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Glioma Cancer Stem-Like Cells (GSCs) are a small subset of CD133" cells with
self-renewal properties and capable of initiating new tumors contributing to Glioma
progression, maintenance, hierarchy, and complexity. GSCs are highly resistant to chemo
and radiotherapy. These cells are believed to be responsible for tumor relapses and
patients’ fatal outcome after developing a recurrent Glioblastoma (GBM) or High Grade
Glioma (HGG). GSCs are cells under replicative stress with high demands on NAD*
supply to repair DNA, maintain self-renewal capacity and to induce tumor plasticity. NADT
feeds Poly-ADP polymerases (PARP) and NAD*-dependent deacetylases (SIRTUINS)
contributing to GSC phenotype. This energetic core axis is mainly controlled by the
rate-limiting enzyme nicotinamide phosphoribosyltransferase (NAMPT), an important
oncogene contributing to tumor dedifferentiation. Targeting GSCs depicts a new
frontier in Glioma therapy; hence NAMPT could represent a key regulator for GSCs
maintenance. Its inhibition may attenuate GSCs properties by decreasing NAD supply,
consequently contributing to a better outcome together with current therapies for
Glioma control.

Keywords: NAD, NAMPT, Glioma, GSCs, PARP, SIRT, TMZ, GBM

INTRODUCTION

Gliomas are the most prevalent primary brain cancer in adults. Arising from glia cells, Gliomas
involve a broad category of tumors including astrocytoma, oligodendroglioma, and glioblastoma
(GBM). Regardless of tumor aggressiveness, malignancy and infiltration, these glia-derived tumors
rarely exceed a median survival time of 12-14 months (1, 2). Driven by the infiltrative nature of
these tumors, the clinical approach is difficult and relapses often occur with fatal consequences.

Therapeutic responses and patient survival rely on intratumoral heterogeneity ruled by genetic
and epigenetic effectors. Nonetheless, there are many physiological barriers to the development
of successful treatments. Blood-brain barrier (BBB) is a major limitation when it comes to
deliver a chemotherapy-based treatment. Surgical resection is an ineffective long-term procedure
since Gliomas infiltrate together with healthy brain tissue and their resection become virtually
impossible. Invasive procedures compromise the patient’s life quality and radiotherapy drives
harmful side effects. As a final outcome, gliomas ultimately relapse in highly radio- and
chemo-resistant forms.
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These unsuccessful attempts to control glioma’s fate have
fostered research looking for more effective therapies.

Glioma Stem-like cells (GSCs) are Cancer initiating cells
(CICs) maintaining self-renewal properties, sustaining cellular
hierarchy, and partially explaining the tumor heterogeneity since
they maintain a progeny responsible for tumor complexity (3,
4). GSCs express certain stem cell-like markers and were first
characterized as CD133™ cells able to initiate new tumors in mice
(5). GSCs are chemo- and radio resistant, contributing to tumor
relapse. Hence, targeting the molecular networks controlling
GSCs maintenance is a promising new treatment frontier for
glioma control.

According to the most recent World Health Organization
for Glioma classification, GBM is labeled as a grade IV glioma
(6). Although GBM often originates from 5 different cell
types, neuronal stem cells, transit amplification cells, glial/neural
progenitors, astrocytes, and oligodendrocytes (Figure 1), it may
be classified into two types depending on its severity: primary
and secondary GBM. A low grade diffuse astrocytoma (Grade
II glioma) or an anaplastic astrocytoma (Grade III glioma)
might evolve to a secondary GBM (Figure 1). Counting up
to 95% of total cases, primary GBM tumors are the most
frequent. Since primary and secondary GBMs display a markedly
micro vascularization and high mitotic activity, they are mostly
indistinguishable histologically. High mitotic activity turns
Gliomas in very fast growing tumors. Since the growth rate is
often greater than its angiogenesis capacity, the tumor’s core is
often hypoxic and necrotic (7). Nonetheless, secondary GBMs
only count for 5% of the total cases.

Representing up to 16% of brain tumors, GBM risk and
incidence are age-related. Normally it affects an average of 7.2
individuals per 100,000 adults aged 19 and above. Nonetheless,
14.6 individuals per 100,000 are aged between 74 and 84,
representing the highest incidence peak (7).

Regardless of gender, GBM patient prognosis rarely exceeds
12 months after diagnosis. Nonetheless, GBM shows gender
preference, being 40% more frequent in men (1, 2). Broadly, the
standard therapeutic strategy for Gliomas consists of a primary
resection surgery followed by radiotherapy and chemotherapy.
However, since surgery is virtually unable to remove the
neoplastic tissue, GSCs will ultimately reconstitute the whole
tumor, leading to the consequence that 100% of patients end up
with a relapse of the tumor in a peripheral area up to 2 cm from
the focus of origin.

Following surgery, radiotherapy is often applied with
Temozolomide (TMZ) as an adjuvant treatment. TMZ is a DNA
alkylating agent able to permeate through the brain blood barrier
(8). Since the early 2000s, it has been one of the few FDA
approved drugs for GBM control, providing a survival advantage
of 2.5 months. Recently, FDA approved Bevacizumab and
Lomustine for recurrent GBM and Carmustine wafer for newly
diagnosed high grade-malignant glioma (HGG) and recurrent
GBM. To date, all these new treatments show inconclusive results
regarding the benefits or survival advantages over TMZ, merely
providing disease-related symptoms.

Even though treatments in other cancers have greatly evolved
in recent years, the clinical approach to Glioma treatment

remains challenging. Despite treatment, <5% of patients survive
more than 5 years after the diagnosis.

An unmonitored cluster of gene expression data from 200
GBM samples from TCGA in 2011 established four subtypes of
GBM according to their molecular profile: Proneural, Classical,
Mesenchymal, and Neural (9, 10).

Proneural subtype is characterized by abnormalities in
platelet-derived growth factor alpha receptor (PDGFRA) or in
isocitrate dehydrogenase 1 (IDHI1). The Classical subtype is
mainly characterized by mutations in the epidermal growth
factor receptor (EGFR). Mesenchymal subtype features
mutations in neurofibromine 1 (NF1). Neural subtype was
not completely defined but it is known to contain amplification
and overexpression of EGFR. Nonetheless, molecular markers
defining the neural subtype of GBM could be contaminated with
normal neural tissue in the tumor margin, thus not representing
a true subtype.

The mutational spectrum of GBM is varied. They are
highly molecularly complex tumors and the number of coding
mutations per tumor sample is assorted.

Ranging from 3 to 179 mutations per tumor, the average
mutational burden per tumor is 53 (9). The most frequent
mutations in GBMs are PTEN (29%), TP53 (29%), EGFR
(20%), 21 NF1 (9%), RB1 (8%), phosphatidylinositol-4,5-
bisphosphate alpha catalytic subunit - 3- kinase (PIK3CA; 7%),
regulatory subunit 1 of 3-phosphoinositide (PIK3R1; 6%), and
IDH1(5%) (11, 12).

All GBM subtypes and HGGs have in common a deep
dependence on glucose consumption as the main source of
metabolic energy. Gliomas are highly metabolic and rely on
glycolytic pathways. This is why most gliomas may have a strong
dependence on NAD™ metabolism as the main intermediary in
the reduction-oxidation reactions (13, 14). Additionally, GSCs
are cells under replicative stress with high demands on NAD™
supply to repair DNA, maintain self-renewal capacity and to
induce tumor plasticity. NAD" feeds PARP and SIRTUINS
contributing to GSC phenotype. This energetic core axis is mainly
controlled by the rate-limiting enzyme NAMPT, an important
oncogene contributing to tumor dedifferentiation.

In addition, NAMPT is particularly overexpressed in
mesenchymal GSCs, where its expression is correlated to a
hypomethylation state driven by depletion of methionine and de
novo methyltransferases, sustaining mesenchymal GSCs rapid
growth and NAM consumption to support NAD™T utilization
and sustain DNA hypomethylation (15), another marker of poor
GBM prognosis.

In this review we will explore the importance of NAD ™ as core
axis for Glioma Cancer Stem-Like Cells maintenance and how
targeting NAMPT over GSCs could represent a promising new
frontier therapy for Glioma control.

MALIGNANT CLONAL EVOLUTION
ON GLIOMAS

Intertumoral diversity relies on a particular clonal evolution
driven by a cell of origin acquiring cancer-initiating capacity
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FIGURE 1 | Glioma cell(s) of origin and NAD™ relative consumption. The size of the font indicates the relative NAD* consumption.
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(Figure 1) (16). Whether specific glioma cells of origin are
susceptible to certain cancer-initiating mutations driving to GSCs
is unclear. Nonetheless, there are many studies suggesting that
certain progenitors and stem cells are markedly susceptible to
a variety of different mutations (Figurel) (17). Some cells
of origins might potentially display a preferential vulnerability
to specific mutations. To note, TCGA molecular subtypes are
augmented for lineage markers characteristic of distinct glia-
derived cell types, suggesting that molecular and/or epigenetic
profiles of the Glioma initiating cell are maintained during
tumorigenesis (18). Clonal evolution on Gliomas can be an
important determinant defining tumor phenotype and genotype
in both GBM and HGGs. Nonetheless, given the diversity of
driver mutations representing different subtypes of GBM, the
contribution of the cancer initiating cell is unknown (Figure 1)
(11). Indeed, recent studies in adult neural stem cells (NSCs)
and oligodendrocyte precursor cells (OPCs) reveal that they
might have different transformation capacity as a cellular origin
candidacy since their self-renewal capacity in the adult human
brain is again under re-evaluation (19). Any cell type out of
the five candidates to drive into a primary GBM can evolve
to a defined molecular GBM subtype, mainly depending on
their driver mutation leading to the cancer-initiating phenotype
(19) (Figure 1). Since single GBM cells are not mere genetic
phenocopies, analyses from tumor cells taken from the same
patient show notably heterogeneous tumors consisting of mutant
cells carrying different genetic burden, expression of different cell

markers and different levels of aneuploidy (20). The inherent
heterogeneity and complexity of GBM, HGG, and GSCs show
a variable expression of transcriptional programs embracing
different cellular processes involving cell cycle, hypoxia, and
immune signaling (10).

Alterations such as chromosomal aberrations, genomic
rearrangements, and focal copy number aberrations can give rise
to GSCs and eventually to a glioma.

GSCs are a subpopulation of cells that explain part of
tumor heterogeneity. Circulating GSCs also display stem
cell-like properties (21). They are cells with capacity for
differentiation and self-renewal, responsible for the hierarchical
clonal development and able to regenerate de novo tumor from a
single cell. The metabolism of NAD™ could play a relevant role
in the mechanisms associated with chemoresistance in CICs and
their maintenance mechanisms.

NICOTINAMIDE ADENINE
DINUCLEOTIDE METABOLISM

Four major molecules are used as substrates for the synthesis
of NAD™. These molecules are dietary tryptophan (L-Trp),
nicotinic acid (NA), nicotinamide (NAM), and nicotinamide
riboside (NR) (22).

These four major metabolic molecules are involved in
the synthesis of NADT through two major pathways:
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De Novo Pathway and Salvage Pathway. Some metabolic
intermediates such as nicotinamide = mononucleotide
(NMN) might also stimulate the direct synthesis of
NAD™ (Figure 2) (23, 24).

De novo synthesis of NAD™ takes place intracellularly in
an eight-step reaction (25-29). This pathway takes the L-
Trp acquired through daily diet as a conversion molecule
when obtaining NAD™. Tryptophan-derived quinolinic acid is
produced and used by quinolinate phosphoribosyl transferase
(NAPT) to form nicotinic acid mononucleotide (NAMN).
NAMN is converted to nicotinic acid adenine mononucleotide
(NAAD) in a NMN adenylyltransferase (NMNAT) -mediated
reaction with ATP consumption (25). There are three isoforms
of NMNAT (NMNAT 1-3) with different tissue and cellular
locations depending on the metabolic requirements (30).
NMNAT-1 is an ubiquitously expressed nuclear protein.
NMNAT-2 is normally present in the golgi apparatus and the
cytosol (31-35). NMNAT-3 may be present in both the cytosol
and mitochondrial compartments. The efficiency of obtaining
NAD™ by dietary tryptophan is very low compared to that
obtained by the Salvage pathway.

This NAD™ synthesis pathway is also known as the Preiss-
Handler pathway. In this pathway the NADT is generated
from Niacin (Vitamin B3) in a three-step reaction (36). NAM
can also be a precursor of NAD" through its conversion to
NMN by the limiting enzyme nicotinamide phosphoribosyl
transferase (NAMPT). NMN acts as an intermediate by
catalyzing the reversible addition of a ribose group from
5-phosphoribosyl-D-ribosyl-1-pyrophosphate to NAM. In the
mitochondrial respiratory chain, NADH acts as the main donor

of electrons, which end up in the generation of ATP by oxidative
phosphorylation (37-39).

The liver is the major organ involving NAD' metabolic
activity as it expresses all enzymes for either metabolism or
recycling. Hepatic cells can actually convert all its precursors: NA,
NAM, and their ribosides as well as L-Trp. For that, NAMPT and
NAPRT mRNA levels are particularly high in the liver, so this
organ is one of the major NAD™ recycling and synthesis engine
cores in humans (40, 41).

All tissues have the potential to at least convert NAM and
NR into NAD™. That is why the NAMPT enzyme and at least
two NMNAT isoforms are ubiquitously expressed in all cells and
tissues. Some others, such as NMNAT2, are brain specific (42).
Other NMNAT isoforms are expressed in a greater proportion in
the pancreas, thyroid gland and lymphocytes (31). In mammalian
cells, the metabolism of NAD' is compartmentalized. The
formation of NADT from NMN takes place in the nucleus
and in the mitochondria (37, 38, 43). These two organelles are
particularly important as the most important NAD™-dependent
intracellular signaling pathways occur in them.

The most important cytosolic NAD™T precursor for
mitochondrial synthesis is NMN. Therefore, NAD-dependent
cellular processes are intimately linked to the most important
molecular events that could lead to cancer: genomic alterations,
metabolic imbalances, and changes in the transcription patterns
of candidate oncogenes or tumor suppressors.

Nicotinamide phosphoribosyl transferase (NAMPT) is the
limiting enzyme of the NAD™ Salvage Pathway, the major NAD*
source in living cells, being the major contributor to NAD™
maintenance, recycling, and homeostasis.

\

@
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FIGURE 2 | NAMPT/Nicotinamide adenine dinucleotide metabolism. Four major synthesis precursors (Exogenous NA, exogenous NAM, NR, and Tryptophan, dark
gray) are divided between two major pathways: de novo pathway (light green), and salvage pathway (light purple).
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NAMPT is a highly conserved protein among mammals.
It was cloned and isolated for the first time in the organism
Haemophilus ducreyi and it has been extensively studied.

It was originally characterized as the human homologous
protein pre-B cell colony-enhancer factor (PBEF). In its role as
PBEF it acts as a cytokine, which stimulates early B cell formation
in a synergistic effect with interleukin 7 (IL-7) and stem cell factor
(SEC) (44, 45).

The gene encoding NAMPT is found on human chromosome
7, specifically at the 7q22.3 locus. The size of the gene within the
DNA is 3.7 kilobases (kb) and contains 11 exons and 10 introns
that encode a coding DNA (cDNA) of 2.357 kb. The protein has a
weight of 52 kilodaltons (kDa) and contains 491 amino acids (aa)
(46). The protein lacks a cellular export signal and also contains 6
cysteine residues, so it has been suggested a structure of the same
as zinc finger.

In silico, up to 13 messengers of different NAMPT RNAs
(mRNA) are predicted by alternative splicing mechanisms, of
which only four have been found at the biological level. Of the
four, only the first messenger translating into the 491 amino
acid protein is able to make the conversion to its enzymatic
product NMN.

NAMPT is expressed in all tissues, with higher levels in bone
marrow, liver, and muscle fiber cells, where the energy intake
is greater.

The extracellular form of NAMPT, PBEE, or Visfatin is known
as extracellular NAMPT (eNAMPT, as opposed to intracellular
NAMPT, iNAMPT), an adipocytokine that is expressed in
visceral fat tissue and whose circulating levels correlate with
obesity (43). The extracellular role of NAMPT is unknown and
could have a function of activation or silencing in signaling
pathways within the cell other than those related to its enzymatic
function such as NAMPT.

As a limiting enzyme of the pathway which plays a key role
in the maintenance of intracellular NAD+, NAMPT could be an
oncogene contributing to the onset, progression and relapse of
cancer (47).

NAMPT IN CANCER

NAMPT is overexpressed in a broad range of solid tumors
including colorectal, ovarian, breast, gastric, prostate, well-
differentiated thyroid cancers, melanoma, gliomas, and
endometrial carcinomas (48-51). Clinically, higher NAMPT
expression is associated with worse prognosis correlating with
tumor growth, metastases and cellular dedifferentiation in
melanoma (52, 53). High levels of NAMPT have been found
in hematological malignancies such as diffuse large B-cell
lymphoma, Hodgkin’s lymphoma, follicular B-cell lymphoma,
and peripheral T-cell lymphoma. In these tumors, it associates to
a more aggressive malignant lymphoma phenotype (54).

Besides, NAMPT levels have been associated to increased
chemoresistance to certain therapeutic agents such as
doxorubicin, paclitaxel, etoposide, fluorouracil, and phenylethyl
isothiocyanate (55, 56).

Many studies have shown that NAD™ depletion by NAMPT
inhibition causes cell death through apoptosis. Many pro-
apoptotic proteins were found activated when NAMPT is

inhibited in leukemias, multiple myeloma, breast cancer, and
lymphoma cells (57-64). It has been found that NAMPT
inhibition-mediated apoptosis requires functional apoptotic
machinery because blocking apoptosis with several factors such
as: L-type calcium channels with verapamil or nimodipine, capase
3 with Z-Asp-Glu Val-Asp-fluoromethylketone, capase 9 with
Z-Leu-Glu-His-Asp-fluoromethylketone, or the mitochondrial
permeability transition with bongkrekic acid blocks the effect of
NAMPT inhibition-mediated apoptosis (62, 64).

Three NAMPT inhibitors (APO866/FK866, GMX1778,
and GMX1777) entered clinical trials and completed
phase I, however, further evaluation was discontinued

primarily due to dose-limiting toxicities (ClinicalTrials.gov
identifiers: NCT00457574, NCT00724841, NCT00432107,
NCT00435084, NCT00431912).

More enzymes of the salvage pathway have been suggested
to be potential therapeutic targets in cancer. Mitochondrial
NMNAT3 knockdown had minimal effect over mitochondrial
NAD+levels (37, 65, 66). On the other hand, NMNAT?2 cytosolic
inhibition decreased mitochondrial NAD+ levels, suggesting that
NAD+ in the mitochondrial is partially supported by NAD+
intake from the cytosol (65). However, shortly after it was found
that NAMPT inhibition had no effect on mitochondrial NAD*
pool, discarding the previous theory, and highlighting the role
of NAMPT as the main potential target of the pathway in
cancer by depleting NAD™ pool (40). NAMPT inhibition seems
to be particularly effective over cells harboring naturally high
glycolysis (67).

CAUSAL ROLE OF NAD+ IN GLIOMA
STEM-LIKE CELLS TRANSFORMATION

NAD™ is an important cofactor for cells requiring high
energetics demands and helps to maintain a proficient neural
function. Indeed, the increase in NADT levels shown as
Nicotinamide nucleotide transhydrogenase (NNT) and
Nicotinamide nucleotide adenylyltransferase 3 (NMNAT3)
delays senescence in mesenchymal stem cells (68). In relation, it
is known that NAMPT and NAD™ biosynthesis decreases with
age in the hippocampus (69). Also, NAMPT downregulation
and NAD™ depletion reduces pool and proliferation of Neural
stem progenitor cells (NSPCs) in vivo (70). Increased NR
decreases senescence in both neural and melanocyte stem cells
by improving mitochondrial function relying on SIRT1 function
(68). It has been reported that NAD™ replenishment reduces
the severity of Ataxia telangiectasia (A-T) neuropathology,
normalizing neuro-muscular function, extending lifespan in
animal models, and delaying memory loss (71). Moreover,
intracellular NAD™ levels stimulates neural DNA repair
through PARP proteins and improves mitochondrial activity via
mitophagy (71).

Cancer cells exhibit a dependency on metabolic pathways
regulated by NAD™. Nonetheless, the regulatory network
interfacing with signal transduction remains poorly understood
in GBM and HGG. NAMPT downregulation reduces in vivo
tumorigenicity (72). Indeed, RNA-seq reveals the transcription
factor E2F2 in the center of an NAD T -dependent transcriptional
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network, required to self-renewal maintenance in GSCs.
Interestingly, downstream to E2F2 we can find members of the
inhibitor of differentiation (ID) helix-loop-helix gene family (72).

NAMPT and NADT levels also mediate GSCs radio-
resistance. NADT pool decreases with aging and their levels are
critical in cell bioenergetics and adaptive stress responses (73).

Another important consequence driven by NAD™ supply
is the epigenetic reprogramming in tumors. Nicotinamide
N-methyltransferase (NNMT) is a critical node in methyl
donor metabolism and is markedly upregulated in GBM
(15). NNMT is also overexpressed in mesenchymal stem
cells. Increases in NNMT lead to a decrease in S-Adenosyl
methionine (SAM), a methyl donor generated from methionine.
GSCs show a decrease in methionine and SAM, thereby
decreased levels of Nicotinamide (15). However, GSCs
show notably increased NAD™ levels and the dramatic
hypomethylation state in GBM, leading tumors to shift
toward mesenchymal phenotype and accelerated growth,
where NAMPT is particularly overexpressed (15). Targeting
NNMT decreases cellular proliferation and diminishes methyl
donor availability, thus decreasing methionine levels. This
fact also leads to the induction of decreasing unmethylated
cytosine levels, increased DNA methyltransferases and
induced expression of de novo methylases like DNMT1 and
DNMT3A (15).

NAMPT is ultimately required for G1/S progression of the
Neural Stem Progenitor Cells (NSPC) cell cycle (69). Indeed,
NAMPT is crucial for oligodendrocytic lineage fate decisions
through an overlapping mechanism mediated by Sirtl and
Sirt2. Reported studies on this topic proved that NAMPT
downregulation in vivo leads to a decreased NSPC-mediated
oligodendrogenesis (69).

ROLE OF SIRTUINS IN GLIOMA
PROGRESSION

Sirtuins are NAD™T dependent deacetylases that regulate
numerous cellular processes including aging, cell cycle,
metabolism, DNA repair, and survival under stress conditions.
Nonetheless, the role of Sirtuins in glioma remains unclear,
with some studies counteracting others. Whether they act as
an oncogene or tumor suppressor in Glioma progression is
unclear, but their contribution seems to be correlated with
tumor heterogeneity.

On one hand, SIRT1 is characterized by some authors as a
promoter factor in tumorigenesis of human glioma. The role
of SIRT1 in glioma may be related with PTEN/PI3K/Akt axis
promoting tumorigenicity (74).

On the other hand, some studies point that SIRT?2 is required
for GSCs proliferation arrest, highlighting a potential tumor
suppressive effect over GSCs (75). Nonetheless, Funato et al.
proposed a mechanism where SIRT2-mediated inactivation of
p73 is required for GBM tumorigenicity (76).

Accordingly, Li et al. found that SIRT2 expression is
markedly down-regulated in human glioma. Indeed, its
expression decreases cell growth and colony formation

via apoptosis. Mechanistically, they claim that mIR-21
is essential for the functions of SIRT2 in these tumors.
SIRT2 specifically deacetylases p65 to decrease mIR-21
expression (77). They conclude in their study that SIRT2
suppresses glioma cell growth through targeting NF-kB-mIR-21
axis (77).

Other Sirtuins like SIRT6 suppresses cell proliferation,
migration, and invasion via inhibition of oxidative stress through
NOTCH3 (78) or inhibition of the activation of the JAK2/STAT3
pathway in glioma (79).

Mechanistically, miR-33a targets SIRT6 and promotes tumor
development in human glioma by regulating its expression (80).

REPLICATION STRESS: ROLE OF PARP
PROTEINS IN GLIOMA PROGRESSION

GSCs are Mismatch repair-proficient (MMR-proficient)
cells. TMZ-resistant GSCs are either O°-methylguanine-DNA
methyltransferase (MGMT) active or displaying low proliferation
rate. MMR-proficiency leads GSCs to select networks to
effectively repair DNA driven by TMZ and radiotherapy (81).
GSCs are also highly radioresistant. This radio resistance was
originally overcome for the first time through CHK1 and CHK2
inhibition (82).

NAD™ plays a key role enhancing Base excision repair
(BER) pathway through Poly(ADP-ribose) polymerases (PARPs)
(83). PARP1 expression is increased in GBM at both mRNA
and protein level. Increased PARP1 levels show a positive
correlation with increasing tumor grades in Gliomas. PARP1
is ultimately essential for DNA repair during TMZ-based
treatment and radiation therapy (Figure3) (83). PARPI
expression is associated with TP53 and ataxia telangiectasia—
Rad3 related kinase (ATR) mutations (84). GSCs display
elevated basal levels of activated ATR and CHKI along with
increased replication stress (RS) expression markers including
foci marked with the single-stranded DNA binding protein,
replication protein A, DNA damage markers yH2AX and
53BP1 (82). PARPI is mainly overexpressed in Proneural and
Classical GBM subtypes. PARP1 overexpression decreases OS
in patients with classical type GBM (84). GSCs display a
heightened DNA damage response (DDR) with a markedly
enhanced replication stress. In order to overcome radiation
resistance relying on G;-M activation, combined inhibition
of ATR and PARP inhibitors proved to be effective (85—
87). Since chemical inhibition of PARP1 through Olaparib
also impairs BER, it significantly enhances TMZ-induced
damage (Figure 3), exerting synergistic anti-tumor effects in
GSCs lines.

NAD™T availability is substantially decreased in IDHI-
mutants, thus, PARPl-associated DNA repair pathway is
compromised. Targeting DNA repair pathway through PARP
inhibition sensitizes IDHI1-mutated glioma cells to TMZ in
combinational therapy (83).

When radio- or chemo-driven DNA damage occurs, PARP1
and PARP2 enzymes are recruited as a systemic damage
response to bind to ssDNA breaks and transduce signals within
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in GSCs. PARPs-based DNA repair defines chemosensitivity. PARPs efficacy relies on NADY levels mainly controlled by NAMPT. NAMPT dually governs NADT

the DDR pathways (82). Once the bond to ssDNA breaks,
damaged cells activate PARP1/2 to post-translationally modify
themselves together with proteins by synthesizing negatively
charged poly(ADP-ribose) chains.

Poly-ADP ribosylation recruits proteins involved in ssDNA
break repair, for example XRCC1 modifying chromatin structure.
Regulating fork stabilization and restart, PARP proteins work on
DNA replication, RS response ligation of lagging strand Okazaki
fragments, elongation velocity, and homologous recombination
repair of stalled DNA replication forks (88-92).

PARP “trapping” through PARP inhibitors leads to loss of
auto-PARylation, consequently facilitating removal of PARP
protein from DNA. ATR inhibitors decreases GSCs formation
in vitro. PARP inhibitors plus ATR inhibitors dramatically
decrease GSC formation and sensitize to radiotherapy. This
phenotype is greater in GSCs-CD133" cells compared to bulk
population (82, 93, 94).

To note, given the well-characterized immunosuppressive
tumor microenvironment associated with GBM, ATR treatment
may present two weapons against this disease: targeting the
addiction to the DDR pathway and reinvigorating T cells to attack
GBM cells following radiotherapy (87, 95).

One of the major limitations establishing PARP or ATR
inhibitors as a standard therapy is the BBB, which means an
ineffective drug penetration into the central nervous system.

NAMPT AS A DEDIFFERENTIATION-
INDUCER GENE IN GLIOMA

NAMPT is markedly overexpressed in HGG and GBM tumors,
correlating with tumor grade and able to predict patients’
prognosis. Ectopic overexpression of NAMPT in Glioma cell
lines increases tumorigenic properties controlling stem cell
pathways and enriching the GSCs population (Figure 3) (96).
Given the infiltrative nature of GBM portraying high plasticity,
many studies have tried to focus on identifying key factors
governing self-renewal properties driving to tumor relapses.
Gujar et al. demonstrated that a NAD™ transcriptional network
governs self-renewal properties in GSCs and radiation resistance
in GBM (72). NAMPT expression, indeed, correlates with
high levels of NANOG as a final effector of pluripotency
and stem cell-like properties, CD133%", and GSCs in primary
GBM tumors. NAMPT is also a key factor inducing cancer
stem-like pathways in glioma cells. NAMPT also increases
number of de novo GSCs formation (96). Moreover, NAMPT
is also a key factor inducing cancer stem pathway effectors
in colon cancer tumors. In colon cancer, this phenotype
is mediated by PARP and SIRT1. NAMPT also increases
the number of tumorspheres in vitro in colon cancer cells
lines, correlating with important endpoints of CSC pathways
activation (97).
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CURRENT THERAPIES ON GLIOMA
TREATMENT

Sixty gray (Gy) dose of radiotherapy following the maximum
safe surgical resection provides the highest benefits regarding
GBM median survival (98). TMZ addition after radiotherapy
or in concurrence is the only regimen markedly improving
the patients’ overall survival (OS) (99, 100). The major
relevant biomarker predicting response to TMZ treatment
is MGMT (0% methylguanine-DNA methyltransferase),
a gene involved in DNA-repair (101). Silencing MGMT
expression through promoter methylation impairs the ability
to repair TMZ-driven DNA damage, decreasing tumor cell
survival (102).

Since GBM tumors are often overexpressing numerous
angiogenic effectors, Bevacizumab, a humanized antibody
binding to vascular endothelial growth factor A (VEGF-A)
is effective in impairing tumor angiogenesis. Bevacizumab is
actually the only FDA approved agent for recurrent GBM (103,
104). Irinotecan (topoisomerase I inhibitor) in combination
with Bevacizumab proved an increase in OS from 4.1 to
9.2 months in a phase II clinical trial (104). 6 and 12
months’ survival rates were 77 and 31%, respectively (105, 106).
Bevacizumab has been also tested in phase III trials for newly
diagnosed GBM. However, there was no effect on patients
OS. TMZ administration in concurrence with Bevacizumab
on newly diagnosed GBM is being tested (NCT00943826 and
NCT00884741) (106, 107).

Proven that most of the current attempts on therapies seem
to be insufficient to achieve relevant outcomes regarding OS,
targeting NADT through NAMPT as the central core axis of
GSCs energetics maintenance could represent a ground-breaking
therapy approach.

TARGETING NAMPT ON GLIOMA CANCER
STEM-LIKE CELLS FOR GLIOMA
CONTROL

NAMPT is markedly overexpressed in HGG and GBM.
NAMPT overexpression is correlated with patient survival
(96). NAMPT downregulation triggers a markedly decrease
in in vivo tumorigenicity and induces a decrease in GSCs
self-renewal capacity (72). Indeed, first generations of
tumorspheres in vitro are particularly sensitive to NAMPT
inhibitors, particularly tumorspheres with high levels of
NAMPT expression. Unlike glioma cells, NAMPT inhibitors will
ultimately target cells in an active cell cycle under replicative
stress, two main hallmarks of GSCs (96). This fact potentially
ensures that anti-NAMPT therapies in either monotherapy
or in combination with TMZ or PARP inhibitors will be
ultimately effective. Targeting proliferating cells relying on
NAD+ may have effects over GSCs in two main ways: first,
by suppressing self-renewal properties based on NAD+
pool restoration and recycling and second, by taking down
ADP-ribosylation required for DNA repair process through
PARP recruitment.

CONCLUSION AND PERSPECTIVES

Gliomas are the most prevalent primary brain cancer in
adults and include a broad category of tumors including
astrocytoma, oligodendroglioma, and GBM. Regardless of tumor
aggressiveness, malignancy, and infiltration, these glia-derived
tumors rarely exceed a median survival time of 12-14 months.
Driven by the infiltrative nature of these tumors, the clinical
approach is difficult and relapses often occur with fatal
consequences. These unsuccessful attempts to control glioma’s
fate have fostered research looking for more effective therapies.
(GSCs) are a small subset of CD133%" cells with self-
renewal properties and capable of initiating new tumors
contributing to Glioma progression, maintenance, hierarchy
and complexity. GSCs are highly resistant to chemo and
radiotherapy. These cells are believed to be responsible for
tumor relapses and patients’ fatal outcome after developing a
recurrent GBM or High Grade Glioma (HGG). GSCs are cells
under replicative stress with high demands on NAD™ supply
to repair DNA, maintain self-renewal capacity and to induce
tumor plasticity. NAD™T feeds Poly-ADP polymerases (PARP)
and NAD™-dependent deacetylases (SIRTUINS) contributing to
GSC phenotype. Ablation of NAMPT showed to impair Schwann
cell differentiation program associated to reduced NAD™ levels,
counteracting the phenotype found in tumor cells but reinforcing
the idea that an adequate NAD™ level is required for a fine tuned
balance on cell-fate definition toward differentiation programs
(108). This energetic core axis is mainly controlled by the
rate-limiting enzyme nicotinamide phosphoribosyltransferase
(NAMPT), an important oncogene contributing to tumor
dedifferentiation. Supporting these conclusions, Jung et al. also
highlight the importance of the epigenetic reprogramming
on GSC, supported by a high expression of NNMT together
with NAMPT counteracting with a hypomethylation state,
preferentially occurring within mesenchymal GBM subtype,
where NAMPT shows its maximum expression profile (96). They
raise the idea that one causal role of methionine depletion, an
important upstream methyl donor, is to ultimately drive GBMs
to evolve to mesenchymal subtype, where NAMPT plays a key
role promoting tumor growth and dedifferentiating tumors (15).
We have queried public datasets to dissect these proposed
mechanisms at a single cell level. For that, we have analyzed
a single-cell RNA-Seq dataset from Darmanis et al. (109)
performing comparative transcriptomic analysis of neoplastic
and stromal cells within and proximal to primary GBMs (109).
In this dataset, three clusters out of 11 are identified as tumor
clusters (Figure 4A). We found that NAMPT is particularly
expressed in vascular, myeloid, and tumor cells (Figure 4C).
Within tumor cells, NAMPT is particularly overexpressed in
cluster 9 and 10 but not in cluster 11 (Figure4B), which
is a cluster with a pro-neural profiling and therefore with
low NAMPT levels, in accordance with the results showed by
Lucena et al. and Jung et al. Cluster 10 is classified as GSCs
subset, where NAMPT is highly overexpressed. According to
the high contribution to data dimensionality of XY axis in
the t-distributed stochastic neighbor embedding (tSNE), the
GSC cluster shows a high heterogeneity, reinforcing the idea
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FIGURE 4 | Single-cell transcriptomic analysis of GSE84465 for NAMPT expression in GBM. (A) 3,589 cells in a cohort of 4 patients are categorized by cell identity
(Normal vs. Tumoral) and clusters based on differences on transcriptomic profiles based on heterogenic distribution on dimensions 1 and 2 of t-distributed stochastic
neighbor embedding (tSNE). Three tumors clusters are highlighted on dashed circles. Cluster number 10 is transcriptionally allotted to GSC-cells subset.

(B) Single-cell transcriptomic distribution for GSC-related markers expression in correlation to NAMPT expression. (C) NAMPT expression analysis classified by
different cell identities from normal and tumor tissue. (D) Supervised hierarchical clustering of NAMPT, NNMT, DNMT1, DNMT3A, DNMT3B, and DNMT3L mRNA
expression in tumor cell clusters (9, 10, and 11).
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that GSCs rely on a high diversity in terms of molecular-
profiling, sustaining an ever-changing identity contributing to
tumor plasticity. With the aim of confirming the expression of
factors that induce cell stemness and pluripotency in correlation
to NAMPT levels, we observed a clear transcriptional activation
of JUN, CD44, SERPINEI, VIM, and ABCC3 putative markers
of GSCs maintenance as previously described by Lucena et al.
within the tumor clusters.

In addition, NAMPT expression negatively correlates with
de novo methyltransferases DNMT1, DNMT3A, DNMT3B, and
DNMTS3L, supporting the hypothesis raised by Jung et al. where
the poor outcome of GBMs is related to a hypomethylation
state driven by overexpression of NAMPT controlling NAD"
pool since mesenchymal GSCs rapidly consume NAM to
support NAD™ utilization and sustain DNA hypomethylation
(Figure 4D) (15).

Altogether, targeting GSCs depicts a new frontier in
Glioma therapy; hence NAMPT could represent a key
regulator for GSCs maintenance. Its inhibition may attenuate
GSCs properties by decreasing NADT supply, consequently
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