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Abstract

Depleting NAD levels in tumors by interrupting their NAD-biosynthetic routes is an
attractive anti-cancer strategy. Yet, suppressing the predominant NAD-producing salvage
pathway by nicotinamide phosphoribosyltransferase (NAMPT) inhibitors failed in clinical
trials, indicating that tumors can exploit alternative NAD-biosynthetic routes to escape
NAMPT blockade. In this regard, the contribution of the Preiss-Handler (PH) pathway to
NAD production in tumors is gaining great momentum. This pathway utilizes nicotinic acid
(NA) as a substrate, which can be obtained from the diet or the gut microbiome. Herein,
we demonstrate that blocking the PH pathway with an NA-free diet restored the activity
of the NAMPT inhibitor FK866 in an ovarian cancer xenograft model. This combined
intervention significantly reduced tumor volumes, blunted NAD levels, and impaired the
energy status and metabolic activity of the tumors, while showing no systemic toxicity. In
addition, combining an NA-free diet with antibiotics (to eliminate microbiota-derived NA)
delayed tumor progression in the absence of NAMPT inhibitors. Furthermore, we also
aimed at identifying new inhibitors to the rate-limiting enzyme of the PH pathway nicotinic
acid phosphoribosyltransferase (NAPRT). We took advantage of in silico screening
techniques and were able to annotate and characterize two NAPRT inhibitors that showed
anti-cancer efficacy at micromolar concentrations while possessing favorable drug-like
profiles. Since some NAMPT inhibitors are being currently evaluated in clinical trials, this
work provides a rationale to couple NA-free diets or NAPRT inhibitors with NAMPT

inhibitors in cancer patients.
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1. Introduction

1.1. NAD and its cellular roles

Nicotinamide adenine dinucleotide (NAD) is a ubiquitous pyridine metabolite that actively
participates in a broad range of fundamental processes in living cells. Since its discovery
in 1906, the crucial functions of NAD inside the cells have been described and well-
established?. NAD serves as a redox cofactor in vital cellular metabolic processes
intimately engaged in energy production such as glycolysis, the tricarboxylic acid (TCA)
cycle (also known as Krebs cycle), oxidative phosphorylation and fatty acid oxidation®#.
NAD carries out this function by mediating the transfer of a hydride anion (H* + 2 e)
through shuttling between the oxidized (NAD+) and reduced forms (NADH)3®. For
example, NAD is reduced into NADH during glycolysis and the TCA cycle whereas in
oxidative phosphorylation, NADH is oxidized back to NAD+ by donating its electrons. The
released electrons flow along the complexes of the electron transport chain which creates
a proton gradient across the inner mitochondrial membrane and ultimately results in
energy production in the form of ATP. Apart from its role as a cofactor, NAD also acts as
a substrate for several NAD-consuming enzymes such as mono (ADP-ribosyl)
transferases, poly (ADP-ribosyl) polymerases (PARPs), the NAD-dependent
deac(et)ylases sirtuins (SIRT1-7), and the NAD glycohydrolases CD38, CD157 and
SARM124-6, Through catalyzing the breakdown of NAD into ADP-ribose, these enzymes
orchestrate a broad range of critical cellular processes such as DNA repair (e.g. PARP1
and PARP2), mitochondrial homeostasis (e.g. SIRT3, SIRT4, and SIRT5), epigenetic

regulation of gene expression through DNA modification (e.g. PAPR1) or post-



translational modifications of histones (e.g. SIRT1 and SIRT6), circadian rhythm (e.g.
SIRT1 and SIRT®6), calcium signaling (e.g. CD38), immune regulation (e.g. CD157), and
neural degeneration (e.g. SARM1)>7. Thus, through its dual role as a co-factor and co-
substrate, NAD is considered to be a central molecule that links cellular metabolic and
signaling pathways.

1.2. NAD biosynthesis in mammals

NAD homeostasis is tightly balanced between NAD generation and breakdown. To
maintain adequate NAD levels, mammalian cells are capable of utilizing several NAD
precursors where each precursor follows a distinct biosynthetic route to form NAD. The
most prevalent NAD production route in virtually all body tissues is the salvage pathway
(also called the amidated pathway) which starts from nicotinamide (NAM). In addition, a
parallel NAD-production route operates in multiple tissues and is named the Preiss-
Handler pathway upon its discoverers®®. The PH pathway utilizes nicotinic acid (NA) as
its precursor (hence it is also called the deamidated pathway). The salvage and the PH
pathways begin with the conversion of their precursors into the corresponding
mononucleotides; nicotinamide  mononucleotide (NMN) and nicotinic acid
mononucleotide  (NAMN) through the catalytic activity of nicotinamide
phosphoribosyltransferase (NAMPT) and nicotinic acid phosphoribosyltransferase
(NAPRT) respectively. Thereafter, nicotinamide mononucleotide adenylyl transferase
(NMNAT) mediates the formation of NAD from NMN in the salvage pathway and nicotinic
acid adenine dinucleotide (NAAD) from NAMN in the PH pathway'°. Of note, there are
three isoforms of NMNAT (NMNAT1, NMNATZ2, and NMNAT3) according to their

subcellular localization!*2, The PH pathway requires an additional third step in which



NAD synthase (NADSYN) amidates NAAD to yield NAD using glutamine to donate

nitrogen.

NAD could be also synthesized via the de novo pathway starting from the amino acid
tryptophan'. In this pathway (also known as the kynurenine pathway), tryptophan is
transformed into quinolinic acid (QA) via a cascade of five enzymatic reactions®. QA is
subsequently converted into nicotinic acid mononucleotide through the activity of
quinolinic acid phosphoribosyltransferase (QAPRT) enzyme thereby converging with the
PH pathway. Afterwards, the last two steps of the de novo NAD synthesis from tryptophan
proceed in the same manner as those of the PH pathway. Notably, the de novo NAD
production from tryptophan takes place mainly in the liver and to a lesser extent in the
kidneys since these organs express the entire chain of the de novo pathway enzymes4.
The contribution of the de novo pathway in the overall cellular NAD pool was thought to
be marginal. However, elegant isotope-tracing experiments and NAD flux analysis have
recently shown that the liver relies mainly on tryptophan to generate NAD, and then
consumes NAD into NAM and finally passes NAM to the circulation so that it could be
utilized by the rest of the tissues'4. This finding raises the possibility that the contribution
of the de novo pathway to the overall NAD pool could be more relevant than formerly
anticipated not so much directly but rather indirectly through multistep inter-tissue

cooperation.

In 2004, Bieganowski and Brenner described an alternative salvage pathway (the
nucleoside pathway) that uses nicotinamide riboside (NR) as a precursor®®. In this
pathway, NR is phosphorylated by nicotinamide riboside kinase (NMRK1/2) into NMN

which, in turn, is transformed into NAD via NMNATSs similar to the classical salvage



pathway®. Very recently, the reduced forms of nicotinamide riboside (NRH) and
nicotinamide mononucleotide (NMNH) were identified as additional NAD precursors that
boosted cellular NAD levels through a novel pathway that depends on the kinase activity

of adenosine kinase (AK) rather than NMRK!/-19,

NAM, NA, and NR are micronutrients that constitute the three forms of vitamin B3 and
could be exogenously obtained from the diet'3. Likewise, tryptophan is an essential amino
acid that needs to be incorporated into mammalian tissues through the intake of high-
protein foods. Besides the dietary intake, NAM is a common bi-product that is liberated
from the catalytic activity of all NAD-consuming enzymes which can then be recycled to
recompose NAD via the classical salvage pathway. Furthermore, NAM feeds the gut
microbiome to produce NA since the gut microbial flora can convert NAM into NA taking
advantage of their microbial enzyme nicotinamidase (PncA)?°. The microbial-derived NA
can circulate and, in turn, bolster NAD production in body tissues through the PH
pathway?%2%, To avoid NAM accumulation, the nicotinamide N-methyltransferase (NNMT)
enzyme catalyzes the transfer of a methyl group to NAM, and methylated NAM is readily
cleared from the body??. NR, the newest form of vitamin B3, is present in cow milk?® and
can also be generated in mammalian tissues starting from its reduced form, NRH, via
NRH: quinone oxidoreductase 2 (NQO2) which uses NRH as an electron donor?*. Finally,
NRH was shown to be endogenously present in the liver’®. Of note, NAD levels were
shown to decline with aging and other aging-related pathological conditions and the
exogenous supplementation of NAD precursors (e.g. NMN or NR supplements) has
demonstrated promising outcomes in ameliorating several aging-associated diseases’.

The NAD biosynthetic pathways are summarized in Figure 1.1.
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Figure 1.1. Schematic representation of the NAD biosynthetic pathways.

NAD, nicotinamide adenine dinucleotide; NAMPT, nicotinamide
phosphoribosyltransferase; NAPRT, nicotinic acid phosphoribosyltransferase; PncA,
bacterial nicotinamidase; NMNAT, nicotinamide mononucleotide adenylyltransferase;
NMRK, nicotinamide riboside kinase; NADSYN, NAD synthetase; QAPRT, quinolinic acid
phosphoribosyltransferase; IDO, indoleamine-2,3-dioxygenase; TDO, tryptophan-2,3-
dioxygenase; AFMID, arylformamidase; KMO, kynurenine 3-monooxygenase; KYNU,
kynureninase; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; ACMSD, a-amino-3-
carboxymuconate-e-semialdehyde  decarboxylase; MARTs,  mono(ADP-ribosyl)
transferases; PARPs, poly(ADP-ribose) polymerases; SARM 1, sterile alpha and TIR
motif-containing 1; NQO1, NAD(P)H:quinone oxidoreductase; NQO2, NRH:quinone
oxidoreductase; AK, adenosine kinase; NNMT, nicotinamide N-methyltransferase; and

TCA, tricarboxylic acid
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1.3. NAD and cancer

Reprogrammed metabolism has been established as a cancer hallmark?®. Malignant cells
alter their metabolic requirements to drive their growth and proliferation?6. A central
component of these metabolic adaptations is their reliance on glycolysis, even when
oxygen is abundant, which mainly guarantees fast, albeit less efficient, energy production
and importantly generates metabolites for biomass buildup?®2”. This process, known as
aerobic glycolysis or Warburg effect??, is closely linked to the propensity of malignant cells
to provide a surplus of NAD compared to their normal counterparts. Moreover, NAD
homeostasis in tumor cells can be challenged by the elevated expression and/or activity
of NAD-consuming enzymes, such as PARPs and sirtuins®’. For instance, neoplastic
response to genomic insults is governed, at least in part, by PARP1 and PARP2 which
degrade NAD to generate poly ADP-ribose chains to stimulate DNA repair?®. To escape
the detrimental effects of NAD shortage, tumor cells are requested to enhance NAD
production. Thus, interrupting the NAD biosynthetic routes has emerged as a prominent

approach for cancer treatment*2730:31,
1.3.1. Targeting the salvage pathway in cancer treatment

Since the classic salvage pathway is widely conceived as the predominant NAD-
generating route, most research in this field was focused on developing inhibitors to its
rate-limiting enzyme NAMPT. In support of this notion, a large number of studies
demonstrated the upregulation of NAMPT expression in various types of cancer including
gliomas®, sarcomas?®, lymphomas3*, melanoma3®®, thyroid carcinoma3, ovarian
cancer®’, breast cancer3®3°, pancreatic cancer®, colorectal cancer*—3, gastric cancer*

and prostate cancer®. Moreover, NAMPT was found to drive pro-oncogenic and more
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aggressive phenotypes and its overexpression has been associated with worsened
prognosis in different types of cancer3?3941.424647 Besides being an intracellular enzyme,
NAMPT gets secreted outside the cells and this extracellular form (also known as visfatin

or eNAMPT) is also implicated in many pro-oncogenic roles*&-°,

1.3.1.1. Regulation of NAMPT in tumors

Several transcriptional and post-transcriptional mechanisms tightly regulate NAMPT
expression and activity in tumors. Chowdhry and colleagues recently reported on a
putative NAMPT enhancer located 65 kb upstream of the NAMPT transcription start site,
which controls NAMPT expression and activity®'. Chromatin immunoprecipitation and
further experiments revealed that this NAMPT enhancer is marked by H3K27 acetylation,
is bound by the transcription factors c-MYC and MAX that regulate its activity, and that it
is required solely by salvage-dependent tumors for their survival®l. Consistent with a role
for c-MYC in NAMPT expression, an earlier study described a c-MYC-NAMPT-SIRT1
positive feedback loop, in which c-MYC directly interacts with the NAMPT promoter and
induces NAMPT expression, which in turn leads to SIRT1 activation through enhanced
NAD provision®2. SIRT1, in turn, stabilizes c-MYC and enhances its transcriptional
activity, and promotes tumorigenesis through the attenuation of p53 activity and the
inhibition of c-MYC-induced apoptosis®?. This c-MYC-NAMPT-SIRT1 positive feedback
loop was found to be activated in colorectal carcinoma and its interruption was proposed
as a viable therapeutic intervention®3°4, Additionally, the high-mobility group A (HMGA1)
protein was reported to be another protein regulating NAMPT expression through a
different enhancer element>. The HMGA1-NAMPT-NAD signaling axis was shown to

drive the proinflammatory senescence-associated secretory phenotype (SASP) via NAD-
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mediated enhancement of nuclear-factor kappa B (NF-kB) activity, to promote an
inflammatory environment and to drive tumor progression®®. Indeed, numerous cancer
types overexpress HMGA proteins and their overexpression is often associated with poor
prognosis®. On the contrary, the transcription factor and tumor suppressor forkhead box
O1 (Foxo1) binds to the 5-flanking region of the NAMPT gene and downregulates
NAMPT expression in breast cancer cells, an effect that is reversed by the insulin—PI3K—
AKT signaling pathway®’. Additionally, NAMPT-AS “RP11-22N19.2”, a new promoter-
associated long non-coding RNA (Lnc-RNA), epigenetically regulates NAMPT expression
in triple-negative breast cancer (TNBC)*. NAMPT-AS activates NAMPT expression at
the transcriptional and post-transcriptional levels and promotes tumor progression and
invasiveness in TNBC®8. Similarly, in gliomas, gastric cancer-associated transcript 3
(GACAT3), another long non-coding RNA, regulates NAMPT expression and promotes
glioma progression by acting as a molecular sponge to miR-135a, inhibiting its interaction
with its target, NAMPT®?, Several studies report on NAMPT expression being regulated
at the post-transcriptional level by microRNAs. Specifically, NAMPT mRNA was found to
be a target of miR-381%°, miR-206%', miR-494%2, and miR-1545%3 in breast cancer cells, of
miR-23b in melanoma®*, of mir-206 in pancreatic cancer®® and miR-26b6 in colorectal
cancer. Generally, increased expression of these microRNAs was shown to suppress
NAMPT expression and it was associated with reduced cancer cell viability, suggesting
the potential use of these microRNAs as anti-cancer agents. In this context, we have
recently shown that, in addition to being regulated at the gene level, NAMPT enzymatic
activity can also be regulated by other enzymes. Specifically, we found that SIRT6

enhances NAMPT enzymatic activity through direct protein deacetylation, protecting
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cancer cells against oxidative stress®’. Similarly, a previous study found that also SIRT1
deacetylates NAMPT, predisposing it to secretion in adipocytes®®. Mesenchymal
glioblastoma stem cells were found to preferentially upregulate NAMPT and NNMT
expression through the transcription factor C/EBPB, which interacts with NAMPT and
NNMT gene regulatory regions. Of note, in these cell subtypes, NNMT induced a state of
DNA hypomethylation and downregulated the expression of DNA methyltransferases in
a methionine-dependent fashion®. Whether NNMT epigenetically affects NAMPT

expression requires further studies.

1.3.1.2. NAMPT Inhibitors as cancer therapeutic agents

Numerous NAMPT inhibitors have been reported over the past two decades (Figure 1.2).
FK866 (also known as (E)-Daporinad, APO866, or WK175) was the first reported NAMPT
inhibitor in the early 2000s7°71, FK866 was able to gradually blunt NAD levels and induce
apoptotic cell death in leukemia and hepatic cancer cells’®"t. The robust anti-cancer
activity observed with FK866 stimulated its testing in clinical trials. Besides FK866, the
NAMPT inhibitor CHS-828 and its prodrug GMX1777 were also evaluated in early-phase
trials (given their potent antineoplastic efficacy in preclinical models of cancer’?74).
Regrettably, none of the three NAMPT inhibitors was able to achieve an objective tumor
response in cancer patients most likely due to the capability of neoplastic cells to exploit
surrogate NAD-production routes to circumvent NAMPT blockade and escape the
deleterious effects of NAD deficit. Moreover, patients treated with these agents
experienced serious hematological adverse effects and thrombocytopenia was common

dose-limiting toxicity”®76. Gastrointestinal side effects were also reported with the oral
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agents GMX1777 and CHS-8287"-7°. Collectively, these findings reflected an urgent need
to refine treatment with NAMPT inhibitors. Nonetheless, additional inhibitors of NAMPT
have been reported in the following years such as GNE-6178° and GNE-618
(Genentech)®!, MV87%2, A-1293201, and A-1326133 (AbbVie)%3, STF-118804%,
LSN3154567 (Eli Lilly)85, OT-82 8 as well as the antibody-drug conjugates (ADCs) that
incorporate NAMPT inhibitors as their payloads®-8°, Of note, continuous efforts to
optimize the structural-activity relationship of NAMPT inhibitors recently gave rise to the
synthesis of remarkably potent NAMPT inhibitors that demonstrated anti-cancer efficacy
at picomolar concentrations®%2, Significant antitumor efficacy was also attained with dual
NAMPT inhibitors which simultaneously target NAMPT and a second enzyme (or a
protein) of interest such as the serine/threonine p21-activated kinase 4 (PAK 4)%, glucose
transporter 1 (GLUT1)%, epidermal growth factor receptor (EGFR)®*, histone deacetylase
(HDAC)®>% and indoleamine 2,3-dioxygenase 1 (IDO1)%. Furthermore, very recent
studies succeeded in designing proteolysis-targeting chimeras (PROTACs) or
autophagosome-tethering compounds (ATTECs) which target NAMPT and trigger its
proteasomal or lysosomal degradation respectively. Interestingly, these NAMPT-
degrading chimeras also elicited significant anti-cancer efficacy in several models of
cancer®-101  Taken together, given the pleiotropic roles of NAMPT in driving tumor
progression (recently reviewed by Galli et al. and Heske et al.192193) the development of
NAMPT inhibitors still remains an attractive therapeutic option in oncology*®*. A second
wave of NAMPT inhibitors represented by OT-82% and the dual NAMPT/PAK inhibitor
KPT-9274°2 are being currently tested in clinical trials in patients with hematologic

malignancies (Figure 1.3).
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Figure 1.3. Timeline summary for the development of NAMPT inhibitors and their

entry for evaluation in clinical studies.

1.3.1.3. Effects of NAD production inhibition in cancer
NAMPT inhibitors and cancer cell death

Several mechanisms were reported to trigger cancer cell death in response to NAD
depletion by NAMPT inhibitors. Initially, FK866 was reported to deplete intracellular NAD
and to kill cancer cells by inducing apoptosis’®’t. Similarly, OT-82 and KPT-9274 were
also found to induce their antileukemic effect through apoptosis®®1%®, In primary chronic
lymphocytic leukemia (CLL) cells, FK866 was demonstrated to induce apoptotic signaling
and caspase activation at doses that triggered cell death%. However, in the same
models, indicators for autophagy induction were also observed at low doses of FK866
and/or at early time points. Several studies linked NAMPT inhibitor-induced cell death
to autophagy. In multiple myeloma cells, FK866 triggered autophagic cell death via i) the

inhibition of PISBK/MTORCL1 activity (a transcription-independent mechanism) and ii) the
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inhibition of MAP kinase (MAPK), which permits nuclear translocation of the transcription
factor EB (TFEB) that coordinates lysosomal biogenesis and drives the expression of
autophagy-related genes?7:108  Additionally, no evidence of apoptotic cell death was
detected in multiple myeloma cells in response to FK866 treatment!®’. Consistent with
this observation, autophagy, but not apoptosis, was associated with FK866-induced
cytotoxicity in neuroblastoma and hematological cancers®®11°, In neuroblastoma cells,
FK866-induced autophagy was potentiated or antagonized by chloroquine and by 3-
methyl adenine (3-MA), respectively, lending support to the notion that aberrant
autophagy is involved in FK866-mediated cancer cell demise!!!. Furthermore, NAMPT
inhibitor-induced NAD depletion in isocitrate dehydrogenase 1 (IDH1)-mutant cancers
was associated with inducing AMP kinase (AMPK) and initiating autophagy, and the
autophagy inhibitor 3-MA rescued the cells from the cytotoxic effects of NAMPTi-
mediated NAD depletion'??. Intriguingly, FK866 simultaneously activated apoptosis and
autophagy and markedly reduced the viability of HTLV-1-infected, adult T-cell
leukemia/lymphoma (ATL) cell lines!'3. Furthermore, we showed that autophagy-
mediated FK866 antileukemic activity was potentiated by tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)*4. Another group postulated that oncosis is the critical
pathway leading to cancer cell death in response to the NAMPT inhibitor, GNE-617, in
several non-hematological cancer cell lines irrespective of the appearance of signs of
apoptosis or autophagy**®. This group also showed that oncosis was driven by dramatic
ATP depletion and subsequent loss of plasma membrane integrity, which typically marks

the late phases of NAD depletion via NAMPT inhibition'!®>, Taken together, the
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mechanism underlying cancer cell death in response to NAMPT inhibitors might be

cancer type-specific and regulated in a dose and time-dependent manner.
NAD depletion and oxidative stress

Oxidative stress is caused by an imbalance between reactive oxygen species (ROS) and
the cellular antioxidant capacity in favor of the former. Excessive ROS accumulation is
detrimental to cell viability. NADPH is a critical molecule in oxidative homeostasis as it
provides the reductive power for glutathione reductase and thioredoxin reductase in
glutathione and thioredoxin ROS scavenging systems®®. NADPH is mainly produced via
the pentose phosphate pathway (PPP) and accordingly, cancer cells have evolved
mechanisms to enhance glucose flux into the PPP to combat oxidative stress!'6117, As a
consequence, building blocks for nucleotide biosynthesis are also more available to
cancer cells. Besides, around 10% of the total NAD(H) pool is phosphorylated to
NADP(H) by NAD kinases?®. Several studies described a strong link between NAD
inhibition and oxidative stress in cancer cells. For instance, enhanced ROS production in
MDA-MB-231 breast cancer cells was noted when FK866 was added to ROS-containing
plasma-activated medium (PAM)18, Also, recently FK866 was reported to exert its
antileukemia activity through ROS and reactive nitrogen species generation as a
consequence of NAD depletion!?®. Mitochondrial depolarization, ATP loss, and cell death
were also reported as downstream effects of FK866-induced oxidative stress in this
study®. Increased ROS levels were also reported with other NAMPT inhibitors, such as
CHS-828 and OT-82120.121  |n support of the above insights, combining FK866 with [-
lapachone, an NQOL1 substrate that generates ROS and exerts anti-cancer effects, was

shown to cause dramatic NAD depletion and cytotoxic effects in NQO1l-expressing
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pancreatic ductal adenocarcinoma (PDAC) and non-small cell lung cancer (NSCLC)
cells'?>124, Curiously, in renal and cochlear tissues, B-lapachone was reported to
augment NAD levels and to reverse the drop in the NAD/NADH ratio caused by cisplatin
treatment'2>126, This different and apparently contrasting behavior of B-lapachone seems
to be attributable to the preferential accumulation of ROS species via this compound in
NQO1l-overexpressing cancers, but not in normal cells (that are protected by low NQO1
expression and by high catalase levels). In NQOZ1-overexpressing cancer cells, ROS
production in response to B-lapachone causes DNA damage and thereby triggers PARP-
mediated NAD degradation to such an extent that it outweighs the possible increase in
NAD caused by NQO1, ultimately causing cancer cell demise via NAD and ATP
shortage®?”*28, Similarly, paracetamol was found to bind to NQO2 as an off-target effect
and NQO2 expression modulated paracetamol-induced ROS production in HeLA cells'?°,
Therefore, combining paracetamol with NAD-depleting agents in NQO2-overexpressing
cancers might be a promising approach. Last but not least, NAMPT inhibitors augmented
oxidative stress induced by temozolomide in glioblastoma cells, and this sensitization

effect was reversed by the ROS scavenger tocopherol*2°,
NAD depletion and DNA damage and repair

The crosstalk between NAMPT, PARPs, and DNA damage has been thoroughly
investigated over the past decades. While NAMPT produces NAD, activated PARPs
consume the majority of NAD to support their DNA repair activity in response to DNA-
damaging insults®. In line with this notion, excision repair cross-complementation group
1 (ERCC1)-deficient NSCLC cells, a DNA-repair defective cancer model, showed

reduced basal NAMPT and NAD levels, presumably as a result of chronic PARP1
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activation, and FK866 treatment resulted in a catastrophic NAD drop and profound
synthetic lethality in vitro and in vivo'3l. Chemo-potentiation was seen when NAMPT
inhibitors were combined with genotoxic agents that cause DNA damage, such as 5-
fluorouracil (5-FU) in gastric cancer**, fludarabine and cytarabine in leukemial06.121,
cisplatin or etoposide in neuroblastomat!!!, temozolomide in gliomas!3%132 gemcitabine,
paclitaxel and etoposide in pancreatic cancer cells'®3134 pemetrexed in NSCLC!%®, and
bendamustine and melphalan in Waldenstrom macroglobulinemia (WM)*36, In addition,
NAMPT inhibitors potentiated the efficacy of the radionuclide "’Lu-DOTATATE in
neuroendocrine tumors®®’, and sensitized head and neck cancer and prostate cancer
models to radiotherapy*®13°, Also, it was hypothesized that combining NAMPT inhibitors
with PARP inhibitors would further downregulate PARP activity leading to persistent DNA
lesions and ultimately cell death. Indeed, a potentiating effect was shown between
NAMPT inhibitors and the PARP inhibitors olaparib or niraparib in triple-negative breast
cancer and Ewing sarcoma'?®142, In opposition, a recent study demonstrated that the
FK866 cytotoxic effect against hematological malignant cells is reliant on PARP integrity
since PARP1 deletion reversed ROS accumulation, mitochondria depolarization, and
ATP loss, and abolished FK866-induced cell death!!®. Similar results were previously
reported by our group in human-activated T-cells and T-cell acute lymphoblastic leukemia
(ALL) models'#3. The proposed explanation for these findings is that PARP inhibitors, by
blocking NAD consumption, elevate NAD levels and this antagonizes NAMPTi-induced

NAD depletion and its downstream effects.

NAD depletion and targeted therapy
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Owing to their particular mode of action, NAMPT inhibitors lend themselves to be used in
combination regimes, enhancing the antitumor activity of immune checkpoint inhibitors
144,145 or targeted therapies such as histone deacetylase inhibitors!4®, and tyrosine kinase
inhibitors in leukemia'?* and WM'#/, proteasome inhibitors in multiple myeloma“®, and
mTOR inhibitors in pancreatic neuroendocrine tumors!4°. Finally, we demonstrated that
cyclosporin-A and verapamil sensitized leukemia cells to FK866 by inhibiting P-
glycoprotein 1 (Pgp), the multidrug resistance transporter, thereby permitting the

intracellular accumulation of FK866, which in turn led to ER stress and cell demise%°,

1.3.2. Targeting the Preiss-Handler pathway in cancer treatment.

One of the mechanisms underlying resistance to NAMPT inhibitors is the ability of cancer
cells to bypass NAMPT inhibition and the ensuing NAD depletion by exploiting parallel
NAD biogenesis routes. In this regard, the Preiss-Handler (PH) pathway has recently
gathered growing attention in oncology. The significance of this pathway was highlighted
by recent studies, demonstrating that the gene encoding its rate-limiting enzyme nicotinic
acid phosphoribosyltransferase (NAPRT) is amplified in a broad subset of solid tumors,
including ovarian, pancreatic, prostate, and breast cancers®:151, Accumulating evidence
emphasizes that NAPRT expression status in neoplastic cells dictates their susceptibility
to NAMPT inhibitors. For instance, NAPRT silencing restored the anti-cancer activity of
NAMPT inhibitors against NAPRT-positive leukemia, ovarian cancer, and pancreatic
cancer cell lines?®11%2, Likewise, cancers with genetic mutations that suppress NAPRT
activity are found to be extremely vulnerable to NAMPT inhibitors. For example, IDH1

mutant glioma and sarcoma cell lines tend to downregulate NAPRT levels through
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hypermethylation of the NAPRT promoter, thereby blocking the NAPRT-dependent
pathway, which renders them critically reliant on NAMPT for NAD replenishment!??,
Consequently, NAMPT inhibition led to a metabolic crisis in these types of tumors, blunted
NAD pools, and resulted in AMPK-mediated autophagy and cytotoxicity*'2. Consistent
with this notion, mutations in the protein phosphatase Mg2+/Mn2+-dependent 1D
(PPM1D) gene in pediatric gliomas also drive NAPRT gene silencing through the
hypermethylation of CpG islands in the NAPRT promoter, thus, again conferring exquisite
sensitivity to NAMPT inhibitors'®3. Similar results were also noted with chondrosarcoma
cell lines as well as gastric cancer cell lines which show markers of epithelial-to-
mesenchymal transition (EMT) where this EMT subtype was particularly associated with
loss of NAPRT expression®®*1%5  Collectively, these findings reinforce that NAPRT
expression could be a useful biomarker of sensitivity to NAMPT inhibitors112.153-156 |
addition to promoter hypermethylation, other mechanisms that regulate NAPRT gene
expression include alternative splicing and mutations in the transcription factor binding
sites®’. Overall, these findings built a strong rationale for evaluating PH pathway
obstruction as a means to sensitize tumors to NAMPT inhibitors. It is worth noting that,
similar to NAMPT, an extracellular form of NAPRT has been recently detected and shown
to play roles in inflammatory signaling®®. However, whether extracellular NAPRT is

involved in malignant transformation needs further investigation.
1.4. Aim of the project

In light of the above insights, the objective of our project was to block the Preiss-Handler
NAD-generating pathway as a means to reverse the resistance of tumor cells to NAMPT

inhibitors.
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1.4.1. Administration of an NA-free diet

Early work from Hara and colleagues demonstrated that several murine tissues such as
the heart, liver, kidney, and small intestine express NAPRT in abundant amounts*®®,
Similar results were also found in human tissues!®’. Recent extensive analysis unveiled
that cancer cells that originate from normal tissues with high NAPRT expression tend to
be reliant on the Preiss-Handler pathway for their survival®'. NA was able to boost NAD
production in human embryonic kidney cells via NAPRT and thereby protecting them from
oxidative stress-induced cytotoxicity*>°. Accordingly, the intake of NA in the diet can fuel
the activation of the PH pathway inside the cells of the human body including malignant
cells. As previously mentioned, NA is a form of vitamin B3 that is exogenously supplied
from the diet or endogenously provided by the gut microbiota through NAM deamidation
via the microbial enzyme nicotinamidase (PncA)2%152, Therefore, we proposed a dietary
approach that aimed at impairing NAD synthesis via the PH pathway by limiting the
availability of its precursor NA. To efficiently eliminate NA sources, the administration of
an NA-deficient diet with or without antibiotics (to lower the gut microbiome-derived NA)
was adopted. In support of this approach, the concept of integrating dietary modifications
to ameliorate the responsiveness to chemotherapeutics has emerged as a promising

therapeutic intervention in oncology*.

1.4.2. Development of NAPRT inhibitors

The most straightforward approach to deactivating the PH pathway of NAD biosynthesis
is to design chemical compounds that inhibit NAPRT activity. A limited number of NAPRT
inhibitors have been identified so far. Experiments performed in the 1970s on human

platelets identified several compounds that inhibited NAPRT activity, including 2-
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hydroxynicotinic acid (2-HNA) and several non-steroidal anti-inflammatory drugs
(NSAIDs) such as flufenamic acid, mefenamic acid, and phenylbutazone!6-163, Qur
group demonstrated that 2-HNA was indeed able to sensitize NAPRT-expressing ovarian
and pancreatic cancer cells to NAMPT inhibitors and recapitulated the effect of NAPRT
silencing!®l. Galassi et al. described a series of endogenous metabolic intermediates that
inhibit NAPRT¢4. Among the identified metabolites, coA showed the most potent
inhibitory activity®*. Nevertheless, the relatively low potency and limited aqueous
solubility of the currently available NAPRT inhibitors are inherent obstacles to their
evaluation in clinical trials. Accordingly, we aimed at identifying new chemical scaffolds
with inhibitory activity on the human NAPRT enzyme. To this end, we performed a high-
throughput molecular docking screen taking advantage of the crystal structure of NAPRT
which had been disclosed by Marletta and colleagues®®. Hits from the in silico screen
were subjected to subsequent biological and biochemical characterization. The goals of

the project are summarized in Figure 1.4.

CANCER CELL HAS ONLY ONE CANCER CELL HAS TWO ALTERNATIVE CANCER CELL HAS TWO ALTERNATIVE
NAD-GENERATING PATHWAY NAD-GENERATING PATHWAYS NAD-GENERATING PATHWAYS
DIET DIET DIET DIET DIET DIET  NA-free diets +
l Prca l l Prca 1 l — * Antibiotics
NAM witebioe™ NA NAM wicssises> NA NAM fiicsoicia™ NA
| NAMPT | NAMPT | NAPRT | NAMPT =~ NAPRT
NAD NAD NAD
DRUG BLOCKS
DRUG BLOCKS PATHWAY 1 DRUG BLOCKS PATHWAY 1 DRUG BLOCKS PATHWAY 1 PATHWAY 2
(e.g. NAMPT inhibitors) (e.g. NAMPT inhibitors) (e.g. NAMPT inhibitors) {e.g. NAPRT inhibitors)
NAD production N&D NAD production continues NAD NAD production -
blocked —= due to active pathway 2 efficiently blocked NA

CANCER CELL DIES CANCER CELL LIVES CANCER CELL DIES

Figure 1.4. A schematic representation of the aim of the project.
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2. Materials and methods

2.1. Cell lines and reagents

OVCAR-5, OVCAR-8, SKOV-3, and HCT116 cell lines were provided from the NCI-60
panel. A2780, Capan-1, NCI-N87, and Mia PaCa-2 cell lines were purchased from the
ATCC (LGC Standards S.r.l., Milan, Italy). All cell lines were grown RPMI-1640 cell culture
medium supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco,
Waltham, MA, USA) and 1% penicillin (50 units/mL) and streptomycin (50 ug/mL) (Life
Technologies Italia, Monza, Italy) and incubated in humidified atmospheric conditions at
5% CO2 and 37°C. FK866 for in vitro experiments was supplied from the NIMH Chemical
Synthesis and Drug Supply Program while that used for in vivo experiments was
purchased from AKos GmbH (Germany). All the antibiotics used for the in vivo
experiments were provided by the Pharmacy of the IRCCS Ospedale Policlinico San
Martino. NA, NAMN, 2-HNA, and pyrazine carbonitrile (PCN) were purchased from Sigma
Aldrich S.r.l. 5-hydroxynicotinic acid (5-HNA) and 6-hydroxynicotinic acid (6-HNA) were
purchased from Thermo Fischer Scientific. Stock solutions of all the putative NAPRT
inhibitors (100 mM), FK866 (100 uM), and 2-HNA (500 mM) were prepared by dissolving

the compounds in 100% DMSO.

2.2. Cell growth inhibition assay

Cell viability was determined using the sulforhodamine B (SRB) colorimetric assay as
described in %6, Briefly, cancer cells were seeded in 96-well plates with different seeding
densities depending on the cancer cell line and left to attach overnight at 37°C in a
humidified atmosphere of 5% CO2 and 95% air. The following day, the old medium was

removed and cells were treated with fresh medium containing the experimental conditions
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in triplicates, and the plates were subsequently incubated at 37°C in a humidified
atmosphere of 5% CO2 and 95% air for 72 hours. To stop the experiment, cold 50% (w/v)
trichloroacetic acid (TCA) was then added drop-wise to each well to fix the cells (final
concentration, 10% TCA). The plates were incubated at 4°C for 20 minutes then washed
four times with tap water and left to dry in the air. Thereafter, SRB solution (0.057% w/v
in 1% acetic acid) was added to stain the fixed cells and the plates were shaken for 10
minutes at room temperature. After staining, the SRB solution was removed and the
plates were washed four times with 1% (v/v) acetic acid and left to air-dry. To solubilize
the protein-bound dye, 100 pl of 10 mM trizma base was next added and the plates were
shaken for 10 minutes at room temperature. Finally, the absorbance was measured at a
wavelength of 515 nM by an automated plate reader (Tecan Infinite® 200 PRO

instrument)

2.3. Invivo experiments

All animal studies were conducted in agreement with the Institutional Animal Care and
Use Committee of the Ospedale Policlinico San Martino, I.R.C.C.S. per I'Oncologia. Six-
to eight-week-old female BALB/c athymic (nu+/nu+) mice were purchased from Charles
Rivers Laboratories. Mice were housed under pathogen-free conditions in air-filtered
laminar flow cabinets with a 12-hour light/dark cycle and provided with food and water ad
libitum. Mice were allowed to acclimatize for 1 week in their new environment.

The proof-of-concept study of an NA-deficient diet with or without FK866 was evaluated
using ovarian cancer (OVCAR-5) xenograft model. Mice were subcutaneously injected in
each flank with 5 x 106 OVCAR-5 cells resuspended in 100 pl of 50:50 RPMI-1640:

matrigel. When the masses became palpable, the standard ad libitum food was replaced
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with a customized control diet (containing the recommended daily NA intake of 30 mg NA
/kg diet) or NA-deficient diet (containing the same composition as the control diet but
without NA; Mucedola S.r.I.). Nine days after initiating the new diets, mice were randomly
assigned to receive either vehicle DMSO or FK866 injection (20 mg/kg i.p. once daily for
four consecutive days/week). This resulted in four different experimental groups (i.e., CTR
group, NA-free diet group, CTR diet + FK866 group, and NA-free diet + FK866 group).
Tumor dimensions and mice weights were routinely recorded and tumor volumes were
calculated using the formula: tumor volume (mm3) = (w2 x W) x T1/6, where w (minor side)
and W (the major side) are in mm. None of the tumors exceeded the maximum tumor
volume of 1500 mm? allowed by our Institutional Animal Care and Use Committee
(IACUC). At the end of the experiment, mice were sacrificed and tumors were excised
and stored at -80 °C for subsequent ex-vivo studies. Mice's whole blood was collected in
Eppendorf tubes, left to coagulate for 2 hours at room temperature, and then centrifuged
for 20 minutes at 4,000 rpm. After centrifugation, mice serum was then pipetted and then
stored at -80 °C, and then shipped to Lausanne for quantification of NAD metabolites.

For the subsequent experiment dedicated to assessing the safety of the NA-deficient diet
(with or without FK866), mice were fed with the NA-free diet or control diet three weeks
before cell inoculation. After cell injection, FK866 treatment was initiated when the
masses became palpable and continued for another three weeks. At the end of the
experiment, mice were sacrificed and whole blood was collected and sent to San

Raffaelle hospital for evaluation of hematological and biochemical parameters.

2.4. Evaluation of the energy status and oxidative phosphorylation
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Tumor masses were washed in phosphate buffer saline (PBS) and homogenized by a
Potter—Elvehjem system in 1 mL of PBS plus protease inhibitors. All procedures were
performed on ice. Total proteins were estimated by the standard Bradford method*¢’,
ATP and AMP content inside the tumor samples was evaluated by the enzyme coupling
method!®®, as previously described in 189, The ATP/AMP value was calculated as the ratio
between the intratumor concentration of ATP and AMP, expressed in mM/mg tissue. The
assay of ATP synthesis through FoF1-ATP synthase activity was conducted by
measuring formed ATP from added ADP using the highly sensitive luciferin/luciferase
method as described in 16°.

Oxygen Consumption Rate (OCR) was measured at 25°C in a closed chamber, using an
amperometric electrode (Unisense-Microrespiration, Unisense A/S, Denmark). 50 ug of
total proteins were used for each experiment. To stimulate the pathways composed by
Complexes |, lll, and 1V, 10 mM pyruvate plus 5 mM malate were added; to activate the
Complexes II, lll, and IV pathway, 20 mM succinate was employed*6°,

The oxidative phosphorylation (OXPHOS) efficiency was calculated as the ratio between
the concentration of the produced ATP and the amount of consumed oxygen in the
presence of respiring substrate and ADP, obtaining the phosphate/oxygen (P/O) ratio. In
coupled conditions, this value is around 2.5 or 1.5 in the presence of pyruvate + malate
(P/M) or succinate (Succ), respectively. Conversely, in the uncoupled status, this value
decreases proportionally to the grade of the OXPHOS inefficiency'’®. Finally, the
enzymatic activities of lactate dehydrogenase (LDH) and glucose 6-phosphate
dehydrogenase (G6PD) were assayed according to the protocols described in 17? and 17

respectively.
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2.5. Quantification of NAD levels in cells and tumor masses.

For intratumoral NAD measurements, tumor samples (20-30 mg) were minced and
treated with 0.6 M perchloric acid for deproteinization and then they were then neutralized
by adding K2COs. For NAD measurements in OVCAR-5 cells, 1x10° OVCAR-5 cells were
plated in each well of a 12 wells/plate and let adhere overnight. The day after, cells were
treated with combinations of NAPRT inhibitors and FK866 and incubated at 37 °C in a
humidified atmosphere of 5% CO2 and 95% air for 24 hours. The NAPRT inhibitors were
used at 100 uM except for 2-HNA which was used at 1 mM, and FK866 at 100 nM. After
24 hours, cells were lysed with 0.6 M perchloric acid (PCA) at 4 °C and manually detached
by a scrapper. The cell lysates were subsequently collected, transferred to new tubes,
and diluted in 100 mM Na2HPO4 at pH 8. Determination of the amount of NAD inside the
cells (or the tumors) was carried out using a sensitive enzymatic cyclic assay that takes
advantage of the enzymatic activity of alcohol dehydrogenase as previously described in
172 Briefly, 100 pL of the diluted samples were pipetted into a white 96-well plate followed
by the addition of 100 pL of the cycling reaction mixture (100 mM Na2HPOa4, 90 U/mL
alcohol dehydrogenase, 10 pM flavinmononucleotide, 2% ethanol, 130 mU/mL
diaphorase, 2.5 pg/mL resazurin, and 10 mM nicotinamide). Fluorescence increase was
measured every 60 seconds over 30 minutes using a fluorescence plate reader (544 nm
excitation, 590 nm emission). The NAD content was calculated from a standard curve
and normalized against the total protein content that was previously quantified for every

test sample using the standard Bradford colorimetric assay (Bio-Rad).

2.6. Detection and quantification of bacterial DNA in murine stools
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Murine stool samples were collected from control and antibiotics-treated mice, snap-
frozen, and sent to Switzerland for detection and quantification of bacterial DNA. Mouse
stools genomic DNA was extracted from a volume of stools equivalent to 30 pL with the
Power Fecal PRO kit (ref. 51804) on a QIACube (Qiagen, Germany) and diluted 1000x
to avoid PCR inhibition. Two negative controls using DNA-free water (Applichem,
Germany) instead of DNA extraction products were analyzed in parallel to the samples.
The quantitative PCR was performed with 5 uL DNA, 200 nM of each primer Eubact_27F
(AGAGTTTGATCMTGGCTCAG) and Eubact_244R (ACTGCTGCCTCCCGTAG)52, and
10 pL iTaq Universal SYBR Green Supermix (BioRad, Switzerland, ref. 172-5122) as
follows: start 95°C for 5 minutes, denaturation at 95°C for 15 minutes and hybridization
at 60°C for 1 minute repeated for 40 cycles. The analyses were performed on the
StepOne Plus in MicroAmp Fast Optical 96-Well Reaction Plate (Thermo-Fisher,
Switzerland). Ten-fold dilutions of a control plasmid prepared by RDBiotech (France)
were used to calibrate the gPCR (1E5/1E4/1E3/1E2/10/5 copies/uL). Negative controls
yielded 16S quantification values between 5 and 10 copies/pl.

2.7. Quantification of NAD metabolites using LC-MS/MS

NAD metabolites in the mice serum or cellular supernatants were quantified using an LC-
MS/MS method established for the quantification of the NAD intermediates involved in
the PH and salvage pathways as described in 52,

2.8. Statistical analysis

All statistical analyses and graphic representations were done with GraphPad Prism
version 8.3.0 (GraphPad Software, San Diego, CA). In the animal experiments, adequate

study power (>0.80) was verified by PS Power and Sample Size Program
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(http://biostat.mc.vanderbilt.edu/wiki/Main/PowerSampleSize). In the tumor growth
curves, data of the tumor volumes were presented as mean * standard error of the mean
(SEM). All other data were expressed as means * standard deviation (SD). Comparisons
between experimental groups were performed using an unpaired student’s T-test or by

ANOVA. P-values less than 0.05 were considered statistically significant.
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3. Results
3.1. Administration of an NA-free diet

3.1.1. NA starvation sensitizes NAPRT-proficient cancer cell lines to NAMPT
inhibition
NAD formation from NA via the PH pathway starts with NAPRT catalyzing the conversion
of NA into NAMN which is then converted into NAAD and finally into NAD. We thus
reasoned that reducing NA availability would prevent cancer cells from exploiting this
pathway to replenish their NAD pools and thereby render them susceptible to NAMPT
inhibitors. To test this hypothesis, the effect of NA deprivation was investigated in a panel
of NAPRT-proficient cancer cell lines that represent different types of solid tumors. These
cell lines were cultured in standard medium (that lacks NA) and treated with the NAMPT
inhibitor FK866, the prototypical NAPRT inhibitor 2-HNA, or their combination. In NA-free
conditions, FK866 treatment alone resulted in marked cell growth inhibition of OVCAR-5
(ovarian cancer), CAPAN-1 (pancreatic cancer), and NCI-N87 (gastric cancer).
Conversely, all the cancer cell lines were insensitive to 2-HNA, most likely due to the
ability of these cells to sustain NAD synthesis via the salvage pathway (since NAMPT is
not inhibited by 2-HNA and its substrate, NAM, is present in standard culture medium).
Exogenous supplementation with NA prevented FK866 cytotoxicity in the NAPRT-
expressing cancer cell lines in a dose-dependent manner indicating that FK866 only
exerts its antitumor effects in NAPRT-proficient cancer cells in the absence of NA, which
prevents the utilization of the PH pathway (Figure 3.1 A, B, and C). We found that NA
concentrations as low as 100 nM were sufficient to completely rescue all the tested cancer

cells from FK866-induced cytotoxicity. These results are in agreement with the recent
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findings by EIMokh and colleagues in NAPRT-expressing leukemia cells?®2. On the other
hand, a 10-fold higher NA concentration (= 1 yM) was required to protect them from
FK866 in the presence of 2-HNA. These findings could be explained by the fact that 2-
HNA is an analog of NA that competitively inhibits NAPRT; therefore higher substrate
concentrations were needed to displace 2-HNA and regain NAPRT functionality. To
further confirm that the protective effect of NA addition is mediated through activating the
PH route, we tested the effect of exogenous NA supplementation in the NAPRT-deficient
cancer cell lines A2780 and SKOV3 (ovarian cancer) and Mia PaCa-2 (pancreatic cancer)
when exposed to FK866. As expected, FK866 dose-dependently led to cancer cell death
which was not rescued by NA addition (Figure 3.1 D, E, and F). Altogether, these results
indicate that NA deprivation from culture media, which potentially could be recreated in
animal models by removing NA from their diets, is able to overcome the resistance to

NAMPT inhibitors that is seen in NAPRT-expressing tumors.

3.1.2. Elimination of microbial-derived NA sensitizes NAPRT-proficient cancer cell

lines to NAMPT inhibition

Recent studies revealed that a broad variety of bacterial species including the common
cell culture contaminant mycoplasma can significantly contribute to NAD production in
mammalians owing to their ability to generate NA from NAM through the catalytic activity
of their nicotinamidase enzyme (PncA)?%:152.173 By contrast, human cells lack this enzyme
and thereby can’t convert NAM to NA. To address the aforementioned contribution, we
took advantage of mycoplasma contamination in several NAPRT-proficient cancer cell

lines and monitored their cell viability in baseline conditions and in the presence of FK866.
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As shown in Figure 3.1.G, mycoplasma-infected OVCAR-5, Capan-1, and OVCAR-8 cell
lines were completely insensitive to FK866 even without external NA addition suggesting
that mycoplasma secrete abundant amounts of NA that confer resistance to NAMPT
inhibitors. To confirm this mechanism, we measured the concentrations of several NAD
metabolites in supernatants of mycoplasma-free OVCAR-5 cells and mycoplasma-
contaminated OVCAR-5 and CAPAN-1 cells. Mycoplasma infection resulted in a
consistent elevation in NA amounts in supernatants of OVCAR-5 cells: NA concentrations
in the supernatant obtained from mycoplasma-free and mycoplasma-infected OVCAR-5
cells were 35 nM and 3.57 pM, respectively. By contrast, NAM concentration was lower
in the culture media collected from mycoplasma-contaminated OVCAR-5 cells compared
to that of mycoplasma-negative OVCAR-5 cells, which conceivably reflected NAM
consumption by mycoplasma. Similar results were also observed with mycoplasma-
contaminated CAPAN-1 cells (Figure 3.1 H). In addition, higher levels of NAMN were
observed in mycoplasma-contaminated cell supernatants (results not shown). Taken
together, these observations confirm the notion that bacteria enable NAPRT-expressing
tumor cells to bypass NAMPT inhibition by converting NAM into NA, which is the key
precursor of the PH NAD biosynthesis pathway. To further verify this hypothesis, we
evaluated whether pharmacological PncA inhibition in mycoplasma-contaminated,
NAPRT-proficient cell lines would restore FK866 activity. To this end, we made use of the
irreversible PncA inactivator, pyrazine carbonitrile (PCN; reported Ki = 61 uM)74. PCN,
which by itself showed no cytotoxic activity in the tested cancer cell lines, effectively
sensitized NAPRT-expressing ovarian and pancreatic cancer cells to FK866 (Figure 3.1

[, J, and K). Consistent with the notion that the enhancement of FK866 activity through

35



PCN was due to PncA obstruction (and to the consequent elimination of mycoplasma
derived-NA), exogenous NA addition (10 uM) fully abolished the anti-proliferative activity
of combined FK866 and PCN in mycoplasma-infected NAPRT-expressing cancer cell
lines (i.e, OVCAR-5, Capan-1, and OVCAR-8) (Figure 3.1 I, J, and K). To rule out the
possibility that PCN might exert its effect through NAPRT inhibition (given the structural
analogy between NA and PCN), we treated mycoplasma-free OVCAR-5 with FK866 with
or without 1 mM PCN in the presence or absence of 100 nM NA (since this NA
concentration was found to be sufficient to rescue OVCAR-5 cells from FK866 alone but
not from FK866 plus 2-HNA, Figure 3.1 A). The prototypical NAPRT inhibitor 2-HNA was
used as a positive control. As expected, NA (at 100 nM) was able to rescue mycoplasma-
free OVCAR-5 cells from FK866 and from FK866 plus PCN, but not from combined FK866
and 2-HNA treatment. Thus, these results are consistent with PCN not acting as a direct
NAPRT inhibitor (Figure 3.1 L). Of note, we failed to detect a similar sensitization effect
with the nicotinamidase inhibitor nicotinaldehyde despite its Ki values which were reported
to lie within the low micromolar to low nanomolar range!’417>. This observation could be
explained by a recent report that shows that nicotinaldehyde, by itself, is also a NAD
precursor that was able to activate the PH pathway and abolish the cytotoxic activity of
FK866 in leukemia cells'’®. Taken together, our results confirm that PCN restored FK866
cytotoxic effects against mycoplasma-infected cancer cells by blocking the conversion of
NAM into NA through PncA. Notably, PcnA-catalysed NA production also takes place at
the level of gut microbiota, jeopardizing the efficacy of NAMPT inhibitors against different
types of cancer, as we and others recently found*>2. Therefore, to effectively diminish NA

stores in vivo, both dietary and microbial-derived NA should be taken into consideration.
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Figure 3.1. NA depletion sensitizes NAPRT-expressing cancer cell lines to FK866.
Mycoplasma-free OVCAR-5 (A), CAPAN-1 (B), or NCI-N87 (C) cells were seeded in 96-
well plates (2x10°to 3x10° cells per well in case of OVCAR-5 or CAPAN-1 and 10* cells
per well in case of NCI-N87) and left to adhere overnight. The following day, the old media
were replaced with new media containing FK866 (100 nM), 2-HNA (1 mM), or both. NA

was subsequently added at increasing concentrations from 30 nM to 3 uM and cells were
incubated for 72 h. Cell viability was determined using the SRB assay. (D-F) SKOV3 (D),
Mia-PaCa-2 (E), or A2780 (F) cells were seeded in 96-well plates (1x10%to 4x10° cells
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per well) and left to adhere overnight. The following day, the old media were replaced
with fresh media with or without the addition of NA (10 uM). FK866 was subsequently
added at increasing concentrations from 1 nM to 100 nM and cells were incubated for 72
h. Cell viability was determined using the SRB assay. Data are presented as mean + SD.
(G) Mycoplasma-infected OVCAR-5, CAPAN-1, or OVCAR-8 cells were seeded in 96-
well plates (2x103to 3x103 cells per well) and left to adhere overnight. The following day,
the old media were replaced with new media containing FK866 (100 nM) and cells were
incubated for 72 h. Cell viability was determined using the SRB assay. (H) NA and NAM
concentrations in the supernatants collected from uninfected OVCAR-5 cells or
mycoplasma-infected OVCAR-5 and Capan-1 cells were quantified using LC-MS/MS.(I-
K) Mycoplasma-infected OVCAR-5 (I), CAPAN-1 (J) or OVCAR-8 (K) cells were seeded
in 96-well plates (2x103to 3x102 cells per well) and left to adhere overnight. The following
day, the old media were replaced with fresh media containing pyrazine carbonitrile (PCN)
at 100 uM in the presence or absence of NA (10 uM). FK866 was subsequently added at
increasing concentrations from 1 nM to 100 nM and cells were incubated for 72 h. Cell
viability was determined using the SRB assay. (L) Mycoplasma-free OVCAR-5 were
seeded in 96-well plates (3x103 cells per well) and left to adhere overnight. The following
day, cells were treated with FK866 (100 nM) alone or combined with 2-HNA or with PCN
(both at 1 mM) in the presence or absence of low concentration of NA (100 nM) and cells
were incubated for 72 h. Cell viability was determined using the SRB assay. Data are
presented as mean = SD. ns, non-significant; ***, P<0.001; **** P<0.0001.

3.1.3. NA-free diet sensitizes NAPRT-proficient cancer xenografts to NAMPT
inhibition

Our in vitro results demonstrated that NAPRT-proficient cancer cell lines were only

sensitive to FK866 in the absence of NA, whereas the add-back of NA fully abrogated

FK866-induced cytotoxicity. Thereafter we evaluated whether NA deficiency would also

sensitize NAPRT-expressing tumors to NAMPT inhibition in vivo. Since NA is an essential

nutrient that is supplemented in rodents’ diets'’’, we attempted to simulate in vitro NA-
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free cell culture conditions by removing NA from the mouse diet. To this end, we
established subcutaneous OVCAR-5 xenografts in nude mice, fed the animals with NA-
free (0 mg NA/kg diet) or a matched control “CTR” (30 mg NA/kg) diet and, when tumors
were palpable, subjected the animals to FK866 treatment (or vehicle DMSO) (Figure 3.2
A). Mice receiving both the NA-free diet and FK866 treatment demonstrated a significant
reduction in tumor growth relative to control and to the single-treatment groups (Figure
3.2 B, C, and D). Both the NA-free diet and FK866 failed to reduce the growth of OVCAR-
5 tumors when not combined with one another (Figure 3.2 B, C, and D). Overall, these
results indicated that, at least in this in vivo model, simultaneous obstruction of the
salvage and the PH NAD production routes is crucial to achieving antitumor effects. Next,
to confirm that the anti-cancer activity we observed with the combined intervention (i.e.,
FK866 and NA-free diet) was mediated by NAD depletion, we quantified NAD content
inside the tumors. Tumors that were isolated from mice fed with the NA-free diet showed
lower NAD levels as compared to animals receiving the control diet. Likewise, in mice fed
with the control diet, FK866 treatment significantly reduced intratumor NAD levels
compared to vehicle treatment. However, the most pronounced reduction in intratumor
NAD we observed in tumors that were isolated from the mice receiving both the NA-free
diet and FK866. (Figure 3.2 F) We also evaluated the circulating levels of NA in the serum
of mice from the different groups. We found these NA concentrations to be typically low
(i.e. NA was detected at low nanomolar concentrations), implying that dietary NA is rapidly
internalized and stored in cells. However, circulating NA levels also declined with a trend
similar to that observed in tumors among the experimental groups (data not shown).

Collectively, these data are in line with a previous study by O‘Brien et al. which suggested
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that NAD levels need to be sufficiently depleted to significantly inhibit tumor growth in
vivol’s,

Previous studies suggested that cellular bioenergetic processes could be impaired as a
result of NAD depletion’®151.178  Therefore, we investigated the impact of our dietary
interventions (in the presence or absence of FK866) on energy status and oxidative
phosphorylation of OVCAR-5 tumors. Tumor masses isolated from FK866-treated mice
or from mice fed with the NA-free diet alone exhibited considerable reductions in the
oxygen consumption rate and ATP synthase activity compared to the control animals
(Figure 3.3 A and B). In line with these results, we detected lower ATP and higher AMP
levels in the tumors, which ultimately translated into a lower ATP/AMP ratio (Figure 3.3
C, D, and E). We observed the sharpest reductions in the oxygen consumption rate, ATP
synthase activity, ATP levels, and ATP/AMP ratio in tumors treated with both the NA-free
diet and FK866 (Figure 3.3 A-E), which is again consistent with the marked drop in NAD
levels observed with this combined intervention. Ultimately, we investigated the effect of
our combined intervention on the activity of two NAD(P)- dependent dehydrogenases,
namely lactate dehydrogenase (LDH) and glucose 6-phosphate dehydrogenase
(G6PDH) that use NAD and NADP as a co-factor, respectively. Again, we found the
sharpest reduction in LDH and G6PD enzymatic activities to occur in tumors treated with
an NA-free diet and FK866 (Figure 3.3 F and G). Reduced LDH activity is indicative of

compromised aerobic glycolysis, while the drop in G6PD activity could impair nucleotide
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Figure 3.2. NA-free diet sensitizes NAPRT-expressing cancer xenografts to FK866.
(A) 8-week-old female nude mice were injected subcutaneously with 5x10® OVCAR-5
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cells in both flanks. When tumors became palpable, mice (n=5 per group) were
randomized to receive the different diets and after 9 days were randomized again to
receive FK866 (20 mg/kg i.p once daily for four consecutive days per week) or vehicle
treatment for 3 weeks. Tumor volumes (B) and mice weights (E) were measured every 3-
4 days. On the last day, tumor volumes were recorded (D), mice were then sacrificed,
tumors were excised, imaged (C), and stored at -80 °C. Tumor masses were

subsequently used for the determination of intratumor NAD levels (F). Data are presented
as mean + SEM in (B) and mean = SD in (D) and (F) *, P<0.05; **, P<0.01; ***, P<0.001;
*rrx P<0.0001.

synthesis and also allow high rates of reactive oxygen species (ROS) to accumulate in
cancer cells given that G6PD plays a key role in regulating the pentose phosphate
pathway and in counteracting oxidative damage. Taken together, our analysis confirmed
that depleting intratumor NAD levels via a combined NA-free diet and NAMPT inhibition
markedly reduced NAD-dependent metabolic bioenergetic processes, which could likely
contribute to reducing tumor growth.

As highlighted earlier, NAMPT inhibitors were reported to cause adverse effects such as
lymphopenia and thrombocytopenia in clinical trials”’. Gastrointestinal toxicities were also
reported, particularly with the orally administered NAMPT inhibitors CHS-828
GMX17777°. On the other hand, severe NA deficiency may lead to the condition called
pellagra (which typically includes, dermatitis, diarrhea, and mental confusion)!’®. Thus, to
rule out potential side effects of the NA-free diet, FK866, and their combination, we
monitored mice for clinical signs of toxicity (e.g. weight loss), as well as for their blood cell
counts and biochemical markers of organ damage. In no treatment group did we detect
clinical signs of toxicity, including weight loss (Figure 3.2 E). We also failed to detect signs

of haematologic toxicity (Table 3.1), liver, kidney, or muscle damage, or detrimental
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changes in lipid profile (Table 3.2). Altogether, the results of these tests show that
coupling an NA-free diet to NAMPT inhibitors is an effective and safe antineoplastic

approach against PH-dependant tumors.
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Figure 3.3. Combining an NA-free diet with FK866 severely impairs the energy
status, OXPHOS, and the activity of NAD(P)-utilizing enzymes in NAPRT-
expressing cancer xenografts. (A-G) 8-week-old nude mice were injected
subcutaneously with 5x108 OVCAR-5 cells in both flanks. When tumors became palpable,
mice (n=5 per group) were randomized to receive the different diets and after 9 days were
randomized again to receive FK866 (20 mg/kg i.p once daily for four consecutive days
per week) or vehicle for 3 weeks. On the last day, mice were sacrificed, tumors were
excised and subsequently used to determine the oxygen consumption rate (A), ATP
synthase activity (B), ATP levels (C), AMP levels (D), ATP/AMP ratio (E), LDH activity
(F), and G6PD activity (G).Data are represented as mean £ SD *, P<0.05; **, P<0.01;

*** P<0.001; **** P<0.0001

Table 3.1. Hematological parameters of the study assessing the safety of NA-free

diet with or without FK866 in mice (n=3-4 mice per group)

Parameters CTR diet NA-free diet CTR diet + NA-free diet +
FK866 FK866
(Mean = SD) (Mean = SD) (Mean + SD) (Mean + SD)
RBC (10%/uL) 9.64 £0.76 10.28 £ 0.38 9.19 + 0.69 9.22+0.78
HGB (g/dL) 14.80 + 1.20 16.33 + 0.47 14.15+1.28 13.97 + 1.27
HCT (%) 51.63+4.84 55.87 +2.32 47.85+4.42 47.07 £ 3.29
MCV (fL) 53.60 + 2.96 54.37 +2.44 52.03+2.30 51.10+1.56
MCH (pg) 15.40 + 0.26 15.90 + 0.52 15.43 + 0.83 15.13+0.75
MCHC (g/dL) 28.70£1.13 29.23+£0.42 29.58 + 0.57 29.67 £0.81
RDW-SD (fL) 33.03+1.33 34.37 +3.74 31.83+0.74 30.53+1.55

Reticulocyte# (103 pL)

488.53 +139.37

462.07 +18.01

405.25 +99.71

388.23 +74.64

Reticulocyte% (%) 5.17 +1.92 4.50+0.18 4.42 +£1.04 4.25 £ 0.99
Platelets (10%/uL) 1400 + 31.58 1166 + 158.08 | 1412.25+192.31 | 1161 +91.11
WBC (10%/pL) 11.86 +2.90 11.62 +£1.32 9.76 + 0.75 11.79 £ 4.68
Neutrophils# (10%/uL) 448 + 1.03 3.87+1.26 3.65+0.51 3.31+1.06
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Lymphocytes# (10%/uL)
Monocytes# (10%/uL)
Eosinophils# (10%/uL)
Basophils# (10%/uL)
Neutrophils% (%)
Lymphocytes% (%)
Monocytes% (%)
Eosinophils% (%)

Basophils% (%)

6.27 + 2.04

0.93+0.44

0.17 £ 0.05

0.01+0.01

37.87 £2.40

52.27 +7.07

8.20 £ 4.93

1.53+0.59

0.13+0.06

7.03 +0.17

0.58 + 0.30

0.13 +0.02

0.01 +0.00

32.80 £ 7.86

61.10 + 8.23

4.90 = 2.09

110+ 0.20

0.10 £ 0.00

498 +£1.01

1.01 +0.39

0.10+ 0.06

0.01+0.01

37.55+5.50

50.95 + 8.95

10.40 + 4.07

0.98 £ 0.56

0.13+0.05

7.68+ 4.19

0.65+0.13

0.13+ 0.02

0.03 +0.02

29.87 £12.45

62.80 + 14.99

5.87+1.97

117+ 0.40

0.30+ 0.26

RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular

volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin

concentration; RDW, red cell distribution width; WBC, white blood cells.

Table 3.2. Biochemical parameters of the study assessing the safety of NA-free diet

with or without FK866 in mice (n=3-4 mice per group)

Parameters CTR diet NA-free diet CTR diet + NA-free diet +
FK866 FK866
(Mean = SD) (Mean = SD) (Mean = SD) (Mean + SD)
Albumin (g/dL) 3.63+0.21 3.70 £ 0.10 3.53 +0.43 3.80 + 0.22
Urea (mg/dL) 35.33+2.08 33.33+5.77 27.00 £5.23 34.00 £9.90
Creatinine (mg/dL) 0.46 £ 0.04 0.45 + 0.02 0.43+£0.03 0.41 £0.02
Triglycerides (mg/dL) | 121.67 +45.01 132.67 +£41.96 98.50 + 28.49 145.50 +24.69

Cholesterol (mg/dL)

ALT (U/L)
HDL (mg/dL)

LDL (mg/dL)

158.00 *15.62

32.00 +1.00

75.27 + 3.27

42.67 +20.21

130.67 +31.26

32.00 + 2.65

66.42 +11.83

27.67 +15.63

146.00 +21.43

34.00+7.75

75.58 + 8.87

36.00 + 3.37

140.50 *20.40

37.25+9.84

71.99 + 9.40

27.25+5.74

ALT, alanine transaminase; HDL, high-density lipoprotein; LDL, low-density lipoprotein
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3.1.4. Combining an NA-deficient diet and antibiotics delays the tumor progression
in vivo
As mentioned previously, besides dietary NA, the gut flora also generates NA from NAM
through the PncA enzyme. Thus, we aimed to eliminate microbiota-derived NA in the body
by administering an antibiotics cocktail that depletes the gut microbiota (i.e. vancomycin,
ampicillin, gentamycin, and metronidazole)'®. We confirmed that this antibiotic treatment
successfully depleted the gut flora by quantitative PCR analysis, showing that bacterial
DNA became undetectable in the stools of antibiotics-treated mice (Figure 3.4 A).
Depletion of the gut microbiome also caused mouse caeca to become enlarged, which is
characteristic of mice with depleted intestinal microbiota'®® (Figure 3.4 B). The effect of
combining antibiotics with an NA-free diet was then assessed in OVCAR-5 xenografts.
As expected, mice receiving either the NA-free diet or antibiotics alone did not
demonstrate any significant difference in tumor volumes. However, mice receiving both
the NA-free diet and antibiotics exhibited a mild, but significant reduction in tumor growth
as compared to the control group (mice fed with the control diet without antibiotics) (Figure
3.4 C, D, and E). Of note, since in this experiment, we did not make use of a NAMPT
inhibitor, these results suggest that simultaneous depletion of NA through intestinal
antibiotics and an NA-free diet is sufficient to exert some antitumor activity in this NAPRT-
proficient tumor model. Next, we investigated whether this effect is mediated, at least in
part, by blunting intratumor NAD pools. To answer this question, we quantified NAD

content inside tumor masses and found that indeed only the combined intervention
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reduced intratumor NAD in comparison to the NAD levels found in tumors from the control

group (Figure 3.4 F).
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Figure 3.4. Combining an NA-free diet with antibiotics slows tumor progression in

vivo. Results from a previous preliminary experiment showed that treating mice with an
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antibiotics cocktail (vancomycin, ampicillin, metronidazole, and gentamycin) successfully
depleted the gut microbial flora as seen by 16S rRNA PCR analysis on murine stool
samples (A) and the enlarged caeca (B) in the antibiotics-treated animals. (C-D) In the
proof-of-concept experiment, 8-week-old nude female mice were fed with CTR or NA-free
diets with or without antibiotics cocktail (administered by oral gavage for 4 consecutive
days/week) for two weeks and then injected subcutaneously with 5x10® OVCAR-5 cells
in both flanks. When tumors became palpable, tumor growth was monitored (C). Diets
with or without antibiotics were provided until the end of the experiment. On the last day,
tumor volumes were measured (D). Mice were then sacrificed, tumors were excised,
imaged (E), and stored at -80 °C. Tumor masses were subsequently used for the
determination of intratumor NAD levels (F). Data are presented as mean + SEM in (C)
and mean = SD in (D) and (F) ns, non-significant; *, P<0.05; **, P<0.01.
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3.2. Development of NAPRT inhibitors

3.2.1. In silico compounds screening

In the second part of the project, we aimed to identify novel NAPRT inhibitors starting
from a virtual screening of the HTS Compound Collection from Life Chemicals
(http://www.lifechemicals.com/) which consists of 537,009 drug-like compounds. The
crystal structure of NAPRT was used as a template for the in silico docking study'®.
Results were ranked based on the score and the first 500 hits were visually inspected to
prioritize compounds that reproduced, at least in part, the putative binding mode of the
NAPRT substrates. This evaluation led to a final list of 35 purchasable compounds to be
tested in vitro as putative NAPRT inhibitors. In addition, from the same Life Chemicals
compound collection, a set of 2-hydroxynicotinic acid (2-HNA) analogs was manually
selected as 2-HNA is known to inhibit NAPRT in the micro/millimolar range of
concentration. A brief description of the compounds selected for in vitro characterization
can be found in Table 3.3.

Table 3.3. Selected structurally diverse compounds and 2-HNA analogs for in vitro

characterization as putative NAPRT inhibitors.
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3.2.2. In vitro compounds screening

To rapidly screen the 50 selected compounds for their ability to inhibit NAPRT, we used
their capacity to sensitize the NAPRT-proficient ovarian cancer cell line, OVCAR-5, to
FK866 as a reading frame (since this cell line is normally resistant to the NAMPT inhibitor,
but becomes sensitized to it through either NAPRT silencing or inhibition). By itself, the
addition of putative NAPRT inhibitors is postulated to show minimal anti-proliferative
activity due to the ability of the cells to use the NAM that is present in the cell culture
media to synthesize NAD!. OVCAR-5 cells were treated with the putative NAPRT
inhibitors at 100 uM concentration with or without 100 nM FK866. As depicted in Figures
3.5 A and 3.5 B, five compounds out of the 50 that were tested (i.e., compounds 1, 2, 8,
16, and 19) led to significant cancer cell growth inhibition when coupled with FK866, while
being minimally active when used alone. The remaining compounds were discarded since
they were either completely inactive or caused remarkable anti-proliferative without
FK866 (as observed in Figure 3.5 A with compound 5 and compound 7). The complete
inactivity of some compounds could be ascribed to their inability to bind NAPRT or to poor
cell membrane permeability. The intrinsic anti-cancer effect of some of the compounds
(i.e., without FK866) was considered to be indicative of non-specific toxicity that would
possibly also affect healthy cells.

Afterwards, we aimed at assessing the downstream effects of inhibiting both enzymes in
cancer cells, particularly in terms of intracellular NAD concentration. In line with our
previous observations with NAPRT silencing, by themselves, 2-HNA and the new 5
putative NAPRT inhibitors failed to reduce intracellular NAD levels!®t. However, 2-HNA

and the new putative inhibitors did cooperate with the NAMPT inhibitor, FK866, to blunt
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intracellular NAD concentrations (Figure 3.5 C). We next evaluated the ability of these
compounds to sensitize OVCAR-5 cells to lower concentrations of FK866. Four out of the
five compounds (i.e., compounds 1, 2, 8, and 19) were indeed able to sensitize OVCAR-
5 cells when incubated (at 200 uM) with increasing concentrations of FK866 (Figure 3.5
D). The degree of sensitization varied among the putative inhibitors with compound 8
exhibiting the most potent sensitization effect. Notably, the sensitizing activity of
compound 8 was even more pronounced than that of the classical NAPRT inhibitor, 2-
HNA (Figure 3.5 D). On the other hand, compound 16 was the only compound that
completely failed to sensitize the ovarian cancer cells to FK866 and thus it was not further
investigated. To further confirm the observed sensitization effect of our putative inhibitors
on the antitumor activity of NAMPT inhibitors, we extended our experiments in two
additional NAPRT-expressing cancer cell lines (i.e., HCT116 and OVCAR-8). Consistent

with our previous observations in OVCAR-5 cells, compound 8 and compound 19 also
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Figure 3.5. In vitro screening of the putative NAPRT inhibitors identifies several
promising candidates. (A) Graphical representation of the cell viability results obtained
from screening our selected compounds in ovarian cancer cells. OVCAR-5 cells were
plated in 96-well plates (2x102 cells/well) and left to adhere overnight. The following day,
the culture media were replaced with new media containing the respective treatments
(i.e., with or without 100 nM FK866 and the putative NAPRT inhibitors, all at 100 uM final
concentration, except for 2-HNA which was used at 1 mM). Each point is the mean of
three experimental replicates normalized to the control. The green circles indicate the five
most promising putative inhibitors and the red circles represent 2-HNA as the control
NAPRT inhibitor. (B) The viability results for the five most promising NAPRT inhibitors
from (A) are also represented in a bar graph. *, P< 0.05; **, P< 0.01 (C) OVCAR-5 cells
were plated in 12-well plates (1x10° cells/well) and allowed to adhere overnight. The
following day, the culture media were replaced with new media containing the respective
treatments (i.e., with or without 100 nM FK866 and the putative NAPRT inhibitors, all at
100 uM final concentration, except for 2-HNA which was used at 1 mM). *, P< 0.05 (D)
OVCAR-5 were plated in 96-well plates (2x10° cells/well) and allowed to adhere
overnight. The following day, the culture media were replaced with new media that contain
the respective treatments (i.e., with or without FK866 at increasing concentrations from 1
to 100 nM and the putative NAPRT inhibitors, added at 200 uM final concentration), and
the plates were then incubated for 72 hours. Afterwards, the cell viability was determined

using the SRB assay.

sensitized these other two cell models to FK866 when they were used at 100 uM
concentration (Figure 3.6 A, B, and C). By contrast, compound 1 and compound 2, when
used at the same concentration, failed to sensitize these two cancer cell lines to FK866,
with compound 2 even showing unspecific anti-proliferative activity in these models
(Figure 3.6 D and E). Since compound 8 (4-hydroxynicotinic acid) and 2-HNA are
structural isomers, we decided to evaluate whether the remaining 2-HNA analogs [i.e., 5-

hydroxynicotinic acid (5-HNA) and 6-hydroxynicotinic acid (6-HNA)] are also capable of
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inhibiting NAPRT. We tested this hypothesis in OVCAR-8 cells. Neither 5-HNA nor 6-HNA
could recreate the effects of compounds 8 and 2-HNA in terms of cell sensitization to
FK866 (Figure 3.6 F). We hypothesize this to reflect the inability of these compounds to
bind within the NAPRT enzymatic pocket. Overall, these findings highlight the specificity
of compound 8, since shifting the position of the -OH group from position 4 to position 5
or 6 entirely abolished their ability to sensitize cancer cells to FK866 (and thus, arguably,
to inhibit NAPRT). Ultimately, these experiments indicate that the NAPRT inhibitory
activity of these hydroxylated analogs of nicotinic acid strictly relies on the -OH
substitution at position 2 or 4 of the pyridine ring. In order to confirm that the ability of our
new inhibitors to sensitize NAPRT-proficient cancer cells to FK866 is on-target, i.e., due
to NAPRT obstruction, we supplemented HCT116 and OVCAR-8 cells with NA or NAMN
(at 10 uM) while treating them with our putative NAPRT inhibitors, in the presence or
absence of FK866. Both NA and NAMN fully rescued these cells from the marked anti-
proliferative effect that was achieved by combining FK866 with 2-HNA, compound 8, or
compound 19 (Figure 3.6 G and H). Taken together, these observations are in line with

compound 8 and compound 19 being NAPRT inhibitors.
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Figure 3.6. Compound 8 and compound 19 sensitize ovarian and colon cancer cells
to FK866 via NAPRT inhibition. (A-F) HCT116 and OVCAR-8 were plated in 96-well
plates (2x10° cells/well) and allowed to adhere overnight. The following day, culture
media were replaced with new media containing the respective treatments (i.e., with or
without FK866 at increasing concentrations from 1 to 100 nM and the putative NAPRT
inhibitors, added at 100 uM final concentration), and the plates were then incubated for
72 hours. Afterwards, the cells were imaged using light microscopy as in (C) and cell
viability was determined using the Sulforhodamine B assay. Data are mean + SD of three
experimental replicates. (G-H), the same experimental procedure was employed as in (A-
F). Single concentrations of the NAPRT inhibitors (100 uM), 100 nM FK866, 10 uM NA,
and 10 uM NAMN were added. Data are mean = SD of 4 experimental replicates. One
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representative experiment is shown. *, P< 0.05; ***, P< 0.001; ****, P< 0.0001; $$$3$, P<
0.0001. The * symbols refer to the statistical significance compared to the treatment with
FK866 alone, whereas the $ symbols refer to the statistical significance compared to the
combined treatment with FK866 and the NAPRT inhibitors.

3.2.3. In silico solubility prediction and pharmacokinetic characterization

In a previous study involving animal experiments, we were unable to dissolve 2-HNA in
saline at the desired concentration for intraperitoneal injections and thus, we used its
sodium salt as an alternative!®. Indeed, poor water solubility is a major hurdle during the
drug development process, especially when a drug is meant to be administered orally or
parenterally®®!. It was estimated that approximately 40% of the new chemical entities
demonstrate modest solubility in water*®l. Given the promising pharmacological results
of our drug candidates compound 8 and compound 19, we addressed their
physicochemical and pharmacokinetic parameters. In order to predict their solubility, we
made use of the SwissADME website, a publicly available online computational tool that
characterizes physicochemical parameters, ADME properties, and drug-likeliness of a
molecule'®2. Compound 8 and compound 19 possess favorable drug-like properties since
they don’t violate Lipinski's rule of five. Based on 2 out of the 3 predictive models
employed by the software to calculate water solubility, we found a 1.64 and a 2.25-fold
improvement in the predicted molar solubility of compound 8 compared to 2-HNA
(reported as Log(S) in Table 3.4). Likewise, the molar solubility of compound 19 was
higher than that of 2-HNA according to all 3 estimating methods (Table 3.4). Moreover,
compound 8 and compound 19 had high predicted Gl absorption. Compound 8 had the
same bioavailability score compared to 2-HNA and a higher bioavailability score than
compound 19 (Table 3.4). Neither of the two chemical entities seemed to be able to cross
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the blood-brain barrier (BBB). Finally, neither compound 8 nor compound 19 was
predicted to be a substrate of the efflux transporter P-glycoprotein (Pgp), which is
frequently associated with cancer resistance against chemotherapeutics'®3. Collectively,
these results indicate promising pharmacokinetic features for compound 8 and compound
19.

Table 3.4. Predicted water solubility and additional pharmacokinetic properties of

the two most promising putative NAPRT inhibitors.

Compound Log$S Log S Log S Gl Pap BBB Bioavailability
ID (ESOL) (Ali) (SILICOS-IT) absorption Substrate permeant score
2-HNA -1.65 -1.97 -0.8 High No No 0.85
8 -1.44 -1.62 -0.8 High No No 0.85
19 -1.18 -1.77 -0.26 High No No 0.56
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4. Discussion

NAMPT inhibitors are NAD-lowering agents that elicited potent anti-cancer activities in
different preclinical cancer models but their limited efficacy in clinical trials prompted
subsequent efforts to optimize their use as cancer therapeutics. Resistance to NAMPT
inhibitors arises in a wide spectrum of solid tumors that retain an intact NAD-generating
PH route which enables them to circumvent NAMPT-inhibitor-mediated NAD depletion.
On this basis, simultaneous obstruction of the salvage and the PH pathways could result
in more pronounced NAD reduction and, as a consequence, more robust anti-cancer
activity. Herein, we describe a novel dietary approach that interrupts the PH pathway
which, in turn, offers the possibility to broaden the efficacy of the prototypical NAMPT
inhibitor FK866 in vivo. In addition, we report on the identification of two chemical NAPRT
inhibitors that sensitized NAPRT-expressing cancer cell lines to FK866.

We demonstrate that restricting the nutritional intake of NA via an NA-free diet restores
susceptibility to FK866 in a mouse model of ovarian cancer harboring an active NAD-
generating PH route. The interaction between the NA-free diet and FK866 translated into
a dramatic intratumor NAD depletion that was not attained by FK866 treatment alone and,
subsequently, into reduced tumor volumes. A recent study showed that the therapeutic
index of the novel NAMPT inhibitor OT-82 was compromised in animals that were fed
diets containing NA amounts exceeding the recommended daily intake!?'. However, to
our best knowledge, this is the first study that reports on a synergetic combination
between NAMPT inhibitors and a specific dietary intervention, i.e., an NA-free diet,
against NAPRT-expressing solid tumors. This dietary modification proved safe since the
NA-free diet failed to cause haematologic or organ toxicities. Importantly, no symptoms
of pellagra were noted with dietary nicotinic acid deprivation likely due to the presence of
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tryptophan in the diet, which is a pellagra-preventing factor'’. Although NAD could be
generated de novo starting from tryptophan (which could potentially compromise
intratumor NAD depletion with our intervention), we previously found that the addition of
tryptophan was not able to rescue NAPRT-silenced OVCAR-5 cells from NAMPT
inhibition (results not shown), most likely due the lack of expression of one or more of the
de novo pathway enzymes. In line with these results, Liu et al. elegantly demonstrated
that NAD generation from tryptophan principally occurs in the liver4,

Using the same in vivo model, we showed that combining an NA-free diet with an oral
antibiotic regimen that depletes gut microbiota (and thereby eliminates microbial
endogenous NA generation) also slows down tumor progression. Notably, this effect was
observed in the absence of NAMPT inhibitors treatment, suggesting that blocking the PH
route per se could provide some anti-cancer effects, particularly in tumors with high
NAPRT expression. In keeping with this observation, we previously demonstrated that
NAPRT-silenced OVCAR-5 cells and spheroids were smaller than those of the control
cells, presumably as a consequence of impaired energy status and protein synthesis!>?.
Again consistent with our these results, in the OV4 tumor model (another ovarian
adenocarcinoma cell line that shows amplification of PH pathway enzymes) inducible
NAPRT or NADSYN depletion reduced NAD levels inside the tumors and resulted in their
complete regression®l. Furthermore, we provide evidence that the nicotinamidase
inhibitor pyrazine carbonitrile (PCN) is effective in sensitizing mycoplasma-contaminated,
NAPRT-proficient cancer cells towards FK866, suggesting that this agent could be used
instead of an antibiotics cocktail therapy (that completely deplete gut flora) in combination

with an NA-free diet and/or with a NAMPT inhibitor.

62



Given the serious toxicities that accompanied treatment with NAMPT inhibitors in clinical
trials, the role of NA in improving the NAMPT inhibitors therapy has been subsequently
introduced by its administration rather than its deprivation: concomitant administration of
NA and a NAMPT inhibitor was proven to mitigate the side effects of NAMPT inhibitors
while allowing higher doses of NAMPT inhibitors to be administered in several in vivo
cancer models8>184185  However, this intervention mainly applies to NAPRT-deficient
tumors. Our study enhances the usefulness to modulate NA dietary intake, specifically to
deplete NA intake, in combination with NAMPT inhibitors: we show for the first time that
NA-depletion effectively sensitizes NAPRT-proficient tumors to FK866 and to an
antibiotics combination that depletes intestinal bacteria, and that these effects are not
associated with significant toxicities. Last but not least, our in vivo results provide further
support to the notion of applying diet modifications as a complementary strategy to
enhance the responsiveness of therapeutic agents in cancer'®é,

On the other side, we took advantage of in silico drug design techniques to identify two
small molecules that selectively inhibit NAPRT. Our best candidates, compound 8 and
compound 19, were able to restore the sensitivity of NAPRT-expressing cancer cells to
NAMPT inhibitors through NAPRT inhibition. Our cell growth inhibition assays
demonstrated that our best NAPRT inhibitor, compound 8 (4-hydroxynicotinic acid), but
not 5-hydroxy or 6-hydroxynicotinic acid, exhibited marked anti-cancer activity when
combined with FK866 while showing no significant growth inhibition when used alone.
These results are in line with our previous work, showing that NAPRT inhibition by 2-HNA
does strongly sensitize NAPRT-expressing cancer cells (such as OVCAR-5 and OVCAR-

8) to NAMPT inhibitors but by themselves have minor anti-proliferative activity'>!. Similar
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to 2-HNA, compounds 8 and 19 displayed anti-cancer activity in the micromolar range.
The specificity of the two inhibitors was emphasized by experiments demonstrating that
their chemo-sensitizing activity was abolished upon supplementing cancer cells with
sufficient amounts of the substrate (NA) or the downstream product (NAMN) of the
NAPRT enzyme. However, similar to the analyses conducted in the case of NAMPT
inhibitors'87:188 additional crystallographic studies of the NAPRT enzyme in complex with
one or more of our identified inhibitors are warranted to precisely disclose the binding
mode of these compounds and describe their interactions within the enzymatic pocket.
Interestingly, computational analysis supported desirable drug-like and pharmacokinetic
features of these agents.

Although a substantial improvement in the potency of NAPRT inhibitors has not been
achieved yet, the structural backbones of these two inhibitors lend themselves to future
optimization efforts. The hit rate observed with our virtual screening procedure is
essentially consistent with the hit rate obtained in our previous in silico screenings,
including work that led us to discover the first selective SIRT6 inhibitors!®. In keeping
with this approach, Franco and colleagues adopted a similar high-throughput virtual
screening strategy to discover novel NAPRT inhibitors®. Collectively, these studies
further underscore the advantage of in silico screening techniques for drug discovery
when compared to the traditional high throughput screening procedures that are time and
resource-intensive and typically achieve lower hit rates®*.

Very recently, we demonstrated that gut microbiota caused leukemia-bearing mice which
were fed with a NAM-enriched diet to become resistant to FK866 treatment (through gut-

microbiota-derived NA and the consequent activation of the PH pathway) and that this
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resistance was reversed when their gut microbiota was depleted by an antibiotics
cocktail?®152, Accordingly, coupling FK866 to our NAPRT inhibitors would presumably
reverse the protective effect of the intestinal bacteria and restore the antitumor effect of
NAMPT inhibitors in vivo. Since the in vitro anti-cancer activity observed upon combining
NAMPT and NAPRT inhibitors was abrogated when NA was exogenously added in
excess to the culture media, it could be argued that the in vivo activity of this combination
therapy might be compromised when NA levels rise considerably in the body, as could
happen in response to NA- or NAM-rich diets or to NA supplements (e.g., NA is used in
gram doses in cases of dyslipidemia due to its lipid-modifying effects). Indeed, the anti-
leukemic effect of FK866 was abrogated when animals received an NA-enriched diet,
even if their gut microbiota was depleted by antibiotics'®?. Future studies should address
whether the compounds we identified as NAPRT inhibitors actually show antitumor
activity in vivo and whether conditions characterized by high circulating NA levels actually
hamper their efficacy. By contrast, combining an NA-free diet with NAMPT inhibitors and
NAPRT inhibitors might further increase the susceptibility of NAPRT-expressing tumors
to NAMPT inhibition. Further improvements in the affinity of these NAPRT inhibitors will
increase their therapeutic potential and also reduce the risk of reduced activity in the
presence of high systemic NA availability.

In conclusion, our work paves the way for clinical studies of NA-deficient diets in
combination with  NAMPT inhibitors and/or with antibiotics (or alternatively the
nicotinamidase inhibitor PCN) against NAPRT-expressing malignancies. Lastly, it lays the
foundation for further studies of these new NAPRT inhibitors, including in vivo testing in

mouse tumor models and further drug optimization steps.
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