensures rapid local regulation of NAD-dependent
physiological processes and extensive compartmentalization of
many enzymes involved in the biosynthesis or consumption
of NAD+ has also been described. Therefore, the concentration of
NAD+ is not uniform within a cell. Most bioenergy- and
NAD+-dependent signaling pathways are activated in different
subcellular compartments, and locally accessible NAD+ is required
for these metabolic processes.17,18 NAD+ has been detected in the
nucleus and in almost all cytoplasmic organelles.19–21
The extracellular NAD+ concentration in the blood serum of
mammals is maintained at a low level, between 0.1 and 0.5 μM,
under physiological conditions.22 However, the extracellular NAD+
level is connected to the intracellular NAD+ pools. Cells, especially
cancer cells, release intracellular NAD+ into the culture medium,
indicating that NAD+ may serve as an autocrine or paracrine
signaling molecule for nearby cells.23 Extracellular NAD+ restores
intracellular NAD+ pools and helps counteract cell the death
induced by NAMPT inhibition.7,8,24,25
Extracellular NAD+ is mainly consumed through the action of
CD38, a ubiquitously expressed transmembrane NAD+ glycohydrolase.23,26 CD38 expression delays cancer development by
lowering NAD+ levels, with a reduction in cell metabolism that
leads to cell cycle arrest.27 Extracellular NAD+ also plays important
roles in immune modulation. Inﬂammation can trigger the release
of intracellular NAD+ into the extracellular space, which in turn
ﬁne-tunes the immune response.28 Speciﬁcally, extracellular NAD+
acts as a proinﬂammatory cytokine that stimulates granulocytes,
augmenting chemotaxis.29,30 In addition, evidence suggests that
extracellular NAD+ has an important regulatory role in the
antitumor T-cell response. Foxp3+ regulatory T cells (Tregs) are
speciﬁcally susceptible to NAD+-induced cell death, and systemic
administration of NAD+ selectively depletes Tregs, promoting
antitumor responses in xenograft tumor mouse models.31 T cells
with reduced surface expression of CD38 exhibited higher levels
of NAD+ and superior antitumor responses, including enhanced
oxidative phosphorylation, higher level of glutaminolysis, and
altered mitochondrial dynamics.32
REDOX FUNCTIONS OF NAD+
When initially discovered, the function of NAD+ was attributed to
the universal electron transporter in redox reactions for obtaining
energy in catabolic processes. During glycolysis, NAD+ is reduced
to NADH upon the oxidation of glyceraldehyde 3-phosphate
(GAPDH) in the cytosol. Each glucose molecule generates 2
molecules of NADH, which can be shuttled into the mitochondria;
2 molecules of ATP; and 2 molecules of pyruvate. Under anaerobic
conditions, pyruvate can be reduced to lactate by lactate
dehydrogenase (LDH), while NADH is oxidized to regenerate
NAD+. When oxygen is available, pyruvate can be oxidized to
acetyl CoA, with a reduction of NAD+.1,2,33 Another source of
acetyl CoA is generated by fatty acid beta-oxidation (FAO), where
NAD+ is reduced to NADH.34
In mitochondria, acetyl CoA enters the TCA cycle, generating 8
molecules of NADH. All these NADH molecules and those
generated from glycolysis can be oxidized back to NAD+ in
complex I, called NADH/coenzyme Q reductase, of the electron
transport chain (ETC). Ultimately, 30 molecules of ATP are
produced from these NADH molecules; however, a substantial
number of reactive oxygen species (ROS) are also generated.1,2,33
Excessive ROS levels may cause serious oxidative damage, which
can be reduced by an antioxidant system formed by SODs,
catalases, MAPKS, SIRTs, GSH, vitamin C and E.35,36
The production of ATP in the mitochondria and the maintenance of the membrane potential require NAD+ as a universal
cofactor. NAD+ is reduced to NADH by gaining two electrons and
Signal Transduction and Targeted Therapy (2021)6:2

3
a proton from substrates at multiple steps in the TCA cycle.
Mitochondrial NADH is oxidized by donating its electrons to
complex I (NADH:ubiquinone oxidoreductase) in the electrontransporter channel. These electrons are sequentially relayed from
complex I to ubiquinone (coenzyme Q10), complex III, cytochrome
c, and complex IV (cytochrome c oxidase), resulting in the
reduction of oxygen to water. This ﬂow of electrons is coupled to
the pumping of protons by complexes I, III, and IV across the inner
membrane and into the inner mitochondrial membrane space,
generating a proton gradient. Protons re-enter the matrix through
F0F1-ATP synthase, creating a ﬂow that drives ATP synthesis.
Because the TCA cycle and the electron-transporter channel
require NAD+ and NADH, respectively, an optimal NAD/NADH
ratio is needed for efﬁcient mitochondrial metabolism. The
mitochondrial NAD+ pool is relatively distinct from that of the
rest of the cell. Cytoplasmic NAD/NADH ratios range between 60
and 700 in a typical eukaryotic cell; however, mitochondrial NAD/
NADH ratios are maintained at much lower levels. Numerous
studies have conducted in-depth investigations into the factors
that inﬂuence the mitochondrial NAD/NADH ratio.37–40
In contrast to NAD+, the phosphorylated form, NADP+, is
required for the anabolism process, including for nucleic acid
synthesis by the pentose phosphate pathway (PPP).5,41 In addition,
its reduced form, NADPH, is essential for diminishing ROS levels. In
fact, many antioxidant proteins depend on NADPH as a cofactor.
For example, the glutathione disulﬁde (GSSG) reduction to
glutathione (GSH) is driven by the NADPH generated during the
ﬁrst step of the PPP pathway, when glucose-6-phosphate is
converted to 6-P-gluconate.5 NADPH is also an important cofactor
in fatty acid synthesis (FAS), which is required for membrane
synthesis in proliferating cells, using acetyl CoA as a precursor.2
The maintenance of intracellular redox homeostasis is a critical
cellular process requiring a balance between reactive oxygen
species (ROS) generation and elimination, as excessive levels of
ROS can result in cell death.42–45 NAD+ is an important regulator
of cellular ROS levels that can accumulate upon depletion of
NAD+. This regulation is particularly important in cancer cells,
which generally have increased ROS production and require very
tight control of the ROS balance.43–45
NAD has been shown to contribute to the cellular capacity to
tolerate oxidative stress in a number of studies. In CRC or glioma
cell lines, NAMPT functions to increase NADH pools, protecting
cells against oxidative stress.6–10 In breast cancer models, the
increased of NAD+ pool can be converted to NADPH through the
pentose phosphate pathway, thus maintaining glutathione in
the reduced state. In addition, in several studies, NAD depletion
enhanced cancer cell susceptibility to oxidative stress through a
reduction in antioxidative capacity by downregulating antioxidant
proteins.6–10,43–46 In many of these studies, a possible therapeutic
window was observed upon NAMPT inhibition, since the response
of the normal cells was different from that of the tumor cells.
However, this response to NAMPT inhibition is not a universal
feature of tumor cells; that is, not all cancer cells exhibit an
increase in ROS or NAD+ depletion upon NAMPT inhibition. In
Ewing sarcoma and some NSCLC cell lines, for example, inhibiting
NAMPT does not create an imbalance in ROS, suggesting
compensatory mechanisms maintain NAD+ levels.47–49 However,
several studies have reported the efﬁcacy of combining NAMPT
inhibitors with ROS-inducing agents, resulting in excessive ROS
production, which enhanced the efﬁcacy of treatment against the
growth of tumors.6–10
NAD availability in the cytoplasm is a key determinant of the
rate of NADH and pyruvate ﬂux to mitochondria and, therefore,
the rate of glycolysis. Eliminating cytoplasmic NAD+ blocks
glycolysis and leads to cell death.3,50–54 However, many works
have suggested the NAD+ biosynthetic machinery inside the
mitochondria maintain the mitochondrial NAD+ pool in response
to environmental and nutritional stresses.3,17
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Important metabolic and molecular insights into the essential
metabolic role of NAD+ in redox function were gained from
studies on NAMPT-KO mice.55 The authors reported that NAMPTnull (NAMPT−/−) mice showed embryonic lethality at early stages,
and the adult mice die within 5–10 days after NAMPT depletion.
NAMPT-null mice have diminished NAD+ synthesis and no other
NAD biosynthetic enzymes. These defects lead to a profound
dysregulation of other NAD-dependent genes, such as SIRTs,
PARPs, and acetylated proteins in the Sirt3-Foxo4 axis, and
suppression of the TCA cycle. This TCA cycle suppression results in
a large decrease in ATP, which adversely affects all ATP-dependent
proteins, including those involved in nutrient transport, mobilization, and uptake, leading to mouse death.55 However, other roles
of nonredox function on this phenotype were not speciﬁcally
explored.
NONREDOX FUNCTIONS: NAD+ AS A SUBSTRATE
Both NAD+/NADH can be converted in an almost unlimited way
without being consumed.56 Therefore, in theory, there should be
the amount of NAD+ should equal the amount of NADH in cells.
The reality, however, is quite different. NAD+ is ~600–1100-fold
more abundant than NADH,4 because NAD+ participates in other
multiple molecular nonredox processes, including DNA repair, cell
signaling, posttranslational modiﬁcations, mitochondrial metabolism, inﬂammatory responses, senescence, and apoptosis.1,5,11,30,57–63 In these nonredox reactions, NAD+ is consumed
as a substrate by different types of enzymes, including sirtuins,
PARPs, and the cADPRS family of ectoenzymes. These enzymes
use NAD+ as a donator of ADP-ribose and release NAM as a
recycling reaction product.
PARPs, located in the nucleus, mediate many biological processes,
including DNA repair, transcriptional regulation, and metabolism (41,
45), by transferring long chains and branches of ADP-ribosyl
polymers to their protein substrates. CD38 and CD157 from the
cADPRS family of ectoenzymes generate cyclic ADP-ribose (cADPR)
and NAADP, potent second messengers for calcium signaling.30 In
the sirtuin family of proteins, NAD mediates deacetylation,
demalonylation/desuccinylation, and ADP-ribosylation of target
proteins.18,64–68 The PARP and cADPRS families signiﬁcantly affect
cellular NAD levels,30 limiting NAD availability for other NADconsuming enzymes. Thus, it has been shown that the inhibition of
PARP1 or CD38 increases NAD+ levels, leading to an increase in the
activity of SIRT1.69 Therefore, these NAD+-dependent enzymes,
namely, sirtuins, PARPs, and cADPRSs, are able to coregulate each
other in competition for the same intracellular limiting NAD+ pool.
For example, SIRT1 can inhibit PARP1 by deacetylation, increasing
NAD+ levels, whereas PARP2 represses the transcription of
sirtuins.4,59,70 The importance of the NAD+ role in nonredox
reactions has been reestablished in recent years, and consequently,
NAD+ has been proposed as a link between metabolism and
signaling in many physiological processes and diseases.71
NAD+ IN PLURIPOTENT AND STEM CELLS
Somatic cells can acquire self-renewal capacity and other stem
properties through dedifferentiation. The expression of some
transcription factors, such as Yamanaka factors (OSKM), including
Oct3/4, Sox2, c-Myc, and Klf4, reprograms somatic cells to induced
pluripotent stem cells (iPSCs).72 This pluripotency reprogramming
process is closely related to cancer cell dedifferentiation to cancer
stem-like cells (CSCs).73 Similar to pluripotent and stem cells, CSCs
have the capacity to self-renew and differentiate into progenitor
cells. Differentiated cancer cells are able to acquire stem-like
properties through dedifferentiation as can iPSCs.74–77 Both CSCs
and iPSCs activate the Warburg effect, enhanced in a hypoxic
state, to maintain the stemness phenotype. Therefore, the term
glycolysis is used to describe stemness.74,77,78

In this context, a high NAD+/NADH ratio has been found in
human iPSCs and embryonic stem cells (ESCs).78 Son et al.
proposed NAD+ as a modulator for stem cell pluripotency in iPSCs
through OSKM factor promotion. They also showed that NAM
supplementation bypasses senescence and apoptosis and consequently promotes reprogramming during iPSC generation.79 In
fact, an analysis of the iPSC and stem cell transcriptomes showed
highly upregulated levels of NAMPT.46
NAMPT and/or NAD reduces the pool and inhibits the
proliferation of neural progenitor stem cells.80 In many lineages,
NAD and NAMPT may be necessary not only for proliferation but
also for cell fate decisions. Neural stem progenitor cells require
NAMPT for cell cycle progression. However, in the oligodendrocyte
lineage, NAMPT downregulation reduced oligodendrogenesis
in vivo.81
NAMPT inhibition strongly decreases the levels of OCT4 and
other pluripotency factors, such as Sox2, Klf4, or NaGOG, and EMT
factors, such as Twist, Snai1, Slug, or FoxC2.7,82 Downregulation of
NAMPT also increases the expression of pluripotent differentiating
factors. It has been shown that, in human stem cells, a 50%
reduction in NAD+ level causes spontaneous differentiation and
apoptosis.79 IPs have higher levels of NAD synthesis salvage
pathway enzymes and are dependent on them for survival.79
Moreover, nicotinamide, the precursor of NAD, increases the
survival of hSCs.83 Supraphysiological NA levels increase the
extent of IP reprogramming.79 In mouse models in vivo, an
intracellular NAD+ level boost by NA riboside treatment
rejuvenated intestinal, neural and muscle stem cells and extended
the lifespan.84,85 Dietary supplementation with NAD precursors
also increases mitochondrial activity.84 Therefore, increasing NAD
in the cell supports stemness and pluripotency, in which efﬁcient
mitochondrial function seems to be necessary.85
However, NAD is not only essential for metabolism, but also in
other activities such as building blocks of other cellular synthetic
pathways, DNA repair, signal transduction molecule, autophagy, or
epigenetic regulation. Studies have shown that NAD is an
important cofactor for neural functions that have high energetic
demands. The increase in NAD+ levels delays senescence in
mesenchymal stem cells.81 NAD+ and NAMPT levels in neural
tissues are reduced with age, and NAD replenishment reduces the
severity of ataxia telangiectasia neuropathology, restoring neuromuscular function and memory loss that accompany aging
processes.86–88 NAD stimulates DNA repair through PARP,
improving mitochondrial activity.
In parallel, an increase in NAMPT activity boosts autophagy,86,89
while a decrease in OCT4 enhances autophagy inhibition. These
ﬁndings have led to the hypothesis that basal levels of autophagy
are required for the pluripotency acquired by CSCs.82 Autophagy
induction by rapamycin, upon serum starvation or through a
BECNI peptide showed an increase in stemness properties.
NAMPT, through OCT4, regulates mTOR phosphorylation, an
important negative regulator of autophagy. In normal muscle
stem cells, basal levels of autophagy contribute to the maintenance of stemness and pluripotency.90–93
Therefore, an increase in NAD+ led to increased stem cell
proliferation and pluripotency, as determined by SC marker
expression.94 However, NAD increases also led to reduced
activation of the WNT canonical pathway. In addition, when
treated with NAD+, embryonic SCs became resistant to differentiation induced by BMP4. Furthermore, NAD+ failed to induce
stemness morphology or activate stem genes, such as nanog,
GBX2, REX1, or OTX2. This suggests that NAD alone is not able to
induce a full stem transcriptional network94 but is able to induce
an intermediate SC state that might be positively affected by
additional reprogramming signals. These primed SCs convert most
glucose to lactate, facilitating the recycling of NAD from the
cytosol and ensuring their utilization in other cellular synthesis
pathways. NAD+ also enhances mitochondrial suppression of
Signal Transduction and Targeted Therapy (2021)6:2

NAD+ metabolism, stemness,. . .
Navas and Carnero

oxygen and ATP production.94 Naive embryonic stem cells, such as
those primed by NAD, also consume glutamine as an important
nutrient and produce a-ketoglutarate for H3K27me3 demethylation, thereby maintaining the hypomethylated state of embryonic
stem cells.95–97
NAD+ AND AGING
An imbalance in the NAD+/NADH or NADP+/NADPH ratio can
destabilize cellular homeostasis, causing not only pellagra but also
aging, neurodegenerative diseases, inﬂammatory alterations,
infections, cardiovascular diseases, and cancer.98,99 The most
studied context for NAD+ depletion is aging, in which a signiﬁcant
reduction in sirtuin activity and its reported anti-aging effects have
been observed100–102 and references therein). NAD+ depletion, as
previously described, causes mitochondrial dysfunction, a decline
in energy production and accumulated ROS that produce high
oxidative stress. The increase in ROS and oxidative stress
combined with an accumulation of genome mutations leads to
chronic PARP activation. High PARP levels lead to the rapid
consumption of the NAD+ pool and, consequently, to a decrease
in sirtuin levels, promoting aging.59,70,103,104 In contrast, treatment
with NAD+ precursors, as well as other forms of energy
consumption, such as through exercise, caloric restriction, fasting,
and low glucose availability, can counteract aging effects by
upregulating NAMPT, which can reconstitute NAD+ levels and
promote sirtuin activation.5
Many of these aging hallmarks are commonly manifest with
cancer hallmarks.98 It is not surprising that aging and cancer are
two linked processes. Gomes et al. suggested that ROS production
increases due to NAD+ reduction during aging and promotes
hypoxia-inducible factor-1α (HIF-1α) accumulation, leading to
metabolic reprogramming, which is a hallmark of cancer.105 On
the other hand, the recovery of NAD+ levels by supplementation
with nicotinamide riboside, NR, precursor of the nucleoside
pathway, enhances the function of mitochondria and stem cells
in elderly mice.84,106 Consistently, the overexpression of NNMT
and NMNAT3 and subsequent restoration of the mitochondrial
NAD+ pool increases the lifespan of human MSCs by inhibiting cell
senescence and increasing the reprogramming efﬁciency of
differentiated somatic cells.107
Aging is characterized by a decline in the regenerative potential
of tissues. Reduced stem cell function leads to the diminished
replenishment of the tissue in essentially all adult stem cell
compartments.108–110 The lack of efﬁcient repair of these damaged
tissues is the consequence of stem cell decline and aging.111,112 The
importance of NAD+ for maintaining the pool and pluripotency of
stem cells makes it an essential cofactor during aging.
A reduction in NAD+ synthesis is one of the main causes of NAD
depletion in aging. In accordance, NAMPT levels decrease in many
tissues during organismal aging.113–115 Although several factors
seem to affect NAMPT levels, it has been reported that the CLOCK:
BMAL1 complex, the core transcription factor in circadian rhythms,
binds directly to the regulatory region of NAMPT and regulates its
expression.12,46 NAD+ and NAMPT levels show circadian oscillations ampliﬁed by the loop consisting of NAMPT-NAD-SIRT1, since
SIRT1 regulates circadian gene expression by deacetylating BMAL1
and PER2.116,117 Therefore, aging decreases the circadian rhythms
that reduce NAMPT and therefore NAD, and in turn, these changes
regulate aging.118
During aging, ROS levels increase, causing an increase in DNA
damage.62 Therefore, there is an increase in PARP activity and the
amount of NAD used as a substrate.119,120 Genetic or pharmacological inhibition of PARP1 prevents NAD decline during aging.121
However, PARP inhibition impedes DNA repair, increases DNA
damage, and accelerates cancer initiation.
Aging causes multiple changes in body metabolism and vice
versa, tightly connecting both phenotypes. Increases in obesity
Signal Transduction and Targeted Therapy (2021)6:2
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and changes in fat accumulation are associated with aging, and
obesity also accelerates aging by inducing inﬂammation in several
tissues.122 During aging, NAD levels decrease in various tissues,
including liver and adipose tissues.123,124 Therefore, all the
pathways and metabolic reactions in which NAD is involved are
also altered by aging, and this decreased metabolic activity has
been associated with numerous aging-related metabolic diseases,
such as diabetes.86,125 NAD levels are also related to insulin
secretion and sensitivity. In fact, mice with reduced levels of
NAMPT, such as genetic NAMPT heterozygous mice, showed low
glucose tolerance due to impaired insulin secretion.126,127 The
administration of the product of NAMPT, nicotinamide mononucleotide, NMN, led to recovery of both NAD levels and insulin
production. Interestingly, adipocyte-speciﬁc NAMPT-depleted
mice also showed insulin resistance in their muscle and liver.128
Adipocytes and other cells can secrete eNAMPT, and plasma levels
of eNAMPT are usually increased in obesity. Obesity also reduces
NAMPT by inducing the expression of miR34a. In contrast,
reducing miRNA34a levels increases the NAMPT enzyme and
restores NAD levels.129,130
Nutritional supplementation of NAD precursors may reduce
insulin resistance during obesity and aging80,102 and references
therein). This effect seems to involve the sirtuin pathway. NR
administration increases NAD+ levels, facilitating the deacetylation of FOXO1 by upregulating SIRT1.131 In addition, the increase
in mitochondrial NAD levels by exogenous NR also promotes the
deacetylation of SOD2 and NDUFA9 through the increased levels
of SIRT3.131 Exogenous NAMPT product NMN supplementation
also increases the NAD pool, ameliorating liver insulin resistance.
In addition, NMN supplementation restores the expression of
genes involved in oxidative stress, the inﬂammatory response, and
circadian rhythms.114,132 Sirtuins have been considered major
targets of NAD regulation of aging and longevity. It is now clear
that NAD and/or related metabolites have other roles in the
regulation of aging metabolism that are independent of sirtuin
activity.80,102
Very interestingly, CD38-KO mice showed increased longevity
and were protected against NAD level decreases associated with
age, indicating that other NAD-consuming enzymes may play an
important role in age- and age-dependent diseases.133
NAD+ AND NAMPT IN INFLAMMATION AND THE IMMUNE
MICROENVIRONMENT
Innate and adaptative responses in cancer
Hematopoiesis declines with age, resulting in a diminished
production of adaptive immune cells—a process termed immunosenescence—.134 Aged mice show a decrease in the reconstitution capability of their hematopoietic stem cells (HSCs), correlating
with an increase in DNA damage135,136 and with an increase in the
levels of senescence effectors, such as p16INK4a.137 In fact, old
hematopoietic stem cells from INK4a−/− (KO) mice showed better
engraftment capacity compared with the HSCs from old wild-type
mice.137 Indeed, old wild-type mice show higher number of
phenotypically identiﬁed HSCs but their “stem capacity” is
diminished.
In addition to tumor cells, the microenvironment contains a
myriad of nonneoplastic components that can support, or inhibit,
depending on the conditions in each case. The possible metabolic
modiﬁcations of all cellular components or the microenvironment
affecting the metabolism, transcriptome, properties, and phenotype of the tumor have been clearly described. NAD metabolism
and its responses are based on cross talk between cancer and
inﬁltrating immune cells, affecting tumor growth, malignity, and
immune evasion.138–140 The regulation of immune responses in
the tumor microenvironment depends on different types of host
cells, including endothelial cells, mesenchymal stem/stromal cells,
tumor-associated ﬁbroblasts (TAFs and CAFs), and tumor-
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inﬁltrating immune cells, such as lymphocytes, macrophages,
myeloid suppressor cells, and tumor-associated neutrophils.
TAFs interact with stromal cells by secreting growth factors,
cytokines, and chemokines, including IL6, TGFβ, and CCL2, to
amplify immune evasion systems, attracting immunosuppressive
cells into the tumor microenvironment, and they also form a
network of proinﬂammatory mediators at the tumor site. Tumorinﬁltrating lymphocytes (TILs) are essential for the correct immune
response. The composition of tumor-inﬁltrating lymphocytes
depends on many factors, including tumor type, localization,
stage, stemness, and response to previous therapy. However, the
presence of lymphocytes inside the tumor is often associated with
a better response to immunotherapy based on immune checkpoints.138 However, excessive or chronic inﬂammation exhausts
immune cells due to the constant exposure of T antigens, causing
dysfunction with the maintained expression of inhibitory receptors such as PD1 and CTLA4, which alter transcription. Tumorassociated macrophages are important mediators of tumorigenesis and are also form reciprocal loops with CAFs. These ﬁbroblasts
promote monocyte recruitment and polarization to the M2
phenotype. On the other hand, M2 macrophages induce CAF
activation. Tumor-associated macrophages induce immune suppression,138,141 mediating the sustained expression of inhibitory
receptors. TAL also releases several cytokines, such as IL10 and
TGFβ, contributing to the immunosuppressive environment.
TAMs and MSDCs are usually considered key for tumor
immunosurveillance evasion;142 however, myeloid suppressor
cells and tumor-associated neutrophils have recently attracted
great attention in the ﬁeld. The subpopulations of myeloid cells
deﬁned by their immunosuppression capacity are generated
because of aberrant myeloid cells recruitment in tumors. During
tumorigenesis, CXCR4/CXCL12 mobilizes these cells to inﬁltrate
tumors and promote tumorigenesis. These myeloid immunosuppressive cells disrupt major mechanisms of immunosurveillance,
including antigen presentation by dendritic cells, T-cell activation,
and/or the cytotoxicity of NK cells.143 On the other hand, attracted
by the secretion of different cytokines, TANs migrate to the tumor,
where they promote a tumorigenic phenotype, supporting tumor
growth and suppressing immune responses.144
Many studies have shown that NAMPT can be regulated by
different inﬂammatory signals in different types of immune
cells.138 Lipopolysaccharides from pathogens are stimuli for
inﬂammatory TNFα, IL6, or leptin activation, which leads to the
upregulation of NAMPT transcription in several immune cell
types.145–147 Interestingly, extracellular eNAMPT increases the
release of inﬂammatory cytokines.148 eNAMPT increases the levels
in and release of IL6, IL10, TNFα, and IL1b from PBMCs and CD14+
monocytes. In response to eNAMPT, other stimulatory molecules,
such as CD40 or CD80, are also upregulated through the activation
of several intracellular pathways, namely, PI3K, MEK, p38, and
JUN.149 eNAMPT induces IL6 secretion, which activates the
autocrine/paracrine loop mediated by STAT3, increasing the
resistance of macrophages to the cell death induced by
endoplasmic reticulum stress.46 Interestingly, some properties of
CSCs are enhanced through a mechanism that is independent of
nicotinamide phosphoribosyltransferase enzymatic activity.
NAMPT regulates the metabolic adaptation of myeloid cells.
Metabolic reprogramming of immune cells is required for both
proinﬂammatory and anti-inﬂammatory responses. In general,
the proinﬂammatory M1 phenotype manifests in glucose
uptake and glycolysis,150 while the anti-inﬂammatory M2
phenotype manifest in OXPHOS and the TCA cycle activity.151
However, M2 macrophages can use glycolysis if OXPHOS is
disrupted.152 In M1 macrophages, PPP-generated NADPH is
essential since ROS production is maintained by NADPH
oxidase.153 Both intra- and extracellular NAMPT may regulate
the processes of macrophage differentiation, polarization, and
migration.138 NAMPT has an important role in the tumorigenic

microenvironment in leukemia, with eNAMPT playing an
important role in macrophage differentiation to the M2
phenotype and polarization in tumorigenesis-associated macrophages.140 Intracellular NAMPT can also inhibit CXCR4 transcription through NAD/sirtuins, increasing the production of
nitric oxide through the mobilization of MDSCs.154
As a consequence of NAMPT regulation, different levels of NAD
are typical of each state of macrophage differentiation. High NAD
levels are detected, in general, in the M1, proinﬂammatory,
macrophages, while in M2, anti-inﬂammatory, macrophages, NAD
levels are usually lower. In M1 macrophages, high levels of
cytosolic NAD seem to be necessary for the efﬁcient activation of
myeloid function.155 A NAD+ increase also seems to be necessary
for the metabolic reprogramming of the transition from early
inﬂammation, based mainly on glycolysis, to acute inﬂammation,
based on catabolic energy and fatty acid oxidation metabolism.156,157 During these processes, Sirt1/6 deacetylases also
regulate metabolism, reducing glycolysis and increasing fatty acid
oxidation coupling metabolism with the inﬂammatory response.
Furthermore, in monocytes, TNFα induces BAMPT via HIF1α, and
NAMPT further induces IL6 and TNFα transcription, regulating
myeloid cell activation in a feedback loop.158
G-CSF, in contrast to GM-CSF, upregulates NAMPT, triggering
NAD/SIRT1 granulopoiesis via C/EBPα/β upregulation.159 Pharmacological NAMPT inhibition increased the levels of C/EBPα
acetylated and reduced the levels of expression of its target
genes, such as G-CSF and G-CSFR. Furthermore, ectopic upregulation of NAMPT in a myeloid leukemia cell line triggered myeloid
differentiation.160 Extracellular eNAMPT has cytokine functions
acting through TLR4, and in human lung endothelial cells,
eNAMPT activates an inﬂammatory response through the NFκB
signaling pathway.161
During aging, diverse cellular and environmental stresses are
known to cause cellular senescence and chronic inﬂammation,
both of which stimulate the release multiple inﬂammatory
cytokines, such as IL1β, IL6, and TNF, promoting further tissue
damage.162 These inﬂammatory cytokines reduce the expression
of NAMPT.163 Moreover, TNFα and IL1β inhibit the circadian
rhythm CLOCK:BMAL1 complex.164 Therefore, inﬂammation
appears to suppress NAMPT, decreasing NAD levels during aging
in multiple ways.102 Several works have reported that the levels of
eNAMPT, mostly in adipose tissue but also in plasma, correlate
with the levels of inﬂammatory cytokines.165 Interestingly, the 5′
promoter region of the human CD38 gene contains binding sites
for several cytokines, such as TNFα, NF-IL6, IL13, and IL4.166,167
TNFα treatment promotes the expression of CD38 168 Thus, an
increase in inﬂammation or senescence through inﬂammatory
cytokines may induce CD38 expression during aging. Indeed, it
has been observed that CD38 levels increase signiﬁcantly during
aging, with an increased consumption of NAD contributing to
NAD reduction during aging.123
CD38 and T-cell activation
CD38 is widely expressed in immune cell types and nonhematopoietic cells,169 and high levels are expressed in several
hematopoietic malignancies. CD38 degrades circulating NAD
and its precursors NMN and NR, preventing NAD synthesis.123
CD38 and NAD regulate T-cell phenotypes and responses.138
Expressed by immune and tumor cells, CD38 is involved in the
activation and mobilization of intracellular Ca2+ signaling
through the cADPR/NAADP metabolite product. CD38 metabolizes
NAD, releasing NAM, allowing the continuous regeneration of
NAD through NAMPT. These reactions in immune cells affect
sirtuin activity by modifying the NAD pools. Therefore, the NAD/
CD38/sirtuin axis regulates the transcriptome, metabolism, and
cell fate of immune T cells. CD38 inhibitors were sufﬁcient to
reestablish T-cell proliferation, antitumor cytokine secretion and
killing capability138 and references therein).
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Sirtuins in the immune response
NAD regulates the inﬂammatory response in immune and nonimmune cells through Sirtuins.170 Epigenetic regulation of
histones and non-histone proteins is induced by sirtuins and is
essential for the development, reprogramming, and differentiation
of the immune system and its related pathologies. Furthermore,
numerous signal transduction proteins (such as receptors and
cytokines) also regulate the transcriptional landscape through the
epigenome, resulting in the ultimate regulation of the immune
response.171 In myeloid cells, Sirt1 downregulates the NFκB
pathway, decreasing inﬂammation and promoting metabolic
reprogramming through PGC1α/AMPK and HIF1α stabilization.
Sirt1 also induces T-cell tolerance by regulating the plasticity of
helper T cells and Tregs.
NAD+ AND CANCER
NAD+ in cancer metabolism
Cancer cells show the ability to reprogram their metabolism to
support a high proliferation rate and biomass production, even
with limited energy resources and other adverse conditions. This
Darwinian advantage enables tumor progression, development,
and survival.172 Higher NAD+/NADH and NADP+/NADPH ratios are
found in cancer cells compared to noncancerous cells, suggesting
the important role of NAD+ in this metabolic conversion.173
Therefore, malignant cells shift from undertaking mitochondrial
oxidative phosphorylation (OXPHOS) to invoking the glycolysis
pathway, even under normal oxygen conditions with full and
proper mitochondrial functioning, creating a pseudohypoxic state
known as the Warburg effect.174,175
Several oncogenic mechanisms, such as the transcription factor
HIF-1α, PI3K/Akt/mTOR pathway and c-Myc, upregulate genes
encoding glucose transporters and glycolytic proteins, including
GLUT1, GLUT3, and lactate dehydrogenase (LDH).105,176 Thus,
cancer cells have signiﬁcantly increased glucose uptake, which is
the main source of energy supporting their uncontrolled
proliferation.174,175 In this context, NAD+ levels must be increased
to support the high glycolytic demand since two steps, GAPDH
conversion and lactate production, depend on this molecule.
Although the OXPHOS pathway is more energy efﬁcient, since it
generates 36 moles of ATP, cancer cells rely on glycolysis, which
produces less ATP faster: 2 molecules of ATP are produced from 1
molecule of glucose.3,176 The rapid energy production confers a
competitive advantage because of the limited nutrients to be
shared with stromal cells. Moreover, the acidiﬁcation of the tumor
microenvironment due to the secretion of lactate, the ﬁnal
glycolytic product, contributes to cancer cell invasiveness and
immune suppression.174
However, obtaining energy faster is not the only outcome of the
Warburg effect; cancer cells need to maintain a redox state and
synthesize building blocks to support tumor proliferation and
progression. Thus, in addition to lactate production, some
pyruvate is also oxidized into acetyl CoA and enters the TCA
cycle, not to obtain ATP but to capture intermediate compounds
to use as biosynthetic precursors. For example, citrate is required
for fatty acid synthesis with NADPH serving as a cofactor. The loss
of intermediates through efﬂux from the TCA cycle, called
cataplerosis, must be resupplied, mainly by glutamine metabolism
in a process known as anaplerosis.176 Glutamine is one of the most
abundant amino acids in cells and is used as the main nitrogen
source of cells. Glutaminolysis is upregulated in cancer cells and is
required for nonessential amino acid and GSH synthesis, NADPH
production, and nucleotide biosynthesis.175,177
Furthermore, several glycolysis intermediates are involved in
other pathways that are also highly activated in cancer. One of
these routes is the pentose phosphate pathway (PPP), which is
critical for nucleic acid synthesis, DNA duplication and, consequently, increased biomass production.175,178 The ﬁrst step of the
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PPP pathway depends on NADP+ and is the major source of
NADPH in cells. NADPH acts as an essential cofactor with many
antioxidant proteins, helping to counteract the oxidative stress
produced by the accelerated metabolism, induced hypoxia, and
accumulated DNA damage of the cancer cells. Ratios and
chemotherapies cause oxidative damage and increase the ROS
levels generated. In response to this excessive oxidative stress,
some oncogenic factors, such as ATM, Ras, PI3K/Akt/mTOR and
Src, upregulate the G6PDH enzyme, activating the PPP pathway.41,178 In addition, avoiding the electron transport channel
during OXPHOS contributes to the reduction in ROS production in
cancer cells.3
Another glycolysis-dependent pathway is the serine synthesis
pathway, which has been found to be upregulated in cancer and
depends on NAD+. The glycolytic intermediate 3phosphoglycerate bypasses glycolysis to produce serine, using
NAD+ as a redox cofactor. Serine is a precursor of glycine and
cysteine and is involved in methionine and folic acid metabolism,
amino acid transportation, DNA/histone methylation and redox
balance.179,180
We can conclude that the main metabolic pathways in cancer,
including PPP, serine-based and fatty acid biosynthesis, emerge
from the glycolytic pathway. The Warburg effect is the driver of
cancer metabolism, for which glucose is the fuel and NAD+ is the
initiator (Fig. 2).
NAD+ in the EMT and stemness
The pluripotency reprogramming process is closely related to
cancer cell dedifferentiation to cancer stem-like cells (CSCs).72,73
Tumors are hierarchically organized in different subgroups of
cancer cells, which explains their high degree of heterogeneity. At
the top of this hierarchy, there is a small subpopulation, called
cancer stem cells (CSCs) or tumor/initiating cells (TICs), which are
critical not only for tumor initiation and progression but also for
therapy resistance and metastasis.74,181
NADH has been proposed as a new CSC marker in cancer.
Because of its autoﬂuorescence, NADH can be quantiﬁed by
cytometry,182 and interestingly, the NADHhigh subpopulation has
been related to the CD133+ CSC subpopulation in glioma.183
It has been shown that NAMPT can activate OSKM factors,
promoting stemness and dedifferentiation leading to the acquisition of the CSC phenotype in cancer.7,8,10 These phenotypes
correlate with the transcriptional signature for stemness, such as
high ALDH1A1 and aldehyde dehydrogenase activity, the expression of stem-related genes, and CD133 positivity. Mechanistically,
NAMPT can also regulate stemness in a paracrine manner through
the senescence-associated secretory phenotype.6–10 Moreover,
through NAMPT activation, SIRT1 is involved in the regulation of
several stemness signaling factors, such as the tumor suppressor
Hippo pathway,184 c-Myc-mediated OCT4 interaction,78,185 NICD
from the Notch pathway and Gli1 and Gli2 from the Hedgehog
pathway.186 SIRT1 is also required for genomic stability and
telomere elongation during cell reprogramming.187
The NAMPT-E2F2-ID1 axis deﬁnes the NAD-dependent transcriptional program induced in glioblastoma stem cells. This
molecular axis regulates self-renewal and radiotherapy resistance.188 NAMPT and NMNAT2 are required for E2F2 expression
and self-renewal.
NAD+ also regulates epigenetically driven reprogramming.
NNMT methyltransferases are essential in methyl group metabolism. NNMT expression is enhanced in mesenchymal stem cells,
which promotes an increase in S-adenosyl-methionine, SAM, a
methyl donor from methionine. Glioma stem cells show a
decrease in SAM and, therefore, in methionine. Glioma stem cells
have increased levels of NAD+ and hypomethylation, promoting
tumors to switch to manifesting mesenchymal properties,
increased migration, and a more malignant phenotype.189 Downregulating NNMT decreases methyl donor availability and
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decreases cellular proliferation. This downregulation is followed by
a decrease in nonmethylated cytosine levels and an increase in
DNMT1 and DNMT3A methyltransferases.8,64,189
A comparison of the transcriptomes of the neoplastic and
stromal cells in glioma showed 3 different transcriptomic
populations.46 Among tumor cells, NAMPT was overexpressed in
neural tumors compared to neural nontumor cells. This NAMPT
increase was also accompanied by CSC markers, such as CD133,
CD44, serpin, Jun, or ABCC3. In addition, NAMPT expression was
negatively correlated with DNMT1, DNMT3A/3B, and TL3.8 These
data suggest that an increase in NAMPT and an increase in the
levels of NAD+ enhanced the malignant phenotype in the cells
and led to poorer outcomes.189
NAMPT IN CANCER
To satisfy high glycolytic and non-glycolitic demands, malignant
cells must increase NAD+ levels by NAD+ biosynthesis upregulation. Since cells rely on the NAD+ salvage pathway as the main
source of NAD+, we have focused on the role of this pathway in
cancer.
The rate-limiting step of the salvage pathway is catalyzed by
NAMPT and requires PRPP as a cosubstrate, which is mostly supplied
by the PPP pathway in cancer cells.3,190–192 NAMPT was originally
called pre-B-cell colony-enhancing factor (PBEF), a cytokine secreted
by early B cells to promote maturation and proliferation. The NAMPT
structure presents intracellular and extracellular forms (referred to as
iNAMPT and eNAMPT, respectively). eNAMPT correlates with PBEF
and visfatin, and it is not surprising to ﬁnd high eNAMPT levels in
different hematopoietic malignancies.10,193,194 iNAMPT localizes to
the cytoplasm, nucleus and mitochondria, and NAMPT has also been
found to be upregulated in several solid human tumors, including
the colon cancer,7 glioma8,9 and breast,195 prostate,196 thyroid,197 and
gastric198 carcinomas. NAMPT has been described as a potent
oncogene able to promote cell proliferation by increasing the NAD+
pool, leading to increased tumor progression and development.
Many studies have correlated the expression of NAMPT to the clinical
outcome of cancer patients. In tumors, such as gastric cancer, glioma
and colorectal cancer, higher NAMPT expression correlates with a
more aggressive tumor stage, metastasis, treatment resistance, and
worse prognosis.7,8,195,197–200 In patients with malignant astrocytomas, the level of NAMPT in serum was signiﬁcantly increased
compared to that of the controls.6–10,201 In addition, the expression of
NAMPT in a molecular environment with mutant p53, IDH mutants or
EGFR was associated with the lowest survival of glioblastoma
patients.8,9,46,202 There are other data suggesting that NAMPT may be
a useful biomarker for tumor progression.
However, the proof of concept is based on the analysis of causal
effects due to ectopic overexpression of NAMPT in cells. The
expression of NAMPT increased tumor cell proliferation, ERK-1/2
and p38 activity levels, the expression levels of metalloproteases,
colony formation, and resistance to apoptosis.8,9,46,203 Ectopically
expressed NAMPT enhanced neovascularization in vivo and
enhanced tube formation by human umbilical vein endothelial
cells. These effects were mediated by activation of ERK1/2 in
endothelial cells, as indicated by ERK inactivation leading to a
decrease in these phenomena. The inhibition of PI3K/Akt and
ERK1/2 also signiﬁcantly decreased NAMPT-induced VEGF expression and activation, leading to important inhibition of endothelial
cell proliferation and in the formation of new vessels. Ectopic
overexpression of NAMPT also activated STAT3. NAMPT promoted
the activation of STAT3, upregulating the endothelial IL6 cytokine.
The angiogenesis induced by NAMPT was also attenuated after
the inhibition of STAT3 activity or the downregulation of the IL-6
function.204–206 These activities seemed independent of NAMPT
enzymatic activity.
Extracellular eNAMPT inhibited macrophage cell death induced
by a number of endoplasmic reticulum (ER) stress activators.

eNAMPT rapidly increased IL-6 protein secretion, which activated
STAT3-induced prosurvival signals upon autocrine/paracrine
binding to the IL-6 receptor.158 The ability of eNAMPT to trigger
this IL-6/STAT3 antiapoptotic loop was not dependent on the
presence of nicotinamide (the NAMPT substrate), was not
reproduced by nicotinamide mononucleotide (NMN), the product
of NAMPT and was not blocked by the enzyme inhibitor FK866.158
A similar effect was observed in glioblastoma and colorectal
cancer cell lines, in which the malignant effects of NAMPT
overexpression were superior and not reconstituted by saturating
amounts of NMN in the cells.6–10 Exogenous eNAMPT also
enhanced the expression of the adhesion molecules ICAM-1 and
VCAM-1 through NF-κB.205,207,208 The Induction of NF-κB expression by eNAMPT also induced MMP-2/9 metalloproteinase
expression and activation in human vascular endothelial
cells.209–211 Taken together, these data strongly suggest that the
effects of eNAMPT, as a cytokine, are independent of NAMPT
enzymatic activity. However, reconstitution of the NAD+ pool to
some extent and NAD+-induced physiological effects have also
been observed upon exogenous increases in eNAMPT in glioma
and CRC cancer cells.7 Although both the increase in the NAD+
pool and NAD+ effects may happen concurrently, much work is
needed to elucidate the role of eNAMPT on NAD+.
It has also been reported that NAMPT is able to regulate the
canonical WNT pathway.212 NAMPT inhibition increases Axin
expression, which induces β-catenin degradation. This regulation
promotes the inhibition of the WNT signaling pathway, resulting
in a decrease in tumorigenesis. The addition of the NAMPT
enzymatic product NMN reverses β-catenin degradation. Similarly,
the apoptosis induced by the inhibition of NAMPT is partly
reversed by knocking down Axin. These results may explain why
colorectal cancer tumors show higher levels of NAMPT than are
shown by the normal paired samples.
As explained above, the levels of NAMPT are high in many
tumor types, and the percentage of tumors with high NAMPT
levels with increases in late-stage and metastatic tumors is also
high. Furthermore, overexpressed NAMPT levels were associated
with poor patient prognoses, independent of tumor stage. The
overexpression of NAMPT cDNA in glioma or colorectal cells
increased their tumorigenic properties, as well as their acquisition of the CSC phenotype and properties in culture. On the
other hand, downregulation of NAMPT mRNA and protein by
stable shRNA transfection reduced the tumorigenicity and
stemness properties of these cells.7,8 NAMPT also activated
epithelial-mesenchymal transition pathways, as demonstrated
by the activation of several transcription-related factors, such as
SNAI1, TWIST, or FOXC2. Increased NAMPT also activated the
network of pluripotency transcription factors by activating SOX2,
OCT4, KLF4, and Nanog. These ﬁndings show that NAMPT
overexpression promotes self-renewal properties, resulting in
stemness-like maintenance, which ultimately leads to increased
migration, dedifferentiation, and CSC-dependent resistance to
therapy.7,8,64
NAMPT facilitates increases in CSC pools, suggesting that the
CSCs in tumors primarily use the NAD salvage pathway to
maintain a full, rich source of nutrients for enzymatic activity,
leading to tumor progression and the eventual reprogramming of
mature tumor cells, which ﬁnally results in therapy resistance,
relapse, and metastasis. These data also suggest that NAMPToverexpressing cells have a competitive advantage in nutrientlimiting microenvironments. On the other hand, when the NAMPT
product NMN was supplied to cells with low NAMPT expression,
the phenotype of the parental cells was restored.7,8 NMN may
diffuse through the membrane, inducing NMN-deﬁcient production by NAMPT downregulation. In addition, eNAMPT may act
biochemically by metabolizing extracellular nicotinamide into
NMN, which may diffuse into the cell, restoring the parental
phenotype.
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NAMPT overexpression induced a transcriptomic signature that
was associated with poor survival in human colon cancer or
glioma tumors. NAMPT-induced genes associated with effectors of
stemness pathways, which increased tumorigenicity and regulated the CSC phenotype. In addition, NAMPT regulation of cancer
stem cell pathways correlated with SIRT1 and PARP1, as these
proteins seem to play important roles in the CSC phenotype
acquisition promoted by NAMPT. These pathway correlations
support the hypothesis that NAMPT modulates SIRT1 and PARP1
to control the cellular functions that promote proliferation and
stemness pathways, thus regulating the EMT and tumor dedifferentiation. Furthermore, inactivation of these proteins leads to
inhibition of both NAMPT signaling and a CSC-like phenotype.6–10
Taking all together, NAD+ is a central signaling molecule
involved in cellular processes implicated in age-related diseases
and cancer. NAD+ levels are described to decrease during aging,
likely through changes in metabolic reactions leading to NAD+
synthesis (see before). Models for age-related diseases and show
reductions in NAD+ pools. NAD+ decline seems to be the major
feature also in progeria syndromes of accelerated aging, and the
administration of NAD+ precursors such as NR or NMN offer
therapeutic strategies to improve health during aging and
progeria comorbidities.86,125,213,214 Boosting NAD levels can
extend lifespan in organisms and rejuvenate mitochondria which
beneﬁts the cardiovascular function, muscle regeneration and
glucose metabolism.87
However, cancer cells maintain high amounts of NAD+ mainly
by upregulation of the NAMPT enzyme.8,64,215 It is also known that
the normal stem cells have large pools of NAD+, similar to cancer
cells,188 and the upregulation of NAMPT in these tumor cells with
concomitant raise of NAD+ levels de-differentiate these cancer
cells to CSC like cells.8,64,215 It is possible that, with aging, the
decrease in NAD+ not only affect the mature tissue but also stem
cells, losing regenerative capability. An increase in NAD+ levels in
normal/stem cells could recover part of their capabilities allowing
improve in general health. However, the recovery of these
regenerative capabilities (by increased expression of NAMPT for
example) change the physiology of the cells towards stem-like
cells, gaining some cancer properties, such as unlimited proliferative capacity, altered metabolism, DNA-repair, methylation
alterations, with phenotype similar to CSCs, which deregulation by
any other mutation initiate the tumor.
NAPRT IN TUMORS
There is a controversy regarding the expression levels of NAPRT,
the limiting enzyme of The Preiss–Handler pathway, in cancer. In
ovarian,216 prostate and pancreatic cancers, NAPRT has been
found upregulated just like NAMPT gene.193,217 While in glioblastoma, neuroblastomas,218 chondrosarcoma,219 gastric cancer,220
leukemia193, and colorectal cancer,221 NAPRT has been found
downregulated.
Comparing the expression pattern of NAPRT and NAMPT gene
in human tumor cell lines versus normal tissues, the researchers
found a great variability in mRNA and protein levels of NAPRT in
tumor cells.222 This variability depends on NAPRT expression level
of the original tissue. Tumors arising from normal tissues that
highly express NAPRT will have high frequency of NAPRT
ampliﬁcations, while tumors arising from low NAPRT expression
tissues will depend completely on NAMPT activity.217,221,223
Moreover, NAPRT expression can be modulated by transcriptional and post-transcriptional mechanisms more frequent than
NAMPT. Several alternative NAPRT transcripts have been detected
in some tumors. These transcripts are tissue-speciﬁc, have
different functional consequences but no recognizable polyadenylation signal in their 3’UTRs, and they are tissue-speciﬁc.221,222
NAPRT splicing alternative can be regulated by several RNA
binding proteins (RBPs), including Argonaute and neuro-oncologic
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ventral antigen 1 (NOVA-1). It has been detected six binding sites
for Argonaute proteins, which are transcriptional silencers and are
members of RNA-induced silencing complex (RISC), a key
regulator of splicing alternative; and two binding sites for
NOVA-1, which is a speciﬁc RBPs protein in brain and can
recognize YCAY motifs of pre-mRNA.222,224
In addition, it has been shown that NAPRT gene promoter can
be hypermethylated resulting in the inhibition of NAPRT
epigenetic expression in some types of tumors.221 This is the
case of MKN28 cancer cell line, where no mRNA nor protein
expression was found due to high methylation of NAPRT promoter
region.222 Higher NAPRT promoter methylation has been signiﬁcantly correlated with higher grade of tumor malignancy in
chondrosarcoma.219
NAPRT negative tumors have in common that they present
mutations in isocitrate dehydrogenase 1/2 (IDH). IDH1/2 mutants
use NADPH to transform α-ketoglutarate (α-KG) into D-2hydroxyglutarate (D-2HG) which can act as an oncometabolite. It
has been shown that D-2HG suppress NAPRT expression by
hypermethylation at CpG island of the NAPRT promoter.219,225,226
Recently, it has been reported that the Protein Phosphatase
Mg2+/Mn2+ Dependent 1D (PPM1D) can also inhibit NAPRT
expression. PPM1D is an oncogene involved in DNA damage
response and cellular checkpoint pathways. Mutations in PPM1D
gene results in hypermethylation of CpG islands of NAPRT
promoter, thus suppressing NAPRT expression.227
NAPRT activity inhibition and, consequently, the blockade of
The Preiss Handler pathway force cancer cells to completely
depend on the salvage pathway. Therefore, it is not surprising
that NAMPT is upregulated in these tumors, since cancer cells
depend on its activity to satisfy their high NAD+ demand.226
Interestingly, IDH1/2 and PPM1D mutants seem to be sensitive
to NAMPT inhibitors treatment. The loss of NAPRT activity makes
cancer cells more vulnerable to the effect of NAMPRT inhibitors
due to the total blockage of NAD+ production. Thus, NAPRT
negative tumors are highly dependent on NAMPT activity,
making them perfect candidates for treatment with NAMPT
inhibitors.225–227 Low levels of NAPRT expression has been
reported in most EMT-subtype gastric cancer, which is positive
for EMT markers and is associated with poor prognosis and
survival in patients. Since NAPRT is required to EMT inhibition
through β-catenin, NAPRT suppression can promote EMT in
gastric tumors.220
However, the total depletion of NAD+ could be very toxic to
noncancerous cells, thereby it has been considered to rescue
them using NAPRT precursor, nicotinic acid. Nicotinic acid
treatment may help activate NAPRT, thus protecting noncancerous cells from the drastic NAD+ depletion by NAMPT inhibitors.193,217 Several NAMPT inhibitors have been tested in
combination with nicotinic acid. For example, the coadministration of nicotinic acid helps to prevent retinal and hematological
toxicities of LSN3154567.228 GMX1777 and nicotinic acid cotreatment results in an increase of the antitumoral affects in
xenograft tumors derived from NAPRT negative cell lines.218
However, the inhibition effect of STF-31 was partially suppressed
by nicotinic acid in NAPRT positive cell lines.229 Indeed, it has been
shown that nicotinic acid can rescue the inhibitory activity of
NAMPT inhibitors in those cancer models that express NAPRT.228
Therefore, the co-administration of nicotinic acid and NAMPT
inhibitors has been proposed as a new therapeutic strategy but
only in NAPRT negative cancers.193,217
On the other hand, NAPRT has found overexpressed in some
tumors where it has been involved in cell metabolism and DNA
repair. For example, in colorectal cancer, NAPRT and NAMPT have
been proposed as negative prognostic value, since high levels of
both genes are associated with invasion, metastasis, and worst
prognostic.221 In ovarian cancer, high NAPRT expression levels
correlate with the deﬁcit of BRCA-2.216

NAD+ metabolism, stemness,. . .
Navas and Carnero

10
In NAPRT positive tumors, cancer cells have an adequate supply
of NAD+, allowing PARP activation which is required for oxidative
and DNA damage protection.216,230 Thereby, NAPRT overexpression can contribute to resistance to NAMPT inhibitors and DNAdamaging drugs treatment. In vivo, it has been observed that
xenografts tumors are more resistant to FK866 treatment when
NAPRT is upregulated, while they became more chemosensitive
when NAPRT is silenced or inhibited. Several compounds have
been identiﬁed as NAPRT inhibitors, e.g., 2-hydroxinicotinic acid
(2-HNA)216 which has been shown to be able to enhance the
inhibitory effect of FK866.221 Depending on the type of cancer to
be treated, NAPRT may be a predictive biomarker of the NAMPT
inhibitors treatment success.
SIRT IN CANCER
Sirtuins (SIRT1–7) are a family of deacetylase proteins for which
NAD+ is a coenzyme for the removal acetyl modiﬁcations of lysine
residues on histones and other proteins, generating o-actyl-ADPribose and NAM as the reaction products.59,70,105 The best
characterized member is SIRT1, which has been associated with
longevity. There is evidence showing that resveratrol, a potent
antioxidant with anti-aging effects, is able to increase NAD+ levels,
leading to SIRT1 activation.59,70,231
The NAD+-consuming enzyme SIRT1 strongly depends on the
NAD+/NADH ratio and can be inhibited by high NAM levels and
DBC1, an endogenous SIRT1 inhibitor. Most of the evidence shows
that SIRT1 can act as a tumor promoter; however, there is some
evidence that suggests it is a tumor suppressor. It is well known
that SIRT1 has an anti-aging effect and that its activity can be
increased by caloriﬁc restriction, which can also reduce cancer
risk.1,41 SIRT1 also acts as a deacetylase and inhibits HIF-1α, one of
the factors needed to activate the Warburg effect.174
However, SIRT1 has been found to be upregulated in several
human cancers. The relationship between SIRT1 and NAMPT has
been well established; that is, NAMPT promotes SIRT1 activity
through a NAD+ pool increase and NAM level reduction.232
In addition to HIF-1α, SIRT1 regulates other important factors,
such as p53, c-Myc, FOXO3, E2F1, BAX, and NF-κB. The most
important antitumoral effects of p53 are cell cycle arrest and
apoptosis. P53 can also inhibit G6PDH in the PPP pathway. SIRT1
deacetylates and inhibits p53, ensuring R5P and NADPH production, and promotes cell survival.5,233 c-Myc is a proto-oncogene
that can be activated through the PI3K/Akt/mTOR pathway. C-Myc
regulates many genes involved in several metabolic pathways,
such as glycolysis, lactate production, glutaminolysis, and fatty
acid synthase.175 C-Myc also regulates SIRT1 activity by inducing
NAMPT expression and inhibiting BDC1. SIRT1 activates c-Myc by
deacetylation via positive feedback.232 Moreover, SIRT1 deacetylates and activates FOXO3, which contributes to oxidative stress
resistance by upregulating antioxidant proteins.196,234,235 SIRT1 is
also involved in the promotion of cancer cell proliferation,
angiogenesis, and metastasis through the activation of the MAP
kinase pathway by deacetylation.234,235 All these data corroborate
the oncogenic role of SIRT1, which strongly depends on the NAD+
pool and NAMPT activity.
Another major cytosolic NAD+-consuming enzyme is SIRT2,
originally considered a tumor suppressor.236 SIRT2 inhibits the
peroxidase activity of peroxiredoxin-1 (Prdx-1) by deacetylation,
increasing oxidation, and sensitizing breast tumor cells to
further increase ROS.237 Another target of SIRT2 is HIF1α in the
cytosol, promoting the hydroxylation and degradation of HIF1α
and suppressing the tumor growth dependent on hypoxia.238
However, other works have demonstrated that SIRT2 promotes
cancer growth by stabilizing the Myc family of oncoproteins239,240 and enhancing the signaling of the Notch pathway.241 Mutations in the SIRT2 gene have also been reported in
human cancers, impairing genome maintenance and promoting

tumorigenesis.242,243 SIRT2 has also been described as a sensor
for the amount of nutrients available in the cell and regulating
metabolic activity to adapt the energy need for cancer
growth.244
SIRT3, similar to SIRT4, has both oncogenic and tumorsuppressive activities.245 SIRT3 is localized in the mitochondria
but is also localized in the nucleus and translocated to
mitochondria upon DNA damage. This translocation contributes
to the de-repression of genes involved in mitochondrial function.246 SIRT3, on the other hand, inhibits apoptosis and promotes
cell growth, increases glycolytic metabolism,247 maintains mitochondrial membrane integrity,248 promotes mitochondrial DNA
repair249–251 and increases cell resistance to environmental
stress.252–254 SIRT3 can act as a tumor suppressor by inactivating
HIF1α and decreasing oxidative stress.255,256 It can also activate
FOXO3A and therefore suppress the EMT in prostate cancer
cells.257 SIRT3 activation correlates with an increase in mitochondrial NAD+ and a number reduced of glioblastoma-initiating
cells.258 In contrast, the reduction of mitochondrial NAD+ levels
inhibits SIRT3 activity, increasing ROS levels through the
deactivation of superoxide dismutase 2 (SOD2), facilitating the
metastasis of hepatocellular carcinoma cells.259 SIRT4 functions as
an ADP-ribosyltransferase, promoting tumorigenicity when
induced under oncogenic stress260 and maintaining metabolic
homeostasis.261 On the other hand, SIRT4 suppresses tumor
growth by inhibiting glutamine metabolism,262,263 and upon
downregulation, it inhibits apoptosis and desensitizes cancer cells
to chemotherapy.264
SIRT5 and SIRT6 are master regulators involved in metabolic
reprogramming during tumorigenesis.265 SIRT5 regulates the
NAD+-dependent elimination of the succinyl, glutaryl, or malonyl
groups from lysine residues and, in contrast, is an inefﬁcient
deacetylase.266 SIRT5 confers chemotherapy resistance to CCR
cells through the elimination of malonyl groups from succinate
dehydrogenase complex subunit A (SDHA). SIRT6 also suppresses
the Warburg effect through the inhibition of the pyruvate kinase
M2 (PKM2), thereby regulating glucose homeostasis.267,268 SIRT6,
on the other hand, maintains genome integrity during tumorigenesis.269 In this regard, high SIRT6 levels have been reported in
colon cancer samples, which correlate with worse prognosis.270
The role of SIRT7 in cancer is poorly understood. SIRT7 regulates
RNA metabolism and the biogenesis of ribosomes. SIRT7
deacetylates CDK9, a subunit of the P-TEFb elongation factor,271,272 leading to the activation of RNA polymerase IIdependent transcription. SIRT7 is also a prognostic factor
indicating a poor outcome in colorectal cancer because it induces
the EMT and cell invasion.273 However, SIRT7 inhibits breast cancer
metastasis by promoting SMAD4 degradation and antagonizing
TGF-β signaling.274
NAMPT-NAD+ AND AMPK
In response to a metabolic stress state, e.g. caloric restriction, low
glucose availability, exercise, and ischemia, cells can promote
sirtuins activation by increasing NAD+-production as previously
described. But also, other important metabolic regulators, such as
AMP-activated kinase (AMPK), can be activated to counteract
energy deprivation.275
An enhanced AMP/ATP rate induces the activation of AMPK
which can regulate different metabolic enzymes, transcriptional
factors and histones acetylation by phosphorylation. This signaling
pathway switches on catabolic processes promoting ATP production and turns off anabolic processes avoiding energy consumption.275,276 Therefore, AMPK can activate glycolysis, fatty acid
oxidation and, also, NAD+ metabolism.277 Indeed, AMPK has been
involved in the modulation of NAD+/NADH ratio affecting the
activity of SIRT1, a NAD+-consumed enzyme, which is another
important metabolic sensor in cells.276 AMPK can modulate SIRT1
Signal Transduction and Targeted Therapy (2021)6:2
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activity in a direct and indirect way. Thus, SIRT1 is a direct target
and it can be directly phosphorylated by AMPK. On the other
hand, AMPK can phosphorylate GAPDH which, once phosphorylated, is translocated to the nucleus where is able to inhibit DBC1,
an SIRT1 endogenous inhibitor, increasing activated SIRT1
levels.275,278
In addition, AMPK can promote SIRT1 activity via NAMPT
activation. Since NAMPT, in the rate-limiting reaction of NAD+
salvage pathway, consumes NAM, which acts as an endogenous
inhibitor of SIRT1, to regenerate and boost NAD+ pool, thus
promoting SIRT1 activation.276,277 It has been shown that AMPK
activation is required to induce NAMPT transcription during
glucose deprivation in skeletal muscle cells. AMPK may phosphorylate and activate FOXO transcription factors that induce NAMPT
expression.275,279 The results of others studies support this
hypothesis, since high NAMPT protein and mRNA levels were
observed when muscle cells were treated with the AMPK activator
AICAR (5-Aminoimidazole-4-carboxamide ribonucleotide).277,280
Liver kinase B1 (LKB1) is an upstream kinase of AMPK and, also,
is a target of SIRT1. Thus, SIRT1 can deacetylate LKB1 resulting in
AMPK activation, closing a positive feedback loop between AMPK
and SIRT1.275,281 CD38 also seem to be involved in AMPK
activation, as it is the major NADase in cells.27
Cellular metabolism is completely reprogrammed during tumorigenesis, resulting in deregulation of AMPK signaling. LKB1, which
activates AMPK, has been described as tumor suppressor.282,283
AMPK acts as checkpoint in the regulation of mTOR, p53, and other
signaling molecules involved in cell growth, polarity, survival,
autophagy, and apoptosis. It is not surprising to ﬁnd AMPK
downregulated in many human malignancies, whereas NAMPT
and mTOR are found upregulated.282,284,285 Some AMPK activator,
such as AICAR and metformin, have been shown to inhibit tumor
proliferation in melanoma and hepatocarcinoma.285,286
NAMPT inhibition in cancer has been associated with an
increase of AMPK activity. Since NAD+ is required for ATP
production, FK866-induced NAMPT inhibition affects ATP production and, consequently, results in AMPK activation (in hepatocarcinoma cells).286,287 This AMPK activating effect has been favored
in IDH1 mutant cells.225 According to these studies, NAMPT
inhibitors and AMPK activators combination could be an
interesting option for use in therapy.
PARPS IN CANCER
PARPs or poly(ADP-ribose) polymerases are DNA repair nuclear
proteins that can transfer ADP-ribose from the coenzyme NAD+ to
protein substrates. The reaction products are poly-ADP-ribose
(PAR) chains and NAM.70 PARP1 is the best characterized and most
studied member that is involved in repairing single strand breaks
(SSBs). PARP1 is also known as the guardian of DNA integrity since
it is activated in response to DNA damage. However, excessive
PARP1 activation, due to exposure to genotoxic agents, can
dramatically reduce NAD+ and ATP levels, affecting sirtuin activity
and cellular homeostasis and leading to cell death.5,70
The main function of PARP1, another NAD+-consumer enzyme,
is DNA repair, but it is also involved in cell proliferation, cell cycle
regulation, gene transcription, inﬂammation, and cell fate. DNA
damage and high levels of NAD+ can activate PARP1 in cells.
Depending on the degree of its activation, PARP1 can act as a
tumor promoter or suppressor. In the case of severe DNA damage,
PARP1 drives apoptosis through p53 activation under normal
conditions.5,288
However, most tumors upregulate PARP1 to support DNA
damage, which is enhanced by radio- and chemotherapies.
Indeed, higher PARP1 expression has been found in several
carcinomas, including breast, ovarian, and lung cancers and nonHodgkin’s lymphoma.10,288 PARP1 can also stimulate ERK activity,
promoting proangiogenic and metastatic factors. Some PARP
Signal Transduction and Targeted Therapy (2021)6:2

inhibitors, such as olaparib, have been studied and tested in
clinical trials since cancer cells seem to be more sensitive than
noncancerous cells. A deﬁcit of alternative DNA repair mechanisms in cancer cells may explain this enhanced sensitivity.
However, tumor cells can develop resistance to PARP1 inhibition,
and further studies are needed to understand this mechanism.41
PARP1 may have both oncogenic and tumor suppressor
functions in colorectal cancers. It has been reported 289 that
PARP1 suppresses tumor initiation after DNA alkylation but also
promotes tumor progression driven by inﬂammation. PARP1 may
regulate the E2F1 transcription factor by poly-ADP-ribosylation,
reducing the apoptosis rate of cancer cells that had been induced
by E2F1 activation.290 Activated PARP1 also possesses a
transcription-regulatory function, promoting the induction of
DNA repair factors by E2F1 and enhancing the progression to
treatment-resistant cancer.291–293 For an in-depth discussion of
the localization and function of other PARP enzymes, we refer
readers to these works.294,295
CADPRSS IN CANCER
cADPRSs or cyclic ADP-ribose synthases constitute a nuclear
protein family of glycohydrolases, including CD38 and its
homologs CD157, CD39, and CD73. These proteins cleave NAD+
into NAM, ADPR, or cyclic ADP-ribose (cADPR). The latter is a
secondary messenger involved in calcium mobilization, cell cycle
control, and insulin signaling.4,70 CD38 is the major NAD+
consumer in mammals; indeed, 100 molecules of NAD+ are
needed to generate 1 molecule of cADPR.5,296 Recently, a newly
discovered enzyme with NAD+-hydrolyzing activity called SARM1,
which also generates cADPR and NAM, has been reported.297
The most studied cADPRS is CD38, which is the major DNase in
cells. CD38 has been described as a negative prognostic marker in
chronic lymphocytic leukemia and as a surface marker in multiple
myeloma41,298 In addition, CD38 may regulate the sensitivity of
pancreatic cancer cells to FK866 treatment.234,299 However, the
relationship among NAMPT, NAD+, and CD38 is still poorly
understood, and more studies are needed. CD38 and its homolog
CD157 are being studied as possible cancer targets, and
antibodies and inhibitors are being developed.26
The aging-related NAD+ decrease is partly due to an increase in
CD38 expression.123 CD38 downregulates NAD+ by converting
NAD+ to cyclic-ADP riboside, mobilizing intracellular or extracellular Ca+. Interestingly, the carboxyl-terminal catalytic domain
of CD38 media has two opposing orientations and is therefore
able to mobilize either intra- or extracellular NAD+ pools.300
However, CD38 expression speciﬁcally leads to the consumption
of extracellular NAD+ and not intracellular NAD+ in prostate
cancer cells.23 Moreover, CD38 also consumes extracellular NMN,
generating NAM, which can be converted to NAD+ through
NAMPT and NMNAT after crossing the plasma membrane.123
Another important membrane-bound enzyme that degrades
extracellular NAD+ is CD73. CD73 successively degrades NAD+
to NMN and further to NR.301,302 The conversion of extracellular
NMN to NR is important to support intracellular NAD+ biosynthesis.302,303 CD73 also functions as an adhesion molecule that
mediates cancer cell migration and invasion.304
NAMPT USE AS A THERAPEUTIC STRATEGY
The inhibition of NAMPT may lead to the depletion of NAD+,
which in turn inhibits ATP synthesis. This effect eventually causes
the attenuation of cancer cell proliferation and death. Therefore,
NAMPT has been proposed as a promising therapeutic target. As
potent anticancer targets, several speciﬁc inhibitors have been
developed, and currently, some of them are in phase II clinical
trials.3,10,194,234 The most studied inhibitor is FK866/APO866, which
targets NAMPT in a noncompetitive manner and has shown
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DLT dose-limiting toxicity, MTD maximum tolerated dose. https://clinicaltrials.gov/ct2/home

Treatment was safe and well tolerated. DLT was thrombocytopenia. A
decrease of serum VEGF levels was observed 96 h after the start of
treatment at MTD.
Phase 2: A Study of APO866 for the Treatment of Cutaneous T-cell No objective tumor response. However, 4 patients of 24 had stable
Lymphoma.
disease. 80% size reduction of melanoma was observed.
Phase 2: A Study to Assess APO866 for the Treatment of Advanced
Melanoma.
Phase 1: CHS 828 in Treating Patients with Solid Tumors.
Critical toxicity. Thrombocytopenia and gastrointestinal symptoms338

–

–

–

Phase 1: Open-Label Study of the Safety and Tolerability of ATG019/KPT-9274, a Dual Inhibitor of PAK4 and NAMPT, in Patients
with Advanced Solid Tumors or Non-Hodgkin’s Lymphoma.
Phase 1: Open-Label Study of the Safety, Tolerability, and Efﬁcacy
of KPT-9274 a Dual Inhibitor of PAK4 and NAMPT, in Patients with
Advanced Solid Malignancies or Non-Hodgkin’s Lymphoma.
Phase 1: Safety and Efﬁcacy of OT-82 in Participants with Relapsed
or Refractory Lymphoma.
Phase 1/2: Study to Assess the Safety and Tolerability of APO866
for the Treatment of Refractory B-CLL.
2020 (Recruiting)
NCT04281420
KPT-9274/
ATG-019

STUDY START DATE Description
Clinical trials. Gov
identiﬁer
NAMPT inhibitor

NAMPT inhibitors in clinical trials

Table 1.

signiﬁcant anticancer effects. NAMPT inhibition by FK866 is
important, leading to NAD+ depletion, which causes a reduction
in glucose uptake, ATP production, fatty acid synthesis, an
increase in ROS levels and affects the activity of all
NAD+-dependent enzymes, such as sirtuins and PARPs. All these
effects lead to blocked proliferation and cell death through
apoptosis.234 In a phase I study in advanced solid tumors,
thrombocytopenia was found to be the dose-limiting toxicity.
However, no objective tumor responses were observed.
FK866 treatment does not affect the NAD+ mitochondrial pool;
therefore, cancer cells may be more sensitive than noncancerous
cells to FK866.194 Moreover, FK866 cytotoxicity seems to be higher
in tumors that express higher NAMPT levels and are relatively more
glycolysis-dependent.223,234 NAMPT is also essential for normal
cells; therefore, the adverse side effects of NAMPT inhibitors are
important in clinical trials. Recent advances have attempted to
target NAMPT at suboptimal doses in combination with other
compounds and developing good expected activity.7,8,64
FK866 was tested in mass cultures and 3D tumorspheres enriched
with cancer stem cells from human colorectal cell lines. NAMPToverexpressing cells, either in the mass culture or tumorspheres,
were more sensitive to FK866 than were parental cells or cells with
reduced levels of NAMPT.7 (FK866 was effective against this NAMPTdependent cancer stem cell pool, as indicated by the reduced dose
of the drug necessary to induce cell death. Interestingly, this
treatment combined with either sirtinol or olaparib enhanced the
sensitivity of the cells against FK866 both in mass cultures and
tumorspheres, suggesting that these combinations can be used to
reduce the toxic effects of NAMPT inhibition during the incorporation of a more effective therapy.7 Thus, NAMPT inhibitors, in
combination with sirtinol or PARP inhibitors, may represent a new
therapy for patients with colon cancer.
In addition, in colorectal cancer and glioblastoma, stable
NAMPT-overexpressing cells were substantially more resistant to
the apoptosis induced by diverse chemotherapeutic treatments
than were their parental counterparts.6–10 In contrast, the cells
with NAMPT knocked down, downregulating NAMPT expression,
were more sensitive to therapy than were the controls.6–10 NAMPT
inhibitors in clinical trials also reduced the growth of cisplatintreated xenograft tumors in ovarian cells in vivo. Moreover, a
combination of NAMPT inhibition and cisplatin improved the
survival of mice with ovarian tumors.305 In addition, therapyinduced cellular senescence increases resistance to therapy by
inducing a CSC-like phenotype. NAMPT inhibition suppresses the
senescence-associated CSC increase and resistance induced by
cisplatin in ovarian tumors.305
Similarly, NAMPT-overexpressing cells were more sensitive to
FK866 in mass cultures than were parental cells or cells with
downregulated NAMPT. FK866-induced toxicity was higher in the
CSC-enriched cultures because of the high NAMPT level. Interestingly, the combined treatment with TMZ slightly increased the
sensitivity values of this CIC population, suggesting that this
combination is an effective therapy.8,225,306 Thus, NAMPT inhibitors may sensitize cells to standard therapies in glioma CIC
populations, particularly in patients expressing high levels of the
gene signature. In glioblastoma, speciﬁc genetic and transcriptional subgroups might be differentially sensitive to the inhibition
of NAMPT.7,8,64,225,306,307 IDH mutations sensitize CSCs of glioblastoma to NAMPT inhibition due to low levels of NAPRT1, resulting
in low NAD levels. Myc or NMyc increase gene expression in
glioblastoma, including those involved in glycolytic ﬂux, and
reduces the NAD+ pool, leading to increased glioma cell sensitivity
to NAMP inhibition.225,306
FK866 treatment does not affect the NAD+ mitochondrial pool;
therefore, cancer cells may be more sensitive to FK866 than
noncancerous cells.194 Moreover, FK866 cytotoxicity seems to be
higher in tumors that express higher NAMPT levels and in cells
that depend more on glycolysis.46
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Recently, KPT-9274 was discovered as a novel orally available
NAMPT inhibitor. This compound is currently in phase 1 clinical
evaluation in patients with advanced solid malignancies or
non-Hodgkin’s
lymphoma
(NHL)
(clinicaltrials.gov;
NCT02702492)308–310 (Table 1). KPT-9274 was originally found as
a small molecule that binds and destabilizes PAK4 protein in
cells.308,311 KPT-9274 was found to be also capable of inhibiting
NAMPT enzyme.311 Thenceforth, this inhibitor is been studied in
human tumors which are NAMPT and PAK4 upregulated. It has
been shown that KPT-9274 can promote apoptosis and induce
DNA damage in vitro,312 and signiﬁcantly reduces tumor
proliferation and survival in xenograft models in different tumors,
such as pancreatic cancer,309 pancreatic neuroendocrine
tumors,313 triple-negative breast cancer311, and leukemia.314,315
KPT-9274 may target to cancer stem cell population, since
NAMPT and PAK4 proteins play an important role in EMT
activation.309 Interestingly, in B-cell acute lymphoblastic leukemia
(B-ALL) and acute myeloid leukemia (AML) models, the effect of
KPT-9274 can be reversed by treating the cells with NAD+
precursors, for example nicotinic acid. These results suggest that
the inhibitory effect seem to be more dependent on NAD+
depletion than on PAK4 blocking.314,315 The dual inhibition of KPT9274 allows targeting of NAD+ regeneration and PAK4 signaling,
which are essential for tumor development and survival, making
KPT-9274 an attractive drug candidate for use in
chemotherapy.308,316
OT-82 is another novel NAMPT inhibitor and has been shown to
be more efﬁciency in hematological malignancies than solid
tumors 20. OT-82 promoted the efﬁcacy of other drugs such as
cytarabine and dasatinib. OT-82 resistance was related to a high
expression of CD38 in ALL cells.317,318 In preclinical studies, OT-82
was well tolerated and showed no cardiac, neurological, or retinal
toxicities in toxicological studies in mice and nonhuman
primates.318 Currently, OT-82 is in phase 1 clinical evaluation of
safety and efﬁcacy in participants with relapsed or refractory
lymphoma (clinicaltrials.gov; NCT03921879, Table 1)
Other NAMPT inhibitors, including LSN3154567, STF-31, STF118804, GNE-617, and CB 300919, have not entered clinical trials
due to their high toxicity or low safety.
Other small molecule-speciﬁc inhibitors of NAMPT, such as
GMX1777 and GMX1778, showed anticancer effects similar to the
effect of FK866. GMX1777 is a cyanoguanidine compound that is
rapidly converted into the active form GMX1778, a competitive
inhibitor of NAMPT. The combination of radiotherapy and
GMX1777 has shown therapeutic efﬁcacy in a mouse model of
HNCC. In a phase I study of advanced resistant solid tumors, GMX1778 (CHS-828) induced gastrointestinal toxicity and thrombocytopenia. No objective tumor responses were observed. GMX-1777
is also in a phase I study of advanced malignancies. Thrombocytopenia and gastrointestinal hemorrhage limited the dose. No
objective tumor responses were observed.
STF-31 is a small-molecule inhibitor of NAMPT that selectively
kills renal cell carcinoma cells upon the loss of the von HippelLindau (VHL) tumor suppressor gene. STF-31 inhibits glucose
uptake and the Warburg effect, and NAMPT-H191R mutations
confer resistance to STF-31 treatment. STF-31 in cancer cell lines
also targets Glut1, and it has been proposed that STF-31 also
exerts an additional inhibitory effect because dual functions are
beneﬁcial for inducing cell death in tumors with a high glucose
consumption rate. The small-molecule LSN3154567 is an orally
available compound that, when coadministered with the
NAD+NAD+ precursor nicotinic acid, does not lead to the
hematological toxicity found in with the use of other NAMPT
inhibitors.
Cancer cells can develop resistance to NAMPT inhibitors in many
ways. NAMPT mutations319 enhance NAD+ synthesis through other
pathways, such as the de novo pathway, upregulate quinolinic acid
phosphoribosyltransferase (QAPRT), and enhance amino acid
Signal Transduction and Targeted Therapy (2021)6:2

catabolism (for example, tryptophan in the de novo pathway or
glutamine in the salvage pathway).320 Moreover, resistance to
cancer therapy has been attributed to the self-renewal and
dedifferentiation of cancer stem cells (CSCs) residing within the
tumor.321 CD133-high/CD44-high populations of glioma cell lines
are enriched in NAMPT, correlating with glioma stem cells. NAMPT
expression also correlates with high Nanog levels in patientderived glioblastoma tumors,8 pointing to the role of NAMPT in
maintaining the treatment-refractory component of glioblastoma.
Metabolic and oxidative stress have been suggested to be the
cause of the resistance of CSCs to therapeutic treatment because
of the metabolic plasticity induced in CSCs; however, these CSCs
have also been reported to be highly sensitive to compounds that
target mitochondrial metabolism.76,322–324 Therefore, mitochondrial targeting of NAMPT activity may be used to avoid the toxicity
observed in ﬁrst-generation inhibitors and provide an enhanced
therapeutic window. Cancer cells undergoing stress (for example,
oxidative stress, glucose deprivation or hypoxia) generate the
mitochondrial signaling molecule hydrogen sulﬁde (H2S), which
has the ability to upregulate NAMPT.325,326 The dedifferentiation
induced by H2S in cancer cells can be suppressed by NAMPT
inhibition. Furthermore, H2S-producing enzymes can also be
upregulated by NAMPT.325 The feedback between NAMPT and
other signaling pathways also provides tumor-speciﬁc opportunities for combinatorial therapeutic targeting of NAMPT. Along this
line, because of synergistic effects between NAMPT and HDAC
inhibitors, dual NAMPT/HDAC inhibitors have been developed and
have shown good efﬁcacy in vitro. These dual compounds induce
apoptosis and autophagy in cancer cell lines and cytotoxicity in
xenograft tumor models in vivo.327,328 Combining FK866 with the
PARP inhibitor, olaparib, results in cell death through the
suppression of the NAD+ serving as the substrate of PARP in
triple-negative breast cancer or colon cancer cell lines as well as
in vivo models, with the combinatorial treatment inducing
negligible systemic.46 Thus, the true utility of NAMPT as a cancer
target may be in synergistic combinations that enable more
effective targeting of known cancer-driving pathways by regulating the NAD+-dependent biology in these pathways. The added
advantage of these combinatorial approaches is that their tumor
speciﬁcity may abrogate the systemic toxicity associated with
single-agent by reducing dose requirements or may enable better
therapeutic index in tumors compared to normal tissue. Interestingly, an underdevelopment in this ﬁeld: exploration of NAMPT
inhibitors in combination with inhibitors of immune checkpoints.
NAD in immunotherapy
The macrophage colony-stimulating factor MCSF increased
NAMPT levels in myeloid cells, mobilizing myeloid-derived
suppressor cells and contributing to immunosuppression in the
tumor site. In addition, NAMPT inhibition decreased the number of
MDSCs and resensitized tumors to immunotherapy in mouse
models in preclinical studies.154
NAMPT is also increased in tumor-associated neutrophils (TANs).
The inhibition of NAMPT ex vivo in TANs and the transfer of these
cells to mice reduced tumorigenesis through the suppression of
Sirt1 inhibiting proangiogenesis.329 The evidence linking myeloid
cell fate and the NAD-NAMPT axis suggests an important
mechanism for reprogramming myeloid cells through NAMPT
(either extracellular or intracellular) inhibition. In the context of
cancer, an immunosuppressive microenvironment is generated
when NAMPT inhibitors are given in combination with
immunotherapy.138,330
Intracellular NAMPT, activated through sirtuins, regulates the
metabolic reprogramming of myeloid cells and tumor cells under
hypoxia. However, extracellular NAMPT induced through the TLR4
receptor activates signaling that triggers the differentiation and
secretion of anti-inﬂammatory and tumorigenic cytokines and
creating an immunosuppressive microenvironment. The inhibition
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of both NAMPT activities can repolarize myeloid cells and inhibit
tumor growth, especially in combination with immune checkpoint
therapies. These and other results suggest that the inhibition of
NAMPT can be used to increase the efﬁcacy of immunotherapies.
Tregs with high expression of CD38 have been observed in
multiple myeloma and in ALL. In these tumors, the elimination of
cancer cells with high CD38 levels is associated with an increase in
helper T and cytotoxic T lymphocytes and a functional T-cell
response.331,332 In these tumors, the use of monoclonal antibodies
against CD38 is a promising therapy for the recovery of immune
surveillance. A functional relationship between the subset of Th17
immunosuppressive TILs and Cd38+ expressing cells has also
been described,32 and the targeting of subpopulations with high
CD38 expression can also restore tumor control via adoptive cell
therapy (ACT). or administering immunomodulatory drugs. CD38
was also considered a major contributor to the acquired resistance
to PD1/PDL1 blockade, causing CD8+ T-cell suppression.46 The
combined targeting of both CD38 and PDL1 enhances the
antitumor immune response. CD38 inhibition regulates CD8+ Tcell proliferation and the secretion of cytokines with antitumor
properties and restores CD8+ T-cell killing capability.333
Tryptophan catabolism was found to contribute to the
escape of the immune response through accumulated catabolites, creating an immunosuppressive microenvironment in
tumors and lymph nodes, with the catabolites binding to and
activating AhR.334 This process leads to the induction of T-cell
anergy, cell death, the differentiation of CD4+ cells into Tregs
and polarization of macrophages to acquire an immunosuppressive phenotype. 46,335 High levels of IDO, the enzyme
involved in the catabolism of tryptophan, have been detected
in many types of tumors associated with poor response.
According to its role in immunosuppression, IDO has also been
proposed as a target for cancer therapy.336,337 The inhibitors of
IDO are currently under investigation in clinical trials for solid
cancer to enhance primary anticancer therapy, including
antibodies and immune checkpoint inhibitors. The IDO
inhibitors are in development for use in overcoming the
resistance to immunotherapies targeting immune checkpoints,
thus supporting combination therapies.

cells to cancer stem-like cells (CSCs). A small subpopulation of
CSCs is critical not only for tumor initiation and progression but
also for therapy resistance and metastasis. Because of the
inefﬁciency of traditional anticancer therapies, new therapeutic
targets for CSCs are being sought. In this context, the NAMPT axis
could be a potential new target. However, the inherent toxicity
associated with its genetic ablation limits new possible strategies.
Partial NAMPT inhibition in combination with other concurrent
axis could improve efﬁcacy decreasing toxicity. Differentiation
enzymatic or non-enzymatic activities of NAMPT is another
strategy to differentiate among different physiological events
involved only on cancer. However, the balance is very narrow and
must be better deﬁned for therapeutical approaches, since
decreasing NAD may lead to a decrease in pluripotency, aging,
neurodegeneration, and immune response, while an excessive
increase may contribute to cancer. More efforts are necessary to
establish the therapeutic window for cancer without contributing
to other NAD-derived illness or toxicity.
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CONCLUSION AND PERSPECTIVES
NAD+ is an essential metabolite for cellular homeostasis. Multiple
redox metabolic reactions depend on it to obtain energy.
Moreover, NAD+ acts as a substrate of sirtuins, PARPs, and
cADPRSs in many different signaling pathways, including DNA
repair, posttranslational modiﬁcations, inﬂammatory responses,
senescence, and apoptosis.
NAD+ depletion leads to degenerative diseases, including
aging, while an increase in the NAD+ pool has been related to
tumorigenesis. Cancer cells shift from normal OXPHOS to
glycolysis metabolism to obtain a faster ATP production rate,
maintain redox balance and synthesize nucleic acids, proteins and
fatty acids. This reprogramming metabolism, also called the
Warburg effect, leads to tumor proliferation and cancer progression. To satisfy their high glycolytic demands, cancer cells have
increased NAD+ levels and an upregulated NAD+ salvage
biosynthesis pathway, the main source of NAD+ in cells. It is not
surprising to ﬁnd upregulated NAMPT, the rate-limiting enzyme of
this pathway, in several human tumors. NAMPT has been
proposed as a potent oncogene capable of promoting cell
proliferation by increasing the NAD+ pool and, consequently,
enhancing SIRT1 and PARP1 activation.
NAD+ has also been involved in pluripotency and stemness,
and through these properties on most human illness including
neurodegeneration, immune depletion, and cancer. Indeed,
NAMPT and SIRT1 activate OSKM factors and stem signaling
pathways, promoting stemness and dedifferentiation from cancer

1. Poljsak, B. NAD+ in cancer prevention and treatment: pros and cons. J. Clin. Exp.
Oncol. 5, 4, https://doi.org/10.4172/2324-9110.1000165 (2016).
2. Yang, Y. & Sauve, A. A. NAD(+) metabolism: bioenergetics, signaling and
manipulation for therapy. Biochim. Biophys. Acta 1864, 1787–1800 (2016).
3. Yaku, K., Okabe, K., Hikosaka, K. & Nakagawa, T. NAD metabolism in cancer
therapeutics. Front Oncol. 8, 622 (2018).
4. Rajman, L., Chwalek, K. & Sinclair, D. A. Therapeutic potential of NAD-boosting
molecules: the in vivo evidence. Cell Metab. 27, 529–547 (2018).
5. Braidy, N. et al. Role of nicotinamide adenine dinucleotide and related precursors as therapeutic targets for age-related degenerative diseases: rationale,
biochemistry, pharmacokinetics, and outcomes. Antioxid. Redox Signal. 30,
251–294 (2019).
6. Lucena-Cacace, A. & Carnero, A. Nicotinamide phosphoribosyltransferase: biology, role in cancer, and novel drug target. Cancer Transl. Med. 4, 109–116 (2018).
7. Lucena-Cacace, A. et al. NAMPT is a potent oncogene in colon cancer progression that modulates cancer stem cell properties and resistance to therapy
through Sirt1 and PARP. Clin. Cancer Res. 24, 1202–1215 (2018).
8. Lucena-Cacace, A. et al. NAMPT overexpression induces cancer stemness and
deﬁnes a novel tumor signature for glioma prognosis. Oncotarget 8,
99514–99530 (2017).
9. Lucena-Cacace, A., Jiménez-García, M. & Verdugo-Sivianes, E. Nicotinamide
adenine dinucleotide+ metabolism biomarkers in malignant gliomas. Cancer
Transl. Med. 2, 189 (2016).
10. Lucena-Cacace, A., Umeda, M., Navas, L. E. & Carnero, A. NAMPT as a
Dedifferentiation-Inducer Gene: NAD+ as Core Axis for Glioma Cancer Stem-Like
Cells Maintenance. Front. Oncol 9, 292, https://doi.org/10.3389/fonc.2019.00292
(2019).
11. Fletcher, R. S. & Lavery, G. G. The emergence of the nicotinamide riboside
kinases in the regulation of NAD+ metabolism. J. Mol. Endocrinol. 61,
R107–R121 (2018).

Signal Transduction and Targeted Therapy (2021)6:2

NAD+ metabolism, stemness,. . .
Navas and Carnero

15
12. Nakahata, Y. et al. Circadian control of the NAD+ salvage pathway by CLOCKSIRT1. Science 324, 654–657 (2009).
13. Masri, S. Sirtuin-dependent clock control: new advances in metabolism, aging
and cancer. Curr. Opin. Clin. Nutr. Metab. Care. 18, 521–527 (2015).
14. Ramsey, K. M. et al. Circadian clock feedback cycle through NAMPT-mediated
NAD+ biosynthesis. Science 324, 651–654 (2009).
15. Rechsteiner, M., Hillyard, D. & Olivera, B. M. Magnitude and signiﬁcance of NAD
turnover in human cell line D98/AH2. Nature 259, 695–696 (1976).
16. van Roermund, C. W. et al. The membrane of peroxisomes in Saccharomyces
cerevisiae is impermeable to NAD(H) and acetyl-CoA under in vivo conditions.
EMBO J. 14, 3480–3486 (1995).
17. Stein, L. R. & Imai, S. The dynamic regulation of NAD metabolism in mitochondria. Trends Endocrinol. Metab.: Tem. 23, 420–428 (2012).
18. Zhu, Y. et al. Subcellular compartmentalization of NAD(+) and its role in cancer:
a sereNADe of metabolic melodies. Pharm. Ther. 200, 27–41 (2019).
19. Cambronne, X. A. et al. Biosensor reveals multiple sources for mitochondrial
NAD(+). Science 352, 1474–1477 (2016).
20. Dolle, C., Niere, M., Lohndal, E. & Ziegler, M. Visualization of subcellular NAD
pools and intra-organellar protein localization by poly-ADP-ribose formation.
Cell Mol. Life Sci. 67, 433–443 (2010).
21. VanLinden, M. R. et al. Compartment-speciﬁc poly-ADP-ribose formation as a
biosensor for subcellular NAD pools. Methods Mol. Biol. 1608, 45–56 (2017).
22. O’Reilly, T. & Niven, D. F. Levels of nicotinamide adenine dinucleotide in
extracellular body ﬂuids of pigs may be growth-limiting for Actinobacillus
pleuropneumoniae and Haemophilus parasuis. Can. J. Vet. Res. 67, 229–231
(2003).
23. Mottahedeh, J. et al. CD38 is methylated in prostate cancer and regulates
extracellular NAD. Cancer Metab. 6, 13 (2018).
24. Billington, R. A., Genazzani, A. A., Travelli, C. & Condorelli, F. NAD depletion by
FK866 induces autophagy. Autophagy 4, 385–387 (2008).
25. Billington, R. A. et al. Characterization of NAD uptake in mammalian cells. J. Biol.
Chem. 283, 6367–6374 (2008).
26. Chini, E. N. et al. The pharmacology of CD38/NADase: an emerging target in
cancer and diseases of aging. Trends Pharm. Sci. 39, 424–436 (2018).
27. Chmielewski, J. P. et al. CD38 inhibits prostate cancer metabolism and proliferation by reducing cellular NAD(+) Pools. Mol. Cancer Res. 16, 1687–1700
(2018).
28. Adriouch, S. et al. NAD+ released during inﬂammation participates in T cell
homeostasis by inducing ART2-mediated death of naive T cells in vivo. J.
Immunol. 179, 186–194 (2007).
29. Moreschi, I. et al. Extracellular NAD+ is an agonist of the human P2Y11 purinergic receptor in human granulocytes. J. Biol. Chem. 281, 31419–31429 (2006).
30. Moreschi, I. et al. NAADP+ synthesis from cADPRP and nicotinic acid by ADPribosyl cyclases. Biochem. Biophys. Res Commun. 345, 573–580 (2006).
31. Hubert, S. et al. Extracellular NAD+ shapes the Foxp3+ regulatory T cell compartment through the ART2-P2X7 pathway. J. Exp. Med. 207, 2561–2568 (2010).
32. Chatterjee, S. et al. CD38-NAD(+)axis regulates immunotherapeutic anti-tumor T
cell response. Cell Metab. 27, 85–100 e108 (2018).
33. Kulkarni, C. A. & Brookes, P. S. Cellular compartmentation and the Redox/Nonredox functions of NAD(). Antioxid. Redox Signal. 31, 623–642 (2019).
34. Carracedo, A., Cantley, L. C. & Pandolﬁ, P. P. Cancer metabolism: fatty acid
oxidation in the limelight. Nat. Rev. Cancer 13, 227–232 (2013).
35. Dan Dunn, J., Alvarez, L. A., Zhang, X. & Soldati, T. Reactive oxygen species and
mitochondria: a nexus of cellular homeostasis. Redox Biol. 6, 472–485 (2015).
36. Lee, B. W. L., Ghode, P. & Ong, D. S. T. Redox regulation of cell state and fate.
Redox Biol 25, 101056, https://doi.org/10.1016/j.redox.2018.11.014 (2018).
37. Mesquita, I., Vergnes, B. & Silvestre, R. Alterations on cellular redox states upon
infection and implications for host cell homeostasis. Experientia supplementum.
109, 197–220 (2018).
38. Shimizu, M. NAD(+)/NADH homeostasis affects metabolic adaptation to hypoxia
and secondary metabolite production in ﬁlamentous fungi. Biosci. Biotechnol.
Biochem. 82, 216–224 (2018).
39. Srivastava, S. Emerging therapeutic roles for NAD(+) metabolism in mitochondrial and age-related disorders. Clin. Transl. Med. 5, 25 (2016).
40. Vina, J. et al. Role of NAD(+)/NADH redox ratio in cell metabolism: a tribute to
helmut sies and Theodor Bucher and Hans A. Krebs. Arch. Biochem Biophys. 595,
176–180 (2016).
41. Chiarugi, A., Dolle, C., Felici, R. & Ziegler, M. The NAD metabolome-a key
determinant of cancer cell biology. Nat. Rev. Cancer 12, 741–752 (2012).
42. Carnero, A. MAP17 and the double-edged sword of ROS. Biochim Biophys. Acta
1826, 44–52 (2012).
43. Perillo, B. et al. ROS in cancer therapy: the bright side of the moon. Exp. Mol.
Med. 52, 192–203, https://doi.org/10.1038/s12276-020-0384-2 (2020).
44. Cui, Q. et al. Modulating ROS to overcome multidrug resistance in cancer. Drug
Resist Updat. 41, 1–25 (2018).

Signal Transduction and Targeted Therapy (2021)6:2

45. Panieri, E. & Santoro, M. M. ROS homeostasis and metabolism: a dangerous
liason in cancer cells. Cell Death Dis. 7, e2253 (2016).
46. Valko, M., Leibfritz, D., Moncol, J., Cronin, M. T., Mazur, M. & Telser, J. Free radicals
and antioxidants in normal physiological functions and human disease. Int J
Biochem Cell Biol. 39, 44–84 (2007).
47. Heske, C. M. et al. Matrix screen identiﬁes synergistic combination of PARP
inhibitors and nicotinamide phosphoribosyltransferase (NAMPT) inhibitors in
Ewing Sarcoma. Clin. Cancer Res. 23, 7301–7311 (2017).
48. Mutz, C. N. et al. EWS-FLI1 confers exquisite sensitivity to NAMPT inhibition in
Ewing sarcoma cells. Oncotarget 8, 24679–24693 (2017).
49. Frederick, D. W. et al. Increasing NAD synthesis in muscle via nicotinamide
phosphoribosyltransferase is not sufﬁcient to promote oxidative metabolism. J.
Biol. Chem. 290, 1546–1558 (2015).
50. Wang, X. et al. Subcellular NAMPT-mediated NAD(+) salvage pathways and their
roles in bioenergetics and neuronal protection after ischemic injury. J. Neurochem. 151, 732–748 (2019).
51. Nacarelli, T. et al. NAD(+) metabolism governs the proinﬂammatory senescenceassociated secretome. Nat. Cell Biol. 21, 397–407 (2019).
52. Agerholm, M. et al. Perturbations of NAD(+) salvage systems impact mitochondrial function and energy homeostasis in mouse myoblasts and intact
skeletal muscle. Am. J. Phsiol. Endocrinol. Metab. 314, E377–E395 (2018).
53. Ju, H. Q. et al. Regulation of the Nampt-mediated NAD salvage pathway and its
therapeutic implications in pancreatic cancer. Cancer Lett. 379, 1–11 (2016).
54. Tan, B. et al. Inhibition of nicotinamide phosphoribosyltransferase (NAMPT), an
enzyme essential for NAD+ biosynthesis, leads to altered carbohydrate metabolism in cancer cells. J. Biol. Chem. 290, 15812–15824 (2015).
55. Zhang, L. Q. et al. Metabolic and molecular insights into an essential role of
nicotinamide phosphoribosyltransferase. Cell Death Dis. 8, e2705 (2017).
56. Guillot, B. et al. High-resolution neutron structure of nicotinamide adenine
dinucleotide. Acta Crystallogr. Sect. D., Biol. Crystallogr. 57, 981–989 (2001).
57. Nakamura, M., Bhatnagar, A. & Sadoshima, J. Overview of pyridine nucleotides
review series. Circulation Res. 111, 604–610 (2012).
58. Htet, Y. & Tennyson, A. G. NAD(+) as a hydride donor and reductant. J. Am.
Chem. Soc. 138, 15833–15836 (2016).
59. Houtkooper, R. H., Canto, C., Wanders, R. J. & Auwerx, J. The secret life of NAD+:
an old metabolite controlling new metabolic signaling pathways. Endocr. Rev.
31, 194–223 (2010).
60. Anderson, K. A., Madsen, A. S., Olsen, C. A. & Hirschey, M. D. Metabolic control by
sirtuins and other enzymes that sense NAD(+), NADH, or their ratio. Biochim.
Biophys. Acta 1858, 991–998 (2017).
61. Chalkiadaki, A. & Guarente, L. The multifaceted functions of sirtuins in cancer.
Nat. Rev. Cancer 15, 608–624 (2015).
62. Kim, M. Y., Zhang, T. & Kraus, W. L. Poly(ADP-ribosyl)ation by PARP-1: ‘PARlaying’ NAD+ into a nuclear signal. Genes Dev. 19, 1951–1967 (2005).
63. Langelier, M. F. et al. NAD(+) analog reveals PARP-1 substrate-blocking
mechanism and allosteric communication from catalytic center to DNA-binding
domains. Nat. Commun. 9, 844 (2018).
64. Lucena-Cacace, A., Umeda, M., Navas, L. E. & Carnero, A. NAMPT as a
dedifferentiation-inducer gene: NAD(+) as core axis for glioma cancer stem-like
cells maintenance. Front Oncol. 9, 292 (2019).
65. Ruan, Q. et al. Targeting NAD(+) degradation: the therapeutic potential of ﬂavonoids for Alzheimer’s disease and cognitive frailty. Pharm. Res. 128, 345–358
(2018).
66. Zhang, N. & Sauve, A. A. Regulatory effects of NAD(+) metabolic pathways on
sirtuin activity. Prog. Mol. Biol. Transl. Sci. 154, 71–104 (2018).
67. Bonkowski, M. S. & Sinclair, D. A. Slowing ageing by design: the rise of NAD(+)
and sirtuin-activating compounds. Nat. Rev. Mol. Cell Biol. 17, 679–690 (2016).
68. Yamaguchi, S. & Yoshino, J. The pathophysiological importance and therapeutic
potential of NAD’ biosynthesis and mitochondrial sirtuin SIRT3 in age-associated
diseases. Nihon Rinsho. 74, 1447–1455 (2016).
69. Dona, F. et al. Poly(ADP-ribosylation) and neoplastic transformation: Effect of
PARP inhibitors. Curr. Pharm. Biotechnol. 14, 524–536, https://doi.org/10.2174/
138920101405131111104642 (2013).
70. Canto, C., Menzies, K. J. & Auwerx, J. NAD(+) metabolism and the control of
energy homeostasis: a balancing act between mitochondria and the nucleus.
Cell Metab. 22, 31–53 (2015).
71. Opitz, C. A. & Heiland, I. Dynamics of NAD-metabolism: everything but constant.
Biochem. Soc. Trans. 43, 1127–1132 (2015).
72. Takahashi, K. & Yamanaka, S. Induction of pluripotent stem cells from mouse
embryonic and adult ﬁbroblast cultures by deﬁned factors. Cell 126, 663–676
(2006).
73. Iglesias, J. M., Gumuzio, J. & Martin, A. G. Linking pluripotency reprogramming
and cancer. Stem Cells Transl. Med. 6, 335–339 (2017).
74. Carnero, A. & Lleonart, M. The hypoxic microenvironment: a determinant of
cancer stem cell evolution. Bioessays 38, S65–S74 (2016).

NAD+ metabolism, stemness,. . .
Navas and Carnero

16
75. Bao, B. et al. Overview of cancer stem cells (CSCs) and mechanisms of their
regulation: implications for cancer therapy. Curr Protoc Pharmacol. Chapter 14,
Unit 14 25, (2013).
76. Peiris-Pages, M. et al. Cancer stem cell metabolism. Breast Cancer Res. 18, 55
(2016).
77. Snyder, V. et al. Cancer stem cell metabolism and potential therapeutic targets.
Front Oncol. 8, 203 (2018).
78. Teslaa, T. & Teitell, M. A. Pluripotent stem cell energy metabolism: an update.
EMBO J. 34, 138–153 (2015).
79. Son, M. J. et al. Nicotinamide overcomes pluripotency deﬁcits and reprogramming barriers. Stem Cells 31, 1121–1135 (2013).
80. Yoshino, J., Baur, J. A. & Imai, S. I. NAD(+) intermediates: the biology and
therapeutic potential of NMN and NR. Cell Metab. 27, 513–528 (2018).
81. Han, X. et al. AMPK activation protects cells from oxidative stress-induced
senescence via autophagic ﬂux restoration and intracellular NAD(+) elevation.
Aging Cell. 15, 416–427 (2016).
82. Sharif, T. et al. Autophagic homeostasis is required for the pluripotency of
cancer stem cells. Autophagy 13, 264–284 (2017).
83. Meng, Y. et al. Nicotinamide promotes cell survival and differentiation as
kinase inhibitor in human pluripotent stem cells. Stem Cell Rep. 11, 1347–1356
(2018).
84. Zhang, H. et al. NAD(+) repletion improves mitochondrial and stem cell function
and enhances life span in mice. Science 352, 1436–1443 (2016).
85. Igarashi, M. et al. NAD(+) supplementation rejuvenates aged gut adult stem
cells. Aging Cell. 18, e12935 (2019).
86. Fang, E. F. & Bohr, V. A. NAD(+): the convergence of DNA repair and mitophagy.
Autophagy 13, 442–443 (2017).
87. Fang, E. F. et al. NAD(+) replenishment improves lifespan and healthspan in
ataxia telangiectasia models via mitophagy and DNA repair. Cell Metab. 24,
566–581 (2016).
88. Fang, E. F. et al. Nuclear DNA damage signalling to mitochondria in ageing. Nat.
Rev. Mol. Cell Biol. 17, 308–321 (2016).
89. Vannini, N. et al. The NAD-booster nicotinamide riboside potently stimulates
hematopoiesis through increased mitochondrial clearance. Cell. Stem Cell. 24,
405–418 e407 (2019).
90. Sainz de la Maza, D. et al. Metabolic reprogramming, autophagy, and reactive
oxygen species are necessary for primordial germ cell reprogramming into
pluripotency. Oxid. Med. Cell. Longev. 2017, 4745252 (2017).
91. Liu, P. et al. High autophagic ﬂux guards ESC identity through coordinating
autophagy machinery gene program by FOXO1. Cell Death Differ. 24, 1672–1680
(2017).
92. Garcia-Prat, L., Munoz-Canoves, P. & Martinez-Vicente, M. Dysfunctional autophagy is a driver of muscle stem cell functional decline with aging. Autophagy 12,
612–613 (2016).
93. Garcia-Prat, L. et al. Autophagy maintains stemness by preventing senescence.
Nature 529, 37–42 (2016).
94. Lees, J. G. et al. Oxygen regulates human pluripotent stem cell metabolic ﬂux.
Stem cells Int. 2019, 8195614 (2019).
95. Carey, B. W. et al. Intracellular alpha-ketoglutarate maintains the pluripotency of
embryonic stem cells. Nature 518, 413–416 (2015).
96. Zhang, J. et al. LIN28 regulates stem cell metabolism and conversion to primed
pluripotency. Cell. Stem Cell. 19, 66–80 (2016).
97. Okae, H. et al. Genome-wide analysis of DNA methylation dynamics during early
human development. PLoS Genet. 10, e1004868 (2014).
98. Belenky, P., Bogan, K. L. & Brenner, C. NAD+ metabolism in health and disease.
Trends biochemical Sci. 32, 12–19 (2007).
99. Johnson, S. & Imai, S. I. NAD (+) biosynthesis, aging, and disease. F1000Research.
7, 132 (2018).
100. Imai, S. & Guarente, L. NAD+ and sirtuins in aging and disease. Trends Cell Biol.
24, 464–471 (2014).
101. Verdin, E. NAD(+) in aging, metabolism, and neurodegeneration. Science 350,
1208–1213 (2015).
102. Yaku, K., Okabe, K. & Nakagawa, T. NAD metabolism: implications in aging and
longevity. Ageing Res Rev. 47, 1–17 (2018).
103. Zha, S. et al. PARP1 inhibitor (PJ34) improves the function of aging-induced
endothelial progenitor cells by preserving intracellular NAD(+) levels and
increasing SIRT1 activity. Stem Cell Res Ther. 9, 224 (2018).
104. Guarente, L. Linking DNA damage, NAD(+)/SIRT1, and aging. Cell Metab. 20,
706–707 (2014).
105. Gomes, A. P. et al. Declining NAD(+) induces a pseudohypoxic state disrupting
nuclear-mitochondrial communication during aging. Cell 155, 1624–1638
(2013).
106. Zhang, Y. et al. Exogenous NAD(+) administration signiﬁcantly protects against
myocardial ischemia/reperfusion injury in rat model. Am. J. Transl. Res. 8,
3342–3350 (2016).

107. Son, M. J., Kwon, Y., Son, T. & Cho, Y. S. Restoration of mitochondrial NAD(+)
levels delays stem cell senescence and facilitates reprogramming of aged
somatic cells. Stem Cells 34, 2840–2851 (2016).
108. Molofsky, A. V. et al. Increasing p16INK4a expression decreases forebrain progenitors and neurogenesis during ageing. Nature 443, 448–452 (2006).
109. Gruber, R. et al. Fracture healing in the elderly patient. Exp. Gerontol. 41,
1080–1093 (2006).
110. Conboy, I. M. & Rando, T. A. Heterochronic parabiosis for the study of the effects
of aging on stem cells and their niches. Cell Cycle 11, 2260–2267 (2012).
111. Lopez-Otin, C. et al. The hallmarks of aging. Cell 153, 1194–1217 (2013).
112. Serrano, M. Unraveling the links between cancer and aging. Carcinogenesis 37,
107 (2016).
113. Koltai, E. et al. Exercise alters SIRT1, SIRT6, NAD and NAMPT levels in skeletal
muscle of aged rats. Mech. Ageing Dev. 131, 21–28 (2010).
114. Yoshino, J. & Imai, S. Mitochondrial SIRT3: a new potential therapeutic target for
metabolic syndrome. Mol. Cell. 44, 170–171 (2011).
115. Yoshino, J., Mills, K. F., Yoon, M. J. & Imai, S. Nicotinamide mononucleotide, a key
NAD(+) intermediate, treats the pathophysiology of diet- and age-induced
diabetes in mice. Cell Metab. 14, 528–536 (2011).
116. Asher, G. et al. SIRT1 regulates circadian clock gene expression through PER2
deacetylation. Cell 134, 317–328 (2008).
117. Nakahata, Y. et al. The NAD+-dependent deacetylase SIRT1 modulates CLOCKmediated chromatin remodeling and circadian control. Cell 134, 329–340
(2008).
118. Hood, S. & Amir, S. The aging clock: circadian rhythms and later life. J. Clin.
Invest. 127, 437–446 (2017).
119. Braidy, N. et al. Age related changes in NAD+ metabolism oxidative stress and
Sirt1 activity in wistar rats. PLoS One 6, e19194 (2011).
120. Mouchiroud, L., Houtkooper, R. H. & Auwerx, J. NAD(+) metabolism: a therapeutic target for age-related metabolic disease. Crit. Rev. Biochem. Mol. Biol. 48,
397–408 (2013).
121. Bai, P. et al. PARP-1 inhibition increases mitochondrial metabolism through
SIRT1 activation. Cell Metab. 13, 461–468 (2011).
122. Chung, S. et al. Endothelial dysfunction and inﬂammatory reactions of elderly
and middle-aged men with obstructive sleep apnea syndrome. Sleep. Breath. 13,
11–17 (2009).
123. Camacho-Pereira, J. et al. CD38 dictates age-related NAD decline and mitochondrial dysfunction through an SIRT3-dependent mechanism. Cell Metab. 23,
1127–1139 (2016).
124. Ivanisevic, J. et al. Metabolic drift in the aging brain. Aging (Albany NY). 8,
1000–1020 (2016).
125. Fang, E. F. et al. NAD(+) in aging: molecular mechanisms and translational
implications. Trends Mol. Med. 23, 899–916 (2017).
126. Revollo, J. R. et al. Nampt/PBEF/Visfatin regulates insulin secretion in beta cells
as a systemic NAD biosynthetic enzyme. Cell Metab. 6, 363–375 (2007).
127. Revollo, J. R., Grimm, A. A. & Imai, S. The regulation of nicotinamide adenine
dinucleotide biosynthesis by Nampt/PBEF/visfatin in mammals. Curr. Opin.
Gastroenterol. 23, 164–170 (2007).
128. Stromsdorfer, K. L. et al. NAMPT-mediated NAD(+) biosynthesis in adipocytes
regulates adipose tissue function and multi-organ insulin sensitivity in mice. Cell
Rep. 16, 1851–1860 (2016).
129. Choi, S. E. & Kemper, J. K. Regulation of SIRT1 by microRNAs. Mol. Cells 36,
385–392 (2013).
130. Choi, S. E. et al. Elevated microRNA-34a in obesity reduces NAD+ levels and
SIRT1 activity by directly targeting NAMPT. Aging Cell. 12, 1062–1072 (2013).
131. Canto, C. et al. The NAD(+) precursor nicotinamide riboside enhances oxidative
metabolism and protects against high-fat diet-induced obesity. Cell Metab. 15,
838–847 (2012).
132. Mills, K. F. et al. Long-term administration of nicotinamide mononucleotide
mitigates age-associated physiological decline in mice. Cell Metab. 24, 795–806
(2016).
133. Kanﬁ, Y. et al. The sirtuin SIRT6 regulates lifespan in male mice. Nature 483,
218–221 (2012).
134. Shaw, A. C. et al. Aging of the innate immune system. Curr. Opin. Immunol. 22,
507–513 (2010).
135. Rossi, D. J. et al. Hematopoietic stem cell quiescence attenuates DNA damage
response and permits DNA damage accumulation during aging. Cell Cycle 6,
2371–2376 (2007).
136. Rossi, D. J. et al. Deﬁciencies in DNA damage repair limit the function of haematopoietic stem cells with age. Nature 447, 725–729 (2007).
137. Janzen, V. et al. Stem-cell ageing modiﬁed by the cyclin-dependent kinase
inhibitor p16INK4a. Nature 443, 421–426 (2006).
138. Audrito, V. et al. NAD-biosynthetic and consuming enzymes as central players of
metabolic regulation of innate and adaptive immune responses in cancer. Front.
Immunol. 10, 1720 (2019).

Signal Transduction and Targeted Therapy (2021)6:2

NAD+ metabolism, stemness,. . .
Navas and Carnero

17
139. Heske, C. M. Beyond energy metabolism: exploiting the additional roles of
NAMPT for cancer therapy. Front Oncol. 9, 1514 (2019).
140. Audrito, V. et al. Extracellular nicotinamide phosphoribosyltransferase (NAMPT)
promotes M2 macrophage polarization in chronic lymphocytic leukemia. Blood
125, 111–123 (2015).
141. Cassetta, L. & Pollard, J. W. Cancer immunosurveillance: role of patrolling
monocytes. Cell Res. 26, 3–4 (2016).
142. Talmadge, J. E. & Gabrilovich, D. I. History of myeloid-derived suppressor cells.
Nat. Rev. Cancer 13, 739–752 (2013).
143. Safari, E. et al. Myeloid-derived suppressor cells and tumor: Current knowledge
and future perspectives. J. Cell Physiol. 234, 9966–9981 (2019).
144. Fridlender, Z. G. et al. Polarization of tumor-associated neutrophil phenotype by
TGF-beta: “N1” versus “N2” TAN. Cancer Cell. 16, 183–194 (2009).
145. Ognjanovic, S. et al. Genomic organization of the gene coding for human pre-Bcell colony enhancing factor and expression in human fetal membranes. J. Mol.
Endocrinol. 26, 107–117 (2001).
146. Nowell, M. A. et al. Regulation of pre-B cell colony-enhancing factor by STAT-3dependent interleukin-6 trans-signaling: implications in the pathogenesis of
rheumatoid arthritis. Arthritis Rheum. 54, 2084–2095 (2006).
147. Gosset, M. et al. Crucial role of visfatin/pre-B cell colony-enhancing factor in
matrix degradation and prostaglandin E2 synthesis in chondrocytes: possible
inﬂuence on osteoarthritis. Arthritis Rheum. 58, 1399–1409 (2008).
148. Garten, A. et al. Physiological and pathophysiological roles of NAMPT and NAD
metabolism. Nat. Rev. Endocrinol. 11, 535–546 (2015).
149. Moschen, A. R. et al. Visfatin, an adipocytokine with proinﬂammatory and
immunomodulating properties. J. Immunol. 178, 1748–1758 (2007).
150. Suzuki, H. et al. Glycolytic pathway affects differentiation of human monocytes
to regulatory macrophages. Immunol. Lett. 176, 18–27 (2016).
151. Kelly, B. & O’Neill, L. A. Metabolic reprogramming in macrophages and dendritic
cells in innate immunity. Cell Res. 25, 771–784 (2015).
152. Hamers, A. A. J. & Pillai, A. B. A sweet alternative: maintaining M2 macrophage
polarization. Sci. Immunol. 3, eaav7759, https://doi.org/10.1126/sciimmunol.
aav7759 (2018).
153. Xu, Q. et al. NADPH oxidases are essential for macrophage differentiation. J. Biol.
Chem. 291, 20030–20041 (2016).
154. Travelli, C. et al. Nicotinamide phosphoribosyltransferase acts as a metabolic gate for
mobilization of myeloid-derived suppressor cells. Cancer Res. 79, 1938–1951 (2019).
155. Fernandes, C. A. et al. Sirtuin inhibition attenuates the production of inﬂammatory cytokines in lipopolysaccharide-stimulated macrophages. Biochem Biophys. Res Commun. 420, 857–861 (2012).
156. Liu, T. F., Vachharajani, V. T., Yoza, B. K. & McCall, C. E. NAD+-dependent sirtuin 1
and 6 proteins coordinate a switch from glucose to fatty acid oxidation during
the acute inﬂammatory response. J. Biol. Chem. 287, 25758–25769 (2012).
157. Liu, T. F. et al. Fueling the ﬂame: bioenergy couples metabolism and inﬂammation. J. Leukoc. Biol. 92, 499–507 (2012).
158. Li, Y. et al. Extracellular Nampt promotes macrophage survival via a nonenzymatic interleukin-6/STAT3 signaling mechanism. J. Biol. Chem. 283,
34833–34843 (2008).
159. Skokowa, J. et al. NAMPT is essential for the G-CSF-induced myeloid differentiation
via a NAD(+)-sirtuin-1-dependent pathway. Nat. Med. 15, 151–158 (2009).
160. Koch, C. et al. GM-CSF treatment is not effective in congenital neutropenia
patients due to its inability to activate NAMPT signaling. Ann. Hematol. 96,
345–353 (2017).
161. Camp, S. M. et al. Unique toll-like receptor 4 activation by NAMPT/PBEF induces
nfkappab signaling and inﬂammatory lung injury. Sci. Rep. 5, 13135 (2015).
162. Franceschi, C. & Campisi, J. Chronic inﬂammation (inﬂammaging) and its
potential contribution to age-associated diseases. J. Gerontol. A Biol. Sci. Med Sci.
69, S4–S9 (2014).
163. Kralisch, S. et al. Interleukin-6 is a negative regulator of visfatin gene expression
in 3T3-L1 adipocytes. American journal of physiology. Endocrinol. Metab. 289,
E586–E590 (2005).
164. Cavadini, G. et al. TNF-alpha suppresses the expression of clock genes by
interfering with E-box-mediated transcription. Proc. Natl Acad. Sci. Usa. 104,
12843–12848 (2007).
165. Chen, M. P. et al. Elevated plasma level of visfatin/pre-B cell colony-enhancing
factor in patients with type 2 diabetes mellitus. J. Clin. Endocrinol. Metab. 91,
295–299 (2006).
166. Ferrero, E., Saccucci, F. & Malavasi, F. The human CD38 gene: polymorphism,
CpG island, and linkage to the CD157 (BST-1) gene. Immunogenetics 49,
597–604 (1999).
167. Malavasi, F. et al. Evolution and function of the ADP ribosyl cyclase/CD38 gene
family in physiology and pathology. Physiol. Rev. 88, 841–886 (2008).
168. Musso, T. et al. CD38 expression and functional activities are up-regulated by
IFN-gamma on human monocytes and monocytic cell lines. J. Leukoc. Biol. 69,
605–612 (2001).

Signal Transduction and Targeted Therapy (2021)6:2

169. Hartman, W. R. et al. CD38 expression, function, and gene resequencing in a
human lymphoblastoid cell line-based model system. Leuk. Lymphoma 51,
1315–1325 (2010).
170. Grahnert, A. et al. Review: NAD +: a modulator of immune functions. Innate
Immun. 17, 212–233 (2011).
171. Phan, A. T., Goldrath, A. W. & Glass, C. K. Metabolic and epigenetic coordination
of T cell and macrophage immunity. Immunity 46, 714–729 (2017).
172. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell
144, 646–674 (2011).
173. Moreira, J. D. et al. The redox status of cancer cells supports mechanisms behind
the warburg effect. Metabolites 6, 33, https://doi.org/10.3390/metabo6040033
(2016).
174. Liberti, M. V. & Locasale, J. W. The warburg effect: how does it beneﬁt cancer
cells? Trends Biochem. Sci. 41, 211–218 (2016).
175. Cantor, J. R. & Sabatini, D. M. Cancer cell metabolism: one hallmark, many faces.
Cancer Discov. 2, 881–898 (2012).
176. DeBerardinis, R. J., Lum, J. J., Hatzivassiliou, G. & Thompson, C. B. The biology of
cancer: metabolic reprogramming fuels cell growth and proliferation. Cell
Metab. 7, 11–20 (2008).
177. Matés, J. M. et al. Therapeutic targeting of glutaminolysis as an essential strategy
to combat cancer. Semin. Cell Dev. Biol. 98, 34–43, https://doi.org/10.1016/j.
semcdb.2019.05.012 (2020).
178. Patra, K. C. & Hay, N. The pentose phosphate pathway and cancer. Trends biochemical Sci. 39, 347–354 (2014).
179. Amelio, I. et al. Serine and glycine metabolism in cancer. Trends biochemical Sci.
39, 191–198 (2014).
180. Mattaini, K. R., Sullivan, M. R. & Vander Heiden, M. G. The importance of serine
metabolism in cancer. J. Cell Biol. 214, 249–257 (2016).
181. Carnero, A. et al. The cancer stem-cell signaling network and resistance to
therapy. Cancer Treat. Rev. 49, 25–36 (2016).
182. Bonuccelli, G. et al. NADH autoﬂuorescence, a new metabolic biomarker for
cancer stem cells: Identiﬁcation of Vitamin C and CAPE as natural products
targeting “stemness”. Oncotarget 8, 20667–20678 (2017).
183. Yuan, Y. et al. Autoﬂuorescence of NADH is a new biomarker for sorting and
characterizing cancer stem cells in human glioma. Stem Cell Res Ther. 10, 330
(2019).
184. Basu-Roy, U. et al. Sox2 antagonizes the Hippo pathway to maintain stemness in
cancer cells. Nat. Commun. 6, 6411 (2015).
185. Mu, W. L. et al. Sox2 Deacetylation by Sirt1 Is Involved in Mouse Somatic
Reprogramming. Stem Cells 33, 2135–2147 (2015).
186. O’Callaghan, C. & Vassilopoulos, A. Sirtuins at the crossroads of stemness, aging,
and cancer. Aging Cell. 16, 1208–1218 (2017).
187. Shin, J., Kim, J., Park, H. & Kim, J. Investigating the role of Sirtuins in cell
reprogramming. BMB Rep. 51, 500–507 (2018).
188. Gujar, A. D. et al. An NAD+-dependent transcriptional program governs selfrenewal and radiation resistance in glioblastoma. Proc. Natl Acad. Sci. Usa. 113,
E8247–E8256 (2016).
189. Jung, J. et al. Nicotinamide metabolism regulates glioblastoma stem cell maintenance.
JCI Insight 2, e90019, https://doi.org/10.1172/jci.insight.90019 (2017).
190. Wu, L. E. & Sinclair, D. A. SIRT2 controls the pentose phosphate switch. EMBO J.
33, 1287–1288 (2014).
191. Hassa, P. O., Haenni, S. S., Elser, M. & Hottiger, M. O. Nuclear ADP-ribosylation
reactions in mammalian cells: where are we today and where are we going?
Microbiol. Mol. Biol. Rev. 70, 789–829 (2006).
192. Burgos, E. S. NAMPT in regulated NAD biosynthesis and its pivotal role in human
metabolism. Curr. Med. Chem. 18, 1947–1961 (2011).
193. Olesen, U. H., Hastrup, N. & Sehested, M. Expression patterns of nicotinamide
phosphoribosyltransferase and nicotinic acid phosphoribosyltransferase in
human malignant lymphomas. APMIS 119, 296–303 (2011).
194. Bi, T. Q. & Che, X. M. Nampt/PBEF/visfatin and cancer. Cancer Biol. Ther. 10,
119–125 (2010).
195. Zhang, H. et al. Epigenetic regulation of NAMPT by NAMPT-AS drives metastatic
progression in triple-negative breast cancer. Cancer Res. 79, 3347–3359 (2019).
196. Wang, B. et al. NAMPT overexpression in prostate cancer and its contribution to
tumor cell survival and stress response. Oncogene 30, 907–921 (2011).
197. Sawicka-Gutaj, N. et al. Nicotinamide phosphorybosiltransferase overexpression
in thyroid malignancies and its correlation with tumor stage and with survivin/
survivin DEx3 expression. Tumour Biol. 36, 7859–7863 (2015).
198. Bi, T. Q. et al. Overexpression of Nampt in gastric cancer and chemopotentiating
effects of the Nampt inhibitor FK866 in combination with ﬂuorouracil. Oncol.
Rep. 26, 1251–1257 (2011).
199. Chen, H. et al. Nicotinamide phosphoribosyltransferase (Nampt) in carcinogenesis:
new clinical opportunities. Expert Rev. Anticancer Ther. 16, 827–838 (2016).
200. Jieyu, H. et al. Nampt/Visfatin/PBEF: a functionally multi-faceted protein with a
pivotal role in malignant tumors. Curr. Pharm. Des. 18, 6123–6132 (2012).

NAD+ metabolism, stemness,. . .
Navas and Carnero

18
201. Reddy, P. S. et al. PBEF1/NAmPRTase/Visfatin: a potential malignant astrocytoma/glioblastoma serum marker with prognostic value. Cancer Biol. Ther. 7,
663–668 (2008).
202. Nakajima, N. et al. BRAF V600E, TERT promoter mutations and CDKN2A/B
homozygous deletions are frequent in epithelioid glioblastomas: a histological
and molecular analysis focusing on intratumoral heterogeneity. Brain Pathol. 28,
663–673 (2018).
203. Patel, S. T. et al. A novel role for the adipokine visfatin/pre-B cell colonyenhancing factor 1 in prostate carcinogenesis. Peptides 31, 51–57 (2010).
204. Kim, J. Y. et al. Visfatin through STAT3 activation enhances IL-6 expression that
promotes endothelial angiogenesis. Biochim Biophys. Acta 1793, 1759–1767
(2009).
205. Kim, S. R. et al. Visfatin enhances ICAM-1 and VCAM-1 expression through ROSdependent NF-kappaB activation in endothelial cells. Biochim. Biophys. Acta
1783, 886–895 (2008).
206. Kim, S. R. et al. Visfatin promotes angiogenesis by activation of extracellular
signal-regulated kinase 1/2. Biochem Biophys. Res Commun. 357, 150–156
(2007).
207. Lin, Y. T. et al. Visfatin promotes monocyte adhesion by upregulating ICAM-1
and VCAM-1 expression in endothelial cells via activation of p38-PI3K-Akt signaling and subsequent ROS production and IKK/NF-kappaB activation. Cell
Physiol. Biochem. 52, 1398–1411 (2019).
208. Lee, W. J. et al. Visfatin-induced expression of inﬂammatory mediators in human
endothelial cells through the NF-kappaB pathway. Int J. Obes. (Lond.). 33,
465–472 (2009).
209. Wang, G. et al. Visfatin triggers the cell motility of non-small cell lung cancer via
up-regulation of matrix metalloproteinases. Basic Clin. Pharmacol. Toxicol. 119,
548–554 (2016).
210. Fan, Y. et al. Visfatin/PBEF/Nampt induces EMMPRIN and MMP-9 production in
macrophages via the NAMPT-MAPK (p38, ERK1/2)-NF-kappaB signaling pathway. Int J. Mol. Med. 27, 607–615 (2011).
211. Adya, R., Tan, B. K., Chen, J. & Randeva, H. S. Nuclear factor-kappaB induction by
visfatin in human vascular endothelial cells: its role in MMP-2/9 production and
activation. Diabetes care. 31, 758–760 (2008).
212. Herrera-Arozamena, C. et al. Recent advances in neurogenic small molecules
as innovative treatments for neurodegenerative diseases. Molecules 21, 1165,
https://doi.org/10.3390/molecules21091165 (2016).
213. Fang, E. F. et al. NAD(+) augmentation restores mitophagy and limits accelerated aging in Werner syndrome. Nat. Commun. 10, 5284 (2019).
214. Croteau, D. L., Fang, E. F., Nilsen, H. & Bohr, V. A. NAD(+) in DNA repair and
mitochondrial maintenance. Cell Cycle 16, 491–492 (2017).
215. Lucena-Cacace, A. et al. NAMPT is a potent oncogene in colon cancer progression that modulates cancer stem cell properties and resistance to therapy
through Sirt1 and PARP. Clin. Cancer Res. 24, 1202–1215, https://doi.org/
10.1158/1078-0432.CCR-17-2575 (2018).
216. Piacente, F. et al. Nicotinic acid phosphoribosyltransferase regulates cancer cell
metabolism, susceptibility to NAMPT inhibitors, and DNA repair. Cancer Res. 77,
3857–3869 (2017).
217. Audrito, V., Messana, V. G. & Deaglio, S. NAMPT and NAPRT: two metabolic
enzymes with key roles in inﬂammation. Front Oncol. 10, 358 (2020).
218. Watson, M. et al. The small molecule GMX1778 is a potent inhibitor of NAD+
biosynthesis: strategy for enhanced therapy in nicotinic acid phosphoribosyltransferase 1-deﬁcient tumors. Mol. Cell Biol. 29, 5872–5888 (2009).
219. Peterse, E. F. P. et al. NAD synthesis pathway interference is a viable therapeutic
strategy for chondrosarcoma. Mol. Cancer Res. 15, 1714–1721 (2017).
220. Lee, J. et al. Selective cytotoxicity of the NAMPT inhibitor FK866 toward gastric
cancer cells with markers of the epithelial-mesenchymal transition, due to loss
of NAPRT. Gastroenterology 155, 799–814 e713 (2018).
221. Li, X. Q. et al. NAMPT and NAPRT, key enzymes in NAD salvage synthesis
pathway, are of negative prognostic value in colorectal cancer. Front Oncol. 9,
736 (2019).
222. Duarte-Pereira, S. et al. Extensive regulation of nicotinate phosphoribosyltransferase (NAPRT) expression in human tissues and tumors. Oncotarget 7,
1973–1983 (2016).
223. Chowdhry, S. et al. NAD metabolic dependency in cancer is shaped by gene
ampliﬁcation and enhancer remodelling. Nature 569, 570–575 (2019).
224. Peters, L. & Meister, G. Argonaute proteins: mediators of RNA silencing. Mol. Cell.
26, 611–623 (2007).
225. Tateishi, K. et al. Extreme Vulnerability of IDH1 Mutant Cancers to NAD+
Depletion. Cancer Cell. 28, 773–784 (2015).
226. Pramono, A. A. et al. NAD- and NADPH-contributing enzymes as therapeutic
targets in cancer: an overview. Biomolecules 10, 358, https://doi.org/10.3390/
biom10030358 (2020).
227. Fons, N. R. et al. PPM1D mutations silence NAPRT gene expression and confer
NAMPT inhibitor sensitivity in glioma. Nat. Commun. 10, 3790 (2019).

228. Zhao, G. et al. Discovery of a highly selective NAMPT inhibitor that demonstrates
robust efﬁcacy and improved retinal toxicity with nicotinic acid coadministration. Mol. Cancer Ther. 16, 2677–2688 (2017).
229. Kraus, D. et al. Targeting glucose transport and the NAD pathway in tumor cells
with STF-31: a re-evaluation. Cell Oncol. (Dordr.). 41, 485–494 (2018).
230. Hara, N. et al. Elevation of cellular NAD levels by nicotinic acid and involvement
of nicotinic acid phosphoribosyltransferase in human cells. J. Biol. Chem. 282,
24574–24582 (2007).
231. Aman, Y., Qiu, Y., Tao, J. & Fang, E. F. Therapeutic potential of boosting NAD+ in
aging and age-related diseases. Transl. Med. Aging 2, 30–37 (2018).
232. Menssen, A. et al. The c-MYC oncoprotein, the NAMPT enzyme, the SIRT1inhibitor DBC1, and the SIRT1 deacetylase form a positive feedback loop. Proc.
Natl Acad. Sci. USA 109, E187–E196 (2012).
233. Behrouzfar, K. et al. Extracellular NAMPT/visfatin causes p53 deacetylation via
NAD production and SIRT1 activation in breast cancer cells. Cell Biochem. Funct.
35, 327–333 (2017).
234. Kennedy, B. E. et al. NAD(+) salvage pathway in cancer metabolism and therapy.
Pharm. Res. 114, 274–283 (2016).
235. Zhao, Y. et al. Up-regulation of the Sirtuin 1 (Sirt1) and peroxisome proliferatoractivated receptor gamma coactivator-1alpha (PGC-1alpha) genes in white
adipose tissue of Id1 protein-deﬁcient mice: implications in the protection
against diet and age-induced glucose intolerance. J. Biol. Chem. 289,
29112–29122 (2014).
236. Park, S. H. et al. SIRT2 is a tumor suppressor that connects aging, acetylome, cell
cycle signaling, and carcinogenesis. Transl. cancer Res. 1, 15–21 (2012).
237. Fiskus, W. et al. SIRT2 deacetylates and inhibits the peroxidase activity of
peroxiredoxin-1 to sensitize breast cancer cells to oxidant stress-inducing
agents. Cancer Res. 76, 5467–5478 (2016).
238. Seo, K. S. et al. SIRT2 regulates tumour hypoxia response by promoting HIF1alpha hydroxylation. Oncogene 34, 1354–1362 (2015).
239. Liu, P. Y. et al. The histone deacetylase SIRT2 stabilizes Myc oncoproteins. Cell
Death Differ. 20, 503–514 (2013).
240. Jing, H. et al. A SIRT2-selective inhibitor promotes c-Myc oncoprotein degradation and exhibits broad anticancer activity. Cancer Cell. 29, 297–310 (2016).
241. Zhao, D. et al. NOTCH-induced aldehyde dehydrogenase 1A1 deacetylation
promotes breast cancer stem cells. J. Clin. Invest. 124, 5453–5465 (2014).
242. Head, P. E. et al. Sirtuin 2 mutations in human cancers impair its function in
genome maintenance. J. Biol. Chem. 292, 9919–9931 (2017).
243. Kim, H. S. et al. SIRT2 maintains genome integrity and suppresses tumorigenesis
through regulating APC/C activity. Cancer Cell. 20, 487–499 (2011).
244. Banerjee, K. K. et al. Central metabolic sensing remotely controls nutrientsensitive endocrine response in Drosophila via Sir2/Sirt1-upd2-IIS axis. J. Exp.
Biol. 220, 1187–1191 (2017).
245. Huang, G. & Zhu, G. Sirtuin-4 (SIRT4), a therapeutic target with oncogenic and
tumor-suppressive activity in cancer. OncoTargets Ther. 11, 3395–3400 (2018).
246. Scher, M. B., Vaquero, A. & Reinberg, D. SirT3 is a nuclear NAD+-dependent
histone deacetylase that translocates to the mitochondria upon cellular stress.
Genes Dev. 21, 920–928 (2007).
247. Ozden, O. et al. SIRT3 deacetylates and increases pyruvate dehydrogenase
activity in cancer cells. Free Radic. Biol. Med. 76, 163–172 (2014).
248. Yang, Y. et al. Activation of SIRT3 attenuates triptolide-induced toxicity through
closing mitochondrial permeability transition pore in cardiomyocytes. Toxicol.
Vitr. 34, 128–137 (2016).
249. Cheng, Y. et al. Interaction of Sirt3 with OGG1 contributes to repair of mitochondrial DNA and protects from apoptotic cell death under oxidative stress.
Cell Death Dis. 4, e731 (2013).
250. Yang, S., Xu, M., Meng, G. & Lu, Y. SIRT3 deﬁciency delays diabetic skin wound
healing via oxidative stress and necroptosis enhancement. J. Cell Mol. Med. 24,
4415–4427 (2020).
251. Yang, W. et al. Mitochondrial sirtuin network reveals dynamic SIRT3-dependent
deacetylation in response to membrane depolarization. Cell 167, 985–1000
e1021 (2016).
252. Tao, R. et al. Sirt3-mediated deacetylation of evolutionarily conserved lysine 122
regulates MnSOD activity in response to stress. Mol. Cell. 40, 893–904 (2010).
253. Torrens-Mas, M., Oliver, J., Roca, P. & Sastre-Serra, J. SIRT3: oncogene and tumor
suppressor in cancer. Cancers (Basel) 9, 90, https://doi.org/10.3390/
cancers9070090 (2017).
254. Torrens-Mas, M. et al. SIRT3 silencing sensitizes breast cancer cells to cytotoxic
treatments through an increment in ROS production. J. Cell Biochem. 118,
397–406 (2017).
255. Bell, E. L., Emerling, B. M., Ricoult, S. J. & Guarente, L. SirT3 suppresses hypoxia
inducible factor 1alpha and tumor growth by inhibiting mitochondrial ROS
production. Oncogene 30, 2986–2996 (2011).
256. Finley, L. W. et al. SIRT3 opposes reprogramming of cancer cell metabolism
through HIF1alpha destabilization. Cancer Cell. 19, 416–428 (2011).

Signal Transduction and Targeted Therapy (2021)6:2

NAD+ metabolism, stemness,. . .
Navas and Carnero

19
257. Li, R., Quan, Y. & Xia, W. SIRT3 inhibits prostate cancer metastasis through
regulation of FOXO3A by suppressing Wnt/beta-catenin pathway. Exp. Cell Res.
364, 143–151 (2018).
258. Son, M. J. et al. Upregulation of mitochondrial NAD(+) levels impairs the clonogenicity of SSEA1(+) glioblastoma tumor-initiating cells. Exp. Mol. Med. 49,
e344 (2017).
259. Ren, T. et al. MCU-dependent mitochondrial Ca(2+) inhibits NAD(+)/SIRT3/
SOD2 pathway to promote ROS production and metastasis of HCC cells.
Oncogene 36, 5897–5909 (2017).
260. Jeong, S. M., Hwang, S. & Seong, R. H. SIRT4 regulates cancer cell survival and
growth after stress. Biochem Biophys. Res Commun. 470, 251–256 (2016).
261. Wood, J. G. et al. Sirt4 is a mitochondrial regulator of metabolism and lifespan in
Drosophila melanogaster. Proc. Natl Acad. Sci. Usa. 115, 1564–1569 (2018).
262. Csibi, A. et al. The mTORC1 pathway stimulates glutamine metabolism and cell
proliferation by repressing SIRT4. Cell 153, 840–854 (2013).
263. Jeong, S. M. et al. SIRT4 has tumor-suppressive activity and regulates the cellular
metabolic response to DNA damage by inhibiting mitochondrial glutamine
metabolism. Cancer Cell. 23, 450–463 (2013).
264. Zhu, Y. et al. Knockout of SIRT4 decreases chemosensitivity to 5-FU in colorectal
cancer cells. Oncol. Lett. 16, 1675–1681 (2018).
265. Bringman-Rodenbarger, L. R., Guo, A. H., Lyssiotis, C. A. & Lombard, D. B.
Emerging roles for SIRT5 in metabolism and cancer. Antioxid. Redox Signal. 28,
677–690 (2018).
266. Du, J. et al. Sirt5 is a NAD-dependent protein lysine demalonylase and desuccinylase. Science 334, 806–809 (2011).
267. Bhardwaj, A. & Das, S. SIRT6 deacetylates PKM2 to suppress its nuclear localization and oncogenic functions. Proc. Natl Acad. Sci. Usa. 113, E538–E547 (2016).
268. Sebastian, C. et al. The histone deacetylase SIRT6 is a tumor suppressor that
controls cancer metabolism. Cell 151, 1185–1199 (2012).
269. Desantis, V., Lamanuzzi, A. & Vacca, A. The role of SIRT6 in tumors. Haematologica 103, 1–4 (2018).
270. Geng, C. H. et al. Overexpression of Sirt6 is a novel biomarker of malignant
human colon carcinoma. J. Cell Biochem. 119, 3957–3967 (2018).
271. Blank, M. F. et al. SIRT7-dependent deacetylation of CDK9 activates RNA polymerase II transcription. Nucleic Acids Res. 45, 2675–2686 (2017).
272. Blank, M. F. & Grummt, I. The seven faces of SIRT7. Transcription 8, 67–74 (2017).
273. Yu, J. et al. Regulation of serine-threonine kinase Akt activation by NAD
(+)-dependent deacetylase SIRT7. Cell Rep. 18, 1229–1240 (2017).
274. Tang, X. et al. SIRT7 antagonizes TGF-beta signaling and inhibits breast cancer
metastasis. Nat. Commun. 8, 318 (2017).
275. Salminen, A., Kauppinen, A. & Kaarniranta, K. AMPK/Snf1 signaling regulates
histone acetylation: Impact on gene expression and epigenetic functions. Cell
Signal. 28, 887–895 (2016).
276. Canto, C. et al. AMPK regulates energy expenditure by modulating NAD+
metabolism and SIRT1 activity. Nature 458, 1056–1060 (2009).
277. Costford, S. R. et al. Skeletal muscle NAMPT is induced by exercise in humans.
Am. J. Physiol. Endocrinol. Metab. 298, E117–E126 (2010).
278. Chang, C. et al. AMPK-dependent phosphorylation of GAPDH triggers Sirt1
activation and is necessary for autophagy upon glucose starvation. Mol. Cell. 60,
930–940 (2015).
279. Fulco, M. et al. Glucose restriction inhibits skeletal myoblast differentiation by
activating SIRT1 through AMPK-mediated regulation of Nampt. Dev. Cell. 14,
661–673 (2008).
280. Kim, J. S., Yoon, C. S. & Park, D. R. NAMPT regulates mitochondria biogenesis via
NAD metabolism and calcium binding proteins during skeletal muscle contraction. J. Exerc Nutr. Biochem. 18, 259–266 (2014).
281. Lan, F., Cacicedo, J. M., Ruderman, N. & Ido, Y. SIRT1 modulation of the acetylation status, cytosolic localization, and activity of LKB1. Possible role in AMPactivated protein kinase activation. J. Biol. Chem. 283, 27628–27635 (2008).
282. Luo, Z., Zang, M. & Guo, W. AMPK as a metabolic tumor suppressor: control of
metabolism and cell growth. Future Oncol. 6, 457–470 (2010).
283. Alessi, D. R., Sakamoto, K. & Bayascas, J. R. LKB1-dependent signaling pathways.
Annu Rev. Biochem. 75, 137–163 (2006).
284. Faubert, B., Vincent, E. E., Poffenberger, M. C. & Jones, R. G. The AMP-activated
protein kinase (AMPK) and cancer: many faces of a metabolic regulator. Cancer
Lett. 356, 165–170 (2015).
285. Woodard, J. & Platanias, L. C. AMP-activated kinase (AMPK)-generated signals in
malignant melanoma cell growth and survival. Biochem. Biophys. Res Commun.
398, 135–139 (2010).
286. Schuster, S. et al. FK866-induced NAMPT inhibition activates AMPK and downregulates mTOR signaling in hepatocarcinoma cells. Biochem Biophys. Res
Commun. 458, 334–340 (2015).
287. Bowlby, S. C., Thomas, M. J., D’Agostino, R. B. Jr. & Kridel, S. J. Nicotinamide
phosphoribosyl transferase (Nampt) is required for de novo lipogenesis in
tumor cells. PLoS One 7, e40195 (2012).

Signal Transduction and Targeted Therapy (2021)6:2

288. Wang, L. et al. PARP1 in carcinomas and PARP1 inhibitors as antineoplastic
drugs. Int. J. Mol. Sci. 18, 2111, https://doi.org/10.3390/ijms18102111 (2017).
289. Dorsam, B. et al. PARP-1 protects against colorectal tumor induction, but promotes inﬂammation-driven colorectal tumor progression. Proc. Natl Acad. Sci.
USA 115, E4061–E4070 (2018).
290. Kumari, A. et al. Regulation of E2F1-induced apoptosis by poly(ADP-ribosyl)
ation. Cell Death Differ. 22, 311–322 (2015).
291. Schiewer, M. J. et al. PARP-1 regulates DNA repair factor availability. EMBO. Mol.
Med. 10, e8816, https://doi.org/10.15252/emmm.201708816 (2018).
292. Schiewer, M. J. & Knudsen, K. E. Transcriptional roles of PARP1 in cancer. Mol.
Cancer Res. 12, 1069–1080 (2014).
293. Schiewer, M. J. et al. Dual roles of PARP-1 promote cancer growth and progression. Cancer Discov. 2, 1134–1149 (2012).
294. Bai, P. Biology of Poly(ADP-Ribose) polymerases: the factotums of cell maintenance. Mol. Cell. 58, 947–958 (2015).
295. Bai, P. et al. Poly(ADP-ribose) polymerases as modulators of mitochondrial
activity. Trends Endocrinol. Metab.: Tem. 26, 75–83 (2015).
296. Chini, E. N. CD38 as a regulator of cellular NAD: a novel potential pharmacological target for metabolic conditions. Curr. Pharm. Des. 15, 57–63 (2009).
297. Lee, H. C. & Zhao, Y. J. Resolving the topological enigma in Ca(2+) signaling by
cyclic ADP-ribose and NAADP. J. Biol. Chem. 294, 19831–19843 (2019).
298. Malavasi, F. et al. CD38 and chronic lymphocytic leukemia: a decade later. Blood
118, 3470–3478 (2011).
299. Chini, C. C. et al. Targeting of NAD metabolism in pancreatic cancer cells:
potential novel therapy for pancreatic tumors. Clin. Cancer Res. 20, 120–130
(2014).
300. Zhao, Y. J., Lam, C. M. & Lee, H. C. The membrane-bound enzyme CD38 exists in
two opposing orientations. Sci. Signal. 5, ra67 (2012).
301. Garavaglia, S. et al. The high-resolution crystal structure of periplasmic Haemophilus inﬂuenzae NAD nucleotidase reveals a novel enzymatic function of
human CD73 related to NAD metabolism. Biochem J. 441, 131–141 (2012).
302. Grozio, A. et al. CD73 protein as a source of extracellular precursors for sustained
NAD+ biosynthesis in FK866-treated tumor cells. J. Biol. Chem. 288,
25938–25949 (2013).
303. Sociali, G. et al. Antitumor effect of combined NAMPT and CD73 inhibition in an
ovarian cancer model. Oncotarget 7, 2968–2984 (2016).
304. Sadej, R. & Skladanowski, A. C. Dual, enzymatic and non-enzymatic, function of
ecto-5’-nucleotidase (eN, CD73) in migration and invasion of A375 melanoma
cells. Acta Biochim. Polonica. 59, 647–652 (2012).
305. Nacarelli, T. et al. NAMPT inhibition suppresses cancer stem-like cells associated
with therapy-induced senescence in Ovarian Cancer. Cancer Res. 80, 890–900
(2020).
306. Tateishi, K. et al. The alkylating chemotherapeutic temozolomide induces
metabolic stress in IDH1-mutant cancers and potentiates NAD(+) depletionmediated cytotoxicity. Cancer Res. 77, 4102–4115 (2017).
307. Tateishi, K. et al. Myc-driven glycolysis is a therapeutic target in glioblastoma.
Clin. Cancer Res. 22, 4452–4465 (2016).
308. Abu Aboud, O. et al. Dual and speciﬁc inhibition of NAMPT and PAK4 by KPT9274 decreases kidney cancer growth. Mol. Cancer Ther. 15, 2119–2129 (2016).
309. Aboukameel, A. et al. Novel p21-activated kinase 4 (PAK4) allosteric modulators
overcome drug resistance and stemness in pancreatic ductal adenocarcinoma.
Mol. Cancer Ther. 16, 76–87 (2017).
310. Cordover, E. et al. KPT-9274, an inhibitor of PAK4 and NAMPT, leads to downregulation of mTORC2 in triple negative breast cancer cells. Chem. Res Toxicol.
33, 482–491 (2020).
311. Rane, C. et al. A novel orally bioavailable compound KPT-9274 inhibits PAK4, and
blocks triple negative breast cancer tumor growth. Sci. Rep. 7, 42555 (2017).
312. Li, N. et al. Dual PAK4-NAMPT inhibition impacts growth and survival, and
increases sensitivity to DNA-damaging agents in waldenstrom macroglobulinemia. Clin. Cancer Res. 25, 369–377 (2019).
313. Mpilla, G. et al. PAK4-NAMPT dual inhibition as a novel strategy for therapy
resistant pancreatic neuroendocrine tumors. Cancers (Basel) 11, 1902, https://
doi.org/10.3390/cancers11121902 (2019).
314. Takao, S. et al. Targeting the vulnerability to NAD(+) depletion in B-cell acute
lymphoblastic leukemia. Leukemia 32, 616–625 (2018).
315. Mitchell, S. R. et al. Selective targeting of NAMPT by KPT-9274 in acute myeloid
leukemia. Blood Adv. 3, 242–255 (2019).
316. Jiang, Y. Y. et al. Targeting super-enhancer-associated oncogenes in oesophageal squamous cell carcinoma. Gut 66, 1358–1368 (2017).
317. Somers, K. et al. Effective targeting of NAMPT in patient-derived xenograft
models of high-risk pediatric acute lymphoblastic leukemia. Leukemia 34,
1524–1539 (2020).
318. Korotchkina, L. et al. OT-82, a novel anticancer drug candidate that targets the
strong dependence of hematological malignancies on NAD biosynthesis. Leukemia 34, 1828–1839 (2020).

NAD+ metabolism, stemness,. . .
Navas and Carnero

20
319. Guo, J. et al. Identiﬁcation of novel resistance mechanisms to NAMPT inhibition
via the de novo NAD(+) biosynthesis pathway and NAMPT mutation. Biochem
Biophys. Res Commun. 491, 681–686 (2017).
320. Thongon, N. et al. Cancer cell metabolic plasticity allows resistance to NAMPT
inhibition but invariably induces dependence on LDHA. Cancer Metab. 6, 1
(2018).
321. Gupta, P. B., Chaffer, C. L. & Weinberg, R. A. Cancer stem cells: mirage or reality?
Nat. Med. 15, 1010–1012 (2009).
322. Felipe-Abrio, B. & Carnero, A. The tumor suppressor roles of MYBBP1A, a major
contributor to metabolism plasticity and stemness. Cancers (Basel) 12, 254,
https://doi.org/10.3390/cancers12010254 (2020).
323. Felipe-Abrio, B., Verdugo-Sivianes, E. M. & Carnero, A. c-MYB- and PGC1adependent metabolic switch induced by MYBBP1A loss in renal cancer. Mol.
Oncol. 13, 1519–1533 (2019).
324. Felipe-Abrio, B., Verdugo-Sivianes, E. M., Saez, C. & Carnero, A. Loss of MYBBP1A
Induces Cancer Stem Cell Activity in Renal Cancer. Cancers (Basel) 11, 235,
https://doi.org/10.3390/cancers11020235 (2019).
325. Ostrakhovitch, E. A. et al. Dedifferentiation of cancer cells following recovery
from a potentially lethal damage is mediated by H2S-Nampt. Exp. Cell Res. 330,
135–150 (2015).
326. Sanokawa-Akakura, R. et al. A H2S-Nampt dependent energetic circuit is critical
to survival and cytoprotection from damage in cancer cells. PLoS One 9,
e108537 (2014).
327. Chen, W. et al. Dual NAMPT/HDAC inhibitors as a new strategy for multitargeting antitumor drug discovery. ACS Med. Chem. Lett. 9, 34–38 (2018).
328. Dong, G. et al. Small molecule inhibitors simultaneously targeting cancer
metabolism and epigenetics: discovery of novel nicotinamide phosphoribosyltransferase (NAMPT) and histone deacetylase (HDAC) dual inhibitors. J. Med.
Chem. 60, 7965–7983 (2017).
329. Pylaeva, E. et al. NAMPT signaling is critical for the proangiogenic activity of
tumor-associated neutrophils. Int J. Cancer 144, 136–149 (2019).
330. Audrito, V., Manago, A., Gaudino, F. & Deaglio, S. Targeting metabolic reprogramming in metastatic melanoma: the key role of nicotinamide phosphoribosyltransferase (NAMPT). Semin Cell Dev. Biol. 98, 192–201 (2020).
331. Franssen, L. E., Mutis, T., Lokhorst, H. M. & van de Donk, N. Immunotherapy in
myeloma: how far have we come? Therapeutic Adv. Hematol. 10,
2040620718822660 (2019).

332. Naik, J. et al. CD38 as a therapeutic target for adult acute myeloid leukemia
and T-cell acute lymphoblastic leukemia. Haematologica 104, e100–e103
(2019).
333. Chen, L. et al. CD38-mediated immunosuppression as a mechanism of
tumor cell escape from PD-1/PD-L1 blockade. Cancer Discov. 8, 1156–1175
(2018).
334. Opitz, C. A. et al. The indoleamine-2,3-dioxygenase (IDO) inhibitor 1-methyl-Dtryptophan upregulates IDO1 in human cancer cells. PLoS One 6, e19823
(2011).
335. Katz, J. B., Muller, A. J. & Prendergast, G. C. Indoleamine 2,3-dioxygenase in
T-cell tolerance and tumoral immune escape. Immunol. Rev. 222, 206–221
(2008).
336. Lob, S. et al. IDO1 and IDO2 are expressed in human tumors: levo- but not
dextro-1-methyl tryptophan inhibits tryptophan catabolism. Cancer Immunol.
Immunother. 58, 153–157 (2009).
337. Brochez, L., Chevolet, I. & Kruse, V. The rationale of indoleamine 2,3-dioxygenase
inhibition for cancer therapy. Eur. J. Cancer 76, 167–182 (2017).
338. von Heideman, A., Berglund, A., Larsson, R. & Nygren, P. Safety and efﬁcacy of
NAD depleting cancer drugs: results of a phase I clinical trial of CHS 828 and
overview of published data. Cancer Chemother. Pharmacol. 65, 1165–1172
(2010).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

Signal Transduction and Targeted Therapy (2021)6:2

