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Abstract

NAD* plays central roles in a wide array of normal and pathological conditions. Inhibition
of NAD* biosynthesis can be exploited therapeutically in cancer, including melanoma. To
obtain quantitation of NAD* levels in live cells and to address the issue of the
compartmentalization of NAD* biosynthesis, we exploited a recently described,
genetically-encoded NAD* biosensor (LigA-cpVENUS), which was targeted to the cytosol,
mitochondria and nuclei of BRAF-V600E A375 melanoma cells, a model of metastatic
melanoma (MM). FK866, a specific inhibitor of nicotinamide phosphoribosyltransferase
(NAMPT), the main NAD*-producing enzyme in MM cells, was used to monitor NAD*
depletion kinetics at the subcellular level in biosensor-transduced A375 cells. In
addition, we treated FK866-blocked A375 cells with NAD* precursors, including
nicotinamide, nicotinic acid, nicotinamide riboside and quinolinic acid, highlighting an
organelle-specific capacity of each substrate to rescue from NAMPT block. Expression of
NAD* biosynthetic enzymes was then biochemically studied in isolated organelles,
revealing presence of NAMPT in all three cellular compartments, while NAPRT was
predominantly cytosolic and mitochondrial, and NRK mitochondrial and nuclear. In
keeping with biosensor data, QPRT was expressed at extremely low levels. Throughout
this work, we validated the use of genetically encoded NAD* biosensors to characterize
subcellular distribution of NAD* production routes in MM. The chance of real time
monitoring of NAD* fluctuations after chemical perturbations, together with a deeper
comprehension of the cofactor biosynthesis compartmentalization, strengthens the
foundation for a targeted strategy of NAD* pool manipulation in cancer and metabolic

diseases.
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Abbreviations Used

3PG = glyceraldehyde-3-phosphate;3-phosphoglycerate
6PGD= phosphogluconate dehydrogenase

aKG = alpha-ketoglutarate

A375/S = A375 sensitive to BRAF inhibitors
A375/BiR = A375 resistant to BRAF inhibitors

ADP= adenosine diphosphate

ADPR = ADP ribose

cADPR = cyclic ADP ribose

CIT = citrate

CisACT = cis-aconitate

CoQ = Coenzyme Q

AlaM = alamethicin

ARTs = adenosine diphosphate (ADP)-ribose transferases
ATP = adenosine triphosphate

BRAFi = BRAF inhibitor

cpVENUS = circularly permutated Venus protein

ETC = electron transport chain

F1,6BP = fructose-1,6-bisphosphate

F6P = Fructose-6-phosphate

FUM = fumarate

GAPDH = glyceraldehyde phosphate dehydrogenase
G6DP = glucose-6-phosphate dehydrogenase

GR = glutathione reductase
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GSH = glutathione

GSSG = oxidized glutathione

HPLC = high performance liquid chromatography

IDH = isocitrate dehydrogenase

isoCIT = isocitrate

LDH = lactate dehydrogenase

MAL = malonate,

MDH = malate dehydrogenase

MM = metastatic melanoma

NA = nicotinic acid

NAD* =nicotinamide adenine dinucleotide

NAAD = nicotinate adenine dinucleotide

NAADP = nicotinic acid adenine dinucleotide phosphate
NADH = reduced nicotinamide adenine dinucleotide
NADP = nicotinamide adenine dinucleotide phosphate
NADPH = reduced nicotinamide adenine dinucleotide phosphate
NAM = nicotinamide

NaMN = nicotinic acid mononucleotide

NAMPT = nicotinamide phosphoribosyltransferase
NAMPTis = nicotinamide phosphoribosyltransferase inhibitors
NAPRT = nicotinate phosphoribosyltransferase

NBEs = NAD" biosynthetic enzymes

Ndtlp = mitochondrial NAD* carrier protein

NMN = nicotinamide mononucleotide
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NMNAT = nicotinamide mononucleotide adenylyltransferase
NR = nicotinamide riboside

NRK = nicotinamide riboside kinase

OA = phosphoenolpyruvate;oxaloacetate,
OGD = oxoglutarate dehydrogenase

PARPs = poly (ADP-ribose) polymerases

PDC = pyruvate dehydrogenase complex

PRPP = phosphoribosylpyrophosphate

QA = quinolinic acid

QPRT = quinolinate phosphoribosyltransferase
SIRTs = sirtuins

SUCCoA = succinylCoA,

SUC = succinate

TCA = tricarboxylic acid cycle

TR = thioredoxin reductase

Trx = thireoxidin
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Introduction

1.1 NAD* metabolism
1.1.1 The multifaceted role of NAD*

Nicotinamide adenine dinucleotide (NAD?) is a vital, ubiquitous and multifunctional
cofactor regulating a wide range of biological processes (19,47). Discovered more than a
century ago as cofactor in fermentation, knowledge about chemistry and function of
NAD* was improved after the seminal discoveries of Otto Warburg in 1930s (11). The
relevance of findings concerning the centrality of NAD* reactions in cell physiology,
strongly encouraged studies on NAD* metabolism in the last decades, leading to the
validated evidence of the multifaceted role of NAD* as energy cofactor and signalling

molecule (47) (Figure 1).

Figure 1. Hallmarks of NAD* Homeostasis. NAD* is both a redox co-factor and a key signalling molecule. It
controls mitochondrial function and metabolism, redox reactions, circadian rhythm, immune response
and inflammation, DNA repair, cell division, cell survival, chromatin stabilization and epigenetics.

From Rajman L. et al., Cell Metabolism Review 2018 (79).
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1.1.2 The energetic role of NAD*

As energetic co-enzyme, NAD* is essential as electron acceptor donor in various
metabolic pathways including cytosolic glycolysis, serine biosynthesis, mitochondrial
tricarboxylic acid cycle (TCA) and oxidative phosphorylation redox reactions (103). In
addition, the equilibrium existing between its oxidized (NAD*) and reduced forms
(NADH) mediates cellular antioxidation mechanisms, as well as cell redox state
homeostasis, energy metabolism and mitochondrial functions (104).

Cofactor of almost 300 dehydrogenase, NAD* is primary used during glycolysis in the
sixth step of the process by glyceraldehyde phosphate dehydrogenase (GAPDH) which
requires two molecules of NAD* per molecule of glucose to oxidize glyceraldehyde-3-
phosphate to 1,3-biphosphoglycerate (3). Secondly, NAD* lactate dehydrogenase (LDH)
catalyzes the interconversion of pyruvate and lactate with concomitant interconversion
of NADH and NAD". The final glycolytic product pyruvate, can be converted to lactate in
condition of low oxygen tension or metabolized to produce acetylCoA thus entering the
TCA cycle for maximal energy production (2). The pyruvate dehydrogenase complex
(PDC) mediates acetylCoA production, a reaction accompanied by NAD* reduction to
NADH. During TCA cycle NAD* is reduced to NADH moieties in several key steps by
isocitrate dehydrogenase (IDH), oxoglutarate dehydrogenase (OGD) and malate
dehydrogenase (MDH). Finally, NADH produced in all these reactions, working as
electron equivalent redistributors, is used by electron transport chain (ETC) to generate

ATP (105) (Figure2).
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Figure 2. Cellular energy metabolism involving NAD*/NADH interconversion. From Yang y, Biochim

Biophys Acta (2016) (105).

The ratio between NAD*/NADH and their relative phosphorylated form (NADP*/NADPH),
are also critical for enzymatic defence systems against oxidative stress (115).

NAD(H) and NADP(H) regulate cellular redox homeostasis through the main cellular
scavenging systems which are the glutathione (GSH/GSSG) and the thioredoxin-
mediated (Trx-SH/Trx-SS) mechanisms. During these processes, H202 is scavenged in
reactions carried out by gluthatione and thioredoxin reductases (GS and TR,
respectively). Specifically, NADPH donates two electrons to reduce GSSG to GSH by GR;
the recycled GSH can then be used to reduce H202 to water. On the other hand TRs
transfer electrons from NADPH to reduce oxidized thioredoxin (Trx-S2) to its reduced

form Trx-(SH)2, which also acts as a donator of reducing equivalents in the enzymatic
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removal of H202. For these systems a specific subcellular distribution was demonstrated
indicating that cytosol is the source of almost 70% of cellular glutathione (40,68,100).

In this context NADPH is the indispensable reducing agent for ROS elimination and redox
homeostasis, and also its production is finely compartmentalized between cytosol and
mitochondria (100). In the cytosol, NADPH is primarily produced by glucose-6-phosphate
dehydrogenase (G6PD) and -phosphogluconate dehydrogenase (6PGD) in the pentose
phosphate pathway, while in mitochondria the main source of NADPH is IDH2 (Figure 3).
Reports on G6PD-deficient mice and gain-of-function studies deeply showed the
protective role of GSPD on cellular function by promoting ROS detoxification thus
increasing cell viability. Activity of the enzyme is also post-translationally modulated by
the cytosolic sirtuin SIRT2, offering various targetable point for a pharmacological

modulation of the system (115).
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Figure 3. NADPH and NAD* function as cofactors in antioxidant defense systems. From Xiao W. et al.,

Antiox and Redox (2018) (100).
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1.1.3 NAD*: a pleiotropic signaling molecule

Independently of its redox properties, NAD* is also the substrate of enzymes with
fundamental roles in gene expression and cell signaling. In these reactions, NAD" is
cleaved at the glycosidic bond between nicotinamide and ADP-ribose and, contributing
as a donator of ADP-ribose, through its consumption, the energetic cofactor acquires
the characteristic of an intracellular or extracellular signaling molecule.

The large family of NAD* consuming enzymes includes: mono adenosine diphosphate
(ADP)-ribose transferases (ARTs) and poly ADP-ribose polymerases (PARPs) which
transfer the ADP ribose moiety to acceptor proteins such as histones, and other proteins
at sites of DNA damage, resulting in their modification and function regulation; sirtuins
(SIRT1-7) which catalyze the NAD*-dependent removal of acetyl or acyl groups from lysines
of metabolic enzymes and transcription factors, thus controlling their activity; cyclic
ADP-ribose hydrolases and NAD* glycohydrolase (CD38/CD157 and CD73) that
generate different NAD* metabolites, like ADP ribose (ADPR), cyclic ADP ribose
(cADPR) and nicotinic acid adenine dinucleotide phosphate (NAADP), all molecules
with calcium mobilizing properties (44,98) (Figure 4-5).

Through their functional activities of post-translational modifications (ADP-
ribosylation and deacetylation reactions), or by calcium (Ca?*) signaling activation,
these enzymes regulate gene transcription, cell differentiation, cell cycle progression,
circadian rhythm, DNA repair, chromatin stability, cell adaptation to stress signals,
immune response (22). The importance of these NAD*-consuming pathways is
demonstrated by the large numbers of therapies, developed over the years, which
target these enzymes (Table 1). As an example, PARP inhibitors are in clinical trials as

anti-cancer agents, because they can sensitize tumor cells to apoptotic killing by

11
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genotoxic agents, while sirtuins activity is strictly associated with different pathologies

occurring with NAD* levels decline during aging or neurodegenerative processes (50).

For these reasons, NAD* boosting molecules or inhibitors of the NADases received

remarkable attention as antiaging agents or co-adjuvants for maintaining NAD*

homeostasis (79). However, as will be described in this dissertation, NAD* metabolism is

also an attractive therapeutic target in cancer treatment due to the increased levels of

the cofactor during tumorigenesis (5,88).

It is certainly possible to affirm that PARPs and sirtuins represent connecting elements

between the metabolic state of a cell and its signaling and transcriptional activities.

However, to be “metabolic sensors”, NAD* consuming enzymes have to respond to

physiological changes of NAD* levels, but the full comprehension of this phenomenon

is rendered complex by two incompletely understood aspects of NAD* metabolism

which are the NAD* pool sub-cellular compartmentalization and NAD* transport

across the cell and organelle membrane (47).
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1.1.4 NAD* biosynthesis

The maintenance of cellular NAD* level above a critical threshold, is pursued through
the re-oxidation from NADH or through the active synthesis of the pyridine nucleotide
(Figure 5). Open issues concern the biology of this system, including the subcellular
localization of specific biosynthetic pathways. Several efforts were made to elucidate
where NAD* biosynthesis occurs and whether there are exchanges between
compartments (27,28,54,55,69,79).

In details, NAD" is synthesized through one de novo bio-synthetic pathway, starting
from tryptophan/quinolinic acid (QA) and controlled by the rate limiting enzyme
qguinolinate phosphoribosyltransferase (QPRT) (9,47). This biosynthetic pathway is an
8-steps biosynthesis comprising the so-called kynurenine pathway. The formation of
QA occurs in one of the first reactions of this route which is active in mammals,
especially in liver and kidney but also in brain and endocrine tissue (109).

To maintain physiological concentration of the vital pyridine cofactor, in parallel, we
have three salvage pathways involving i) nicotinamide (NAM), ii) the Preiss-Handler
pathway that uses dietary nicotinic acid (NA), iii) and a third process which also uses a
food-derived molecule named nicotinamide riboside (NR) (22,62). Each pathway is
controlled by a rate-limiting enzyme, specifically nicotinamide phosphoribosyl
transferase (NAMPT), nicotinate phosphoribosyltransferase (NAPRT) and nicotinamide
riboside kinase (NRK) (Figure 5). NAMPT catalyzes the reaction between NAM and 5-
phosphoribosyl-1-pyrophosphate (PRPP) to form nicotinamide mononucleotide
(NMN). NMN is then converted to NAD* by nicotinamide nucleotide adenyltransferase
(NMNAT1-3), using ATP as the donor of adenylyl moiety (62). In parallel, the

enzymatic activity of the other players of NAD* salvaging consists in the

13
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phosphorylation of NR to NMN performed by NRK, whereas NAPRT
phosphoribosylates NA to nicotinate mononucleotide (NAMN) (47). Again the final
steps of these reactions are carried out by NMNATs which convert NMN to NAD*, and
NAMN to nicotinate adenine dinucleotide (NAAD). NAAD is finally amidated to NAD*
by the enzyme NAD* synthetase (3) (Figure 5).

Among these pathways, the reaction controlled by NAMPT is the most relevant in
mammalian cells (5,81) for NAD* homeostasis, as the NAMPT substrate, NAM, is
released by the main NAD* consuming enzymes, such as sirtuins and PARPs,
connecting NAD* synthesis and degradation in a functional loop in which NAD* is
consumed and regenerated (90). NAMPT is widely considered the master regulator of
NAD* biosynthesis in mammal cells (74), as confirmed by two crucial evidences: the
protein expression in all mammal tissues (84) and the embryonically lethality of
NAMPT gene deletion in mice (83). Intriguingly, NAMPT was also found in plasma and
in the supernatants of different type of cells (tumor cells but also differentiated
adipocytes, primary hepatocytes, cardiomyocyte, leucocytes, neutrophils, monocytes
and macrophages) where, independently of its catalytic activity, exerts cytokine-like
properties (6,47,83,97). While the mechanism behind secretion of extracellular
NAMPT (eNAMPT) remain unknown, it is now clear that, released after pro-
inflammatory stimuli, eNAMPT levels are increased in pathological conditions such as
inflammation and tumors (6,47,83,97). In the extracellular space, NAMPT works as a
cytokine able to regulate the differentiation programs and the metabolic adaptation
of immune cells, finally driving the cancer-supportive shaping of tumor

microenvironment (3,4).

14
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Figure 5. NAD* synthesis, function and consumption. From Audrito et al 2019 Review (3).

1.1.5 NAD* pool compartmentalization
The estimated amount of total intracellular NAD* content varies between 200-700 uM
(17,19,47,85). Considered one of the most abundant metabolite of human body, NAD*
levels constantly fluctuate following cycles of synthesis, consumption, and recycling and
change upon specific stimuli (79). Recent studies on NAD* metabolism evidenced that
NAD* concentration, oxidative state (NAD*/NADH ratio) and protein-associated amount
of NAD* differ not only in a tissue-dependent way, but also at sub cellular levels,

revealing a specific distributions of NAD* and its precursors in the cytosol, in nuclei and

15



PhD thesis Federica Gaudino

mitochondria (17,27,55,69). Cytosol and nuclei usually contain similar amount of NAD*
(100-200 uM) while in mitochondria, NAD* levels can reach more than the double
(17,19,47,85). Undoubtedly this organelle-compartmentalization is the effect of I) a
transport systems for NAD* and its precursors in the organelles membrane, ii) an
organized distribution of both consuming and NAD* biosynthetic pathways, and of iii) the
translocation of these enzymes itself which can be temporarily redistributed in a
different compartment in order to activate specific pathways responding to cellular
demands (55,105).

It is generally accepted that the location and physiological function of a protein are
strictly related. Figure 6 shows a recently published representation of current knowledge
regarding the sub-cellular compartmentalization of NAD* metabolism (55). Looking at
the compartmentalization of NAD* consuming enzymes, there are 17 members of the
PARP family, and they are predominantly located in the nucleus (PARP 1-5, 9 and 14)
where there is the majority of PARPs substrates (protein involved in DNA synthesis and
repair). Other PARPs are also in cytoplasm (PARP-5,10,12,13,15), in the cell membrane
and endoplasmic reticulum (55,79). Sirtuins are a class of deacetylases composed of 7
protein members. Sirtuins distribution is cytosolic for SIRT2, mitochondrial for SIRT3-5
and nuclear for SIRT1, SIRT6-7 (54,55,90). Moreover, even if predominantly nuclear,
SIRT1 is known to shuttle between nucleus and cytosol in response to stress conditions
(46). As already described, sirtuins and PARPs govern a plethora of biological processes,
for this reason a continuous re-synthesis of NAD* is necessary in each compartment.
Localization of NBEs is still a matter of debate.

What is known is that the three isoforms of NMNATs are present in the nucleus

(NMNAT1), in cytosol and Golgi apparatus (NMNAT2), and in mitochondria (NMNAT3)

16
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(10,78,79). For NAMPT, NAPRT and NRK a predominant cytoplasmic localization was
demonstrated, although controversial results supporting or contrasting a mitochondrial
and nuclear localization were published over the years (17,27,47,69,104).

The knowledge of the physical and functional compartmentalization of these pathways is
essential to tailor interventions that specifically alter NAD* levels in a desired cell type
and compartment. For this reason, considering the potential of interfering with NAD*
biosynthesis for cancer treatment, we decided to exploit genetically encoded biosensors

to dissect the NAD* biosynthesis distribution in a model of metastatic melanoma.
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Figure 6. Compartmentation of NAD* biology.

The major routes for import, biosynthesis, and consumption of NAD+ in cytosol, nucleus and
mitochondrion are shown. Dotted lines and question marks denote pathways for which limited evidence

is available. From Kulkarni et al., Antiox and Redox (2019).
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1.1.6 NAD* quantification: classic approaches and recent genetically encoded

biosensors
Due to the centrality of NAD*/NADH involving reactions, alterations of pyridine
dinucleotide pools have a profound impact on cellular physiology and diseases
development (50,70,87). In the past years, studies on NAD* metabolism, focused not
only on the comprehension of NAD* production and function, but also on its subcellular
distribution and on the possibility of a living and compartment-specific quantification of
NAD* concentration. Traditional techniques available for NAD* detection are:

the enzymatic cycling assay: developed in 1961 by Lowry and colleagues, this method

exerts an enzymatic cycling assay which first reduce NAD* to NADH. NADH is then

oxidized back to NAD* in another reaction with the production of a colorimetric or

fluorescent product. The rate of this final reduction assessed by the quantification of

the fluorescent product, is proportional to the concentration of coenzyme in the

system (61).

mass spectrometry: Fischer et al. 2004 developed a 3C-constrained flux balancing

analysis based on gas chromatography—mass spectrometry for NADH and NADPH

detection (33).

high-performance liquid chromatography (HPLC): liquid chromatography-tandem

mass spectrometric method that is sensitive and specific for simultaneous

guantification of cellular NAD* and related compounds (107,115).

capillary electrophoresis: this method coupled enzymatic cycling assay and capillary

electrophoresis technology to determine the NAD* and NADH contents of a single cell

(101).

18
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V.

isotope-labelling techniques: deuterium tracer approach that directly measures
NADPH redox active hydrogen labelling (31).
However, in the last ten years, different fluorescence-based genetically encoded
NAD* biosensors have been produced to overcome the main drawbacks of these
traditional methods which essentially are i) the requirement of cell lysis and the
incompatibility with live-cell quantification, ii) the ambiguity of the signal coming
from the reduced or phosphorylated form of NAD*, iii) the impossibility to distinguish
signal coming from different subcellular compartments and iv) the necessity of an
highly sophisticated technology (115).
Figure 7 summarizes all the genetically encoded biosensor for NAD* detection produced
in the last decade for NAD* detection. Basically, these sensors are engineered proteins
which couple specific binding properties (i.e. for NAD* alone) to a fluorescent
chromophore. In this system, the substrate binding by the sensor induces a shift of the
relative fluorescence intensity and/or spectra. Briefly, for the pyridine cofactor
detection, the developed sensors are the NADH sensor Frex (114); the NAD*/NADH ratio
sensors Peredox (49), RexYFP (12), and SoNar (113), the NAD* sensor LigA-cpVenus (17),
the NADP* sensors Apollo-NADP* (18) and NADPsor (111). Each of these sensors possess
specific binding affinity for the substrate (NAD* or NADH or NAD*/NADH ratio) which
directly determine variability between sensors in the real amount of detectable NAD* or
NAD*/NADH ratio. Differences exist also in their intrinsic structural properties which
render these sensors differentially stable, pH-sensitive or able of various grade of
fluorescence change which ca be translated in the amplitude of signal transduction.
Finally, in 2018 Sallin and collaborators described a new class of semisynthetic

fluorescent biosensors for measuring cellular free NAD* and NADPH/NADP* (85). This
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sensor was described as a ratiometric tool excitable at long wavelengths (560 nm) with a
large dynamic ranges and pH-insensitivity. It was designed according to the Snifit
concept (15). Snifits contain an analyte-binding protein and two self-labeling protein
tags (SNAP-tag) (53) and Halo-tag (60). In accordance with the fluorescence resonance
energy transfer (FRET) technology analyte-binding affects the distance between the
fluorophores resulting in FRET efficiency changes (Figure 8).

Considering all the described systems available for NAD* detection, we choose the
cpVENUS based construct (Figure 9)(17) first for the specificity of the sensor for
oxidized NAD* alone, secondly for the possibility to target the sensor in the different
subcellular compartments (cytosol, mitochondria and nucleus), but also for its
biochemical properties (reversible binding, Knap'=65uM) that make it suitable for
physiological NAD* concentration. Nevertheless, the choice of this NAD* biosensor was
due to its ratiometric properties and the easy and reproducible signal detection by

cytofluorimetric measurements.
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Figure 7. Schematic models of seven NAD*/NADH and NADP*/NADPH sensors.

Depicted are schematic diagrams for structure of NAD(P)*/NAD(P)H sensors. Close circles in green indicate

mutations in natural ligand-sensing domains and fluorescent proteins, which are genetically engineered to

improve the fluorescent properties of sensors, such as responsiveness, selectivity, affinity, pH sensitivity, and

brightness. From Zhao et al., Antiox and Redox 2018, Review (115).

Figure 8. Design of semisynthetic sensors for NADP and NAD".

The fusion protein SPR-Halo-p30-SNAP is labeled via SNAP-tag with a synthetic molecule containing a FRET

donor (green star) and a SPR inhibitor (blue ball, SMX), and via Halo-tag with a FRET acceptor. NADPH

(orange ball) and NADP+ (purple ball) compete for the cofactor-binding site of SPR. The sensor can
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monitor NADPH/NADP+ ratio changes by switching from a closed conformation to an open conformation,

with high and low FRET efficiency, respectively. From Sallin et al., eLIFE, (2019) (85).

0 wo
<

= > (=1

Figure 9. Structure of the cpVENUS based construct.
The bipartite NAD* binding domain of a bacterial DNA ligase (purple circles) is conjugated to a circularly
permutated fluorescent Venus protein (green circle). Functionally, when NAD* is bound a change in the

conformational structure of the sensor switches off the sensor fluorescence.
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1.2 NAD* in cancer

Malignant transformation relies on metabolic reprogramming which consists in
cellular metabolic adaptations aimed to satisfy new rates of growth and proliferation
and to adapt to new microenvironment conditions such as oxygen and nutrient
deficiency (3). It is called “metabolic rewiring” the multiple molecular mechanisms
through which tumor cells feed new bioenergetics (rapid ATP generation) and
biosynthetic needs (16). Activation of specific oncogenic pathways (i.e. RAS, BRAF,
MEK driven pathways) are driver phenomenon targeting metabolic enzymes and
downstream molecules, which leading to nucleoside deregulation, ensure tumor cell
to overcome these unfavorable surroundings (3). Aerobic glycolysis is the energetic
process through which tumor cells get their energy. In this context, NAD* can
undoubtedly promote cancer proliferation by enhancing the glycolytic rate of the cell
(22).

Indeed, the expression and the activity of NBEs are pivotal in these adaptations
processes, because the quickly NAD* restoration is fundamental both for new
energetic and signal transduction necessities of cancerous cells (3). Many studies
reported that NAMPT is frequently over-expressed in hematological and solid tumors
(37,63,88), and that there is a direct correlation between NAMPT expression and
tumor stage, prognosis and survival. NAMPT is also often associated with enhanced
acquired resistance to chemotherapeutic agents, increased steaminess and
invasiveness properties of cancer cells (36) by regulating epithelial to mesenchymal
transition (42,91). Also NAPRT was reported to be highly expressed in different types
of cancer including ovarian and pancreatic cancer (74). Recently Li X. et al. showed a
key role of both NAMPT and NAPRT in colon rectal cancer, revealing that the high
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expression of NAMPT or NAPRT is associated with vascular invasion, advanced
metastasis and adverse prognosis of patients. In this case, amplification of NAPRT gene
and promoter methylation together with a miRNA-dependant regulation of NAMPT
gene, correlate with activation of the TNF and PI3K-Akt signaling pathways (58).

Also NMNAT2 was reported to be over-expressed in colon rectal cancer, and its
pharmacological inhibition enhanced tumour cell death (56).

Nevertheless, cancer initiation and progression are affected by intracellular levels of
NAD* through the consequent modulation of NAD*-consuming enzymes. As previously
described in this thesis, PARPs mediate DNA repairing processes and chromatin
stabilization, while sirtuins epigenetically modulate protein expression and activity.
Both systems, fuelled in cancer cells by increased levels of NAD*, activate several pro-
cancer pathways involved in the first step of carcinogenesis and in the development of
drug resistance as well (71,103). Among sirtuins, SIRT1 is known as a tumor-promoter
protein. Indeed, downstream target of this deacetylase are an important tumor
suppressor p53, and FOX03a, a transcription factor emerged for its role in the cellular
anti-oxidant system (52). NAD*/NAMPT axis also regulates the pathways involved in
the maintenance of cancer steaminess in colon cancers both in a SIRT1- and PARP1-
dependent manner (103).

In addition, it is well known that the two main cellular NADases CD38 and CD73 are
over-expressed in different types of cancer where they control activation of different
signaling pathways and affect cancer immune tolerance (22,39). Importantly, It was
recently reported that high expression of these NAD* consuming enzymes, sensitizes

pancreatic cancer cells to chemical NAD* depletion (52).
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Overall, these evidences suggested the idea of NAD* metabolism as a central core of
energetic and transcriptional cancer cell adaptation mechanisms.

For these reasons, manipulation of these NAD*-dependent mechanisms trough the
depletion of NAD* levels, have been explored in many clinical trials and will be

discussed in the following section.

1.2.1 Targeting NAD* metabolism in cancer

With the emerged key role of NADome in cancer initiation and progression, a lot of work
has been done to develop drug able to reduce NAD* availability for tumors and inhibition
of the main NAD* salvage pathways has been successful both in vitro and in vivo
treatments of different types of tumors (3,5,52). The main effects of targeting NAD*
metabolism in cancer cells were: 1) the direct depletion of energy, 2) increase of ROS
production, 2) inhibition of DNA repairing mechanism. As consequence, treated cells
showed mitochondrial stress, cell cycle arrest, induction of apoptosis and autophagy
processes.

Most of pharmacological attention was given to the inhibition of the main NAD*
producing enzyme, NAMPT, with many NAMPT inhibitors (NAMPTis) which entered in
clinical trials (3,52,103). In addition, a very recent paper described the synthesis of
inhibitors able to discriminate between the intracellular and extracellular NAMPT (97),
while others produced NAMPTis coupled with antibodies in order to increase safety and
specificity of these compounds (51).

However NAMPTis, even if able to contain growth of advanced solid tumors, did not
show tumor regression in four phase | clinical trials (103). Limitations in the use of

NAMPTis are side effects, pharmacokinetics and compensatory mechanisms of NAD*
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production exerted by cancer cells. Activation of compensatory routes of NAD*
production appears to be very tumor-specific and still represents a critical rock in the
field of NAD-targeting therapy (24).

As an example of how NAPRT and NAMPT differential expression can be therapeutically
explored was described in 2019 by Fons et al. (35). Fons and colleagues demonstrated
that, in glioma, a truncated oncogene PPM1D, drives hypermetylation and promotes
epigenetic silencing of NAPRT. Consequently, PPMD1 mutant cells were shown to be
sensitive to NAMPT inhibition in vivo and in vitro, suggesting the NAMPT block as
potential therapy of pediatric gliomas.

Table 1 summarizes recently reviewed modulators/inhibitors of the NADome with
encouraging results obtained in animal model and human patients (3). As shown in the
table, inhibitor of NAMPT and NAD* consuming enzymes as well, are more than
promising therapeutic tools for the treatments of many types of tumors.

Future perspectives for tumor treatments are pointed to the development of
combinatory strategies in which NAD* depletion synergies with oncogenic inhibitors or
cytotoxic agents already used in cancer therapy.

Organelle-compartmentalization of NAD* biosynthesis and consumption cannot be
underestimate in the design of therapies involving NAD* homeostasis. The idea behind
this work is that, the biochemical characterization of NAD* biosynthesis in terms of
tumor-specific expression patterns of NBEs and their subcellular distribution is a

potential direction to improve efficacy of NBEs inhibition in cancer cells.
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TABLE 1 | Pharmacologic tools currently undergoing pre- or clinical evaluation to block NADome enzymes.

Agent

NAMPT INHIBITORS
APO866 (FK866)
CHS-828 (GMX 1778)
GNE-617, GNE-618
KPT-9274

OT-82

Blocking antibody
CD38 INHIBITORS
Daratumumab
Isatuximab

MOR202

Apigenin

SIRTUINS INHIBITORS

Cambinol

Sirtinol

Selermide
Tenovins

EX-627
Nicotinamide

IDO INHIBITORS
Indoximod

Epacadostat (INCB024360)

Navoximod
BMS-986205

Mechanism of action

NAMPTi

NAMPTI

NAMPTi

Dual NAMPTIi/PAX4i
NAMPTi

eNAMPT neutralization

Blocking antibody
Blocking antibody
Blocking antibody
CD38i

SIRT1/2i

SIRT1/2i

SIRT1/2i

SIRTHi

SIRTHi

SIRTI/NAD precursor

IDOi
IDOI
IDOi
IDOI

Indication

T/IC
T/C
T
b
T
T/C

MM/ALL
MM
MM
MD

T/ND
T/ND
T/ND
T/ND
T/ND
T/ND

- =4 -4 -

Trial Stage

Clinical phase |
Clinical phase |
Pre-clinical

Clinical phase |
Clinical phase |

Pre-clinical

Clinical phase lll
Clinical phase lI-lll
Clinical phase II
Pre-clinical

Pre-clinical
Pre-clinical
Pre-clinical
Pre-clinical
Pre-clinical

Pre-clinical, phase I-|

Clinical phase I-II
Clinical phase -l
Clinical phase |

Clinical phase |-l

Table 1. |, inhibitor; T, solid and/or hematological tumors; IC, inflammatory conditions; MM, multiple

myeloma; ALL, acute lymphoblastic leukemia; MD, metabolic diseases; ND, neurodegenerative diseases.

From Audrito et al., Frontiers in Inmunology, Review (2019).
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1.3 Metastatic melanoma (MM) as disease model

Malignant melanoma is the most common primary and aggressive neoplasm in
adults and the sixth most prevalent cancer in the United States (6). Surgical treatment
is often curative for localized stage | and stage Il disease while the median survival for
patients with distant metastases (stage IV melanoma) is less than 1 year (14).
Melanomas show a high mutation burden and the most recurrent somatic mutations
affect genes in key signaling pathways that govern proliferation (BRAF, NRAS and NF1),
growth and metabolism (PTEN and KIT), resistance to apoptosis (TP53), cell cycle control
(cyclin- dependent kinase inhibitor 2A (CDKN2A)) and replicative lifespan (telomerase
reverse transcriptase (TERT)) (89).
Treatments of choice for melanoma patients consist of inhibitors of the v-Raf murine
sarcoma viral oncogene homolog B (BRAF), an oncogene with activating mutation
showed by almost 35-60% of patients (3). Frequently, the single base mutation at
position 600 (V600E) of the oncogene leads to the over activation of BRAF-MEK-ERK
axis and MAPK signaling (3,5). Through the over-activation of MAPK, BRAF mutations
drive transcription of master regulators of metabolic responses, including hypoxia-
inducible factor 1a (HIF-1a), MYC, microphthalmia-associated transcription factor
(MITF), PGC1a, PI3K and STAT3 (73,93). The use of vemurafenib and dabrafenib, the
agents that block MAPK signaling, in patients with melanoma and the BRAF V600E
mutation, has been associated with prolonged and progression-free survival. However,
MM patients treated with BRAFi show disease progression within 6 to 7 months after
the initiation of treatment (34). This drug resistance is characterized by the
reactivation of the MAPK pathway (5). To overcome this drug resistance and to
improve antitumor activity, combination of immunotherapy with the BRAF targeted
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therapy was suggested (48). Indeed, in 2011, the use of ipilimumab (a monoclonal
antibody that blocks cytotoxic T lymphocyte antigen (CTLA)-4), nivolumab and
pembrolizumab (two anti-programmed cell death-1 (PD-1)) were approved for
patients with metastatic melanoma (77,95) and so far, the combinatorial approach of
target therapy and immunotherapy have been very promising. However, some
evidences of substantial liver toxicities together with the persistence of relapse and
resistance episodes, prompts investigations into new of therapeutic strategies

(29,48,77,95,112).

1.3.1 Metabolic reprogramming in MM: the role of NAD *

The BRAF-mediated oncogenic signals are critical regulators of metabolic
processes, by activating specific transcriptional programs. Specifically, by inducing
rearrangement of transcription master regulators of metabolic responses (HIF-1a,
MYC, MITF, PGCla, PI3K and STAT3), BRAF dramatically drives metabolic
reprogramming in melanoma cells, promotes aerobic glycolysis, actively represses
OXPHOS and drastically increases tumor aggressiveness. It was shown that BRAFi/
MEKi treatment suppresses glucose metabolism (3,5), but the metabolic drug-
resistant phenotype of treated patients is characterized by a reversion to
mitochondrial respiration as an attempt to maintain ATP levels and escape cell death .

Due to the poor prognosis, the high frequency of chemo-resistance development
and the necessity of new therapeutic opportunities, the combination of BRAFi/MEKi
with agents targeting OXPHOS is a promising therapeutic strategy to overcome

adaptive drug resistance (112).
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A critical and indisputable role of NAD* metabolism in melanoma was reported
(3,5,6,63,112). Our recent data showed that transformation of melanocytes to
metastatic melanoma (MM ) is accompanied by a net increase in global NAD* levels,
particularly in the BRAF-mutated subset (5). Further elevation of NAD* levels occurs in
cells that acquire resistance to BRAF inhibitors, an event accompanied by metabolic
reprogramming and NAMPT over-expression (3,5,6,63). Over-expression of NAMPT
was first demonstrated in 2012 by Maldi et al. in melanoma lesions compared to
melanocytes (63), and confirmed in 2017 by Zhao et al. which observed increased
NAMPT activity in the same tumor model (112). In this context, NAMPT
overexpression is regulated at a transcriptional levels by NF-kB, STAT3, and HIF-1a, and
the consequent increase in NAD" is needed to sustain cell proliferation and growth of
MM cells, to improve cellular energetic performance and it may directly affect NAD*
consumption pathways in an organelle-specific manner. In addition, the same authors
demonstrated that NAMPT mediates the apoptosis resistance of melanoma cells through
the NAMPT-E2F2-SIRT1 axis both in a NAD* dependent or independent ways (112). E2F2
is an important transcriptional factor with a well-known role in the NAD*-dependent
network (42).

Our group recently confirmed that the NAD* boost derived from NAMPT over-
expression drives metabolic adaptation, observed after chronic exposure to BRAFi. The
idea of NAMPT as a key determinant of the disease aggressiveness of BRAF-mutated
melanomas was shown by observing that, the metabolic adaptation occurring in cell
overexpressing NAMPT leads to the earlier development of BRAFi resistance, faster
cellular growth, and a more efficient wounds repairing capacity. Furthermore, we found

that treatment of melanoma cells with NAMPT inhibitors (NAMPTi) depleted NAD*,
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inducing mitochondrial stress, cell cycle arrest and apoptosis (5). Consistently, NAMPTis
were highly effective in the treatment of melanoma xenografts, highlighting NAMPT as
an actionable target for melanoma patients with BRAF mutations. Also in this case,
NAMPT inhibition decreased proliferation and enhanced apoptosis of melanoma cells.
However, different processes determine the failure of NAMPTis, especially adverse
side effects (thrombocytopenia, cardiotoxicity, retinopathy) (97), pharmacokinetics of
the inhibitors and the over activation of others NAD* producing routes as compensatory
mechanisms pursued by tumor cell to generate NAD® and to activate consecutive
pathways (21,66,67). According to this concept, recently, Chowdhry et al. confirmed the
addiction of melanoma cells on NAMPT enzymatic activity and showed that the tissue
context and the genetic landscape of a tumor is the major determinant of dependence

on specific NAD* metabolic pathway in cancer (24).
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Aim of the work

Due to all the evidences concerning the complexity of NADome picture, we decided
to put our attention on the understanding of NAD* biosynthesis compartmentalization
and NAD* pool fluctuations in living melanoma cells with the final aim to compose the
puzzle of NAD* biosynthesis in metastatic melanoma.

In this project, we studied NAD* bioavailability by dissecting the subcellular
location of its biosynthesis. To the aim, we exploited a genetically-encoded
fluorescent biosensor (17,25,30) to directly monitor free NAD* concentrations in
subcellular compartments of MM cells and compartmentalized fluctuations of the
cofactor under NAMPT inhibition or after treatments with precursors of all the
aforementioned NAD* biosynthetic enzymes. Finally we connected this functional
information to the biochemical evaluation of subcellular distribution of NAD*

biosynthetic enzymes (NBEs) in order to identify new peculiar cancer weakness.

Innovation of the study

In this study we used genetically encoded NAD* biosensors to dynamically
characterize subcellular NAD* biosynthesis in intact BRAF-mutated metastatic
melanoma (MM) cells. The choice of this model derives from our previous studies
showing that melanoma transformation is accompanied by dysregulation of NAD*
biosynthesis, which may be therapeutically targeted. By using organelle specific
biosensors, we monitored NAD* fluctuations in response to biosynthetic precursors or

inhibitors. Together with subcellular localization data, these results offer a complete
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picture of NAD* biosynthesis in MM cells and open the way to the use of biosensors to

understand the NADome architecture in physio-pathological conditions.

The experimental approach pursued in this project, the obtained results and their
discussion are described in detail in the attached research article which was accepted

for publication in Antioxidant and Redox Signaling journal in August 2019.
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Abstract

Aim: NAD" plays central roles in a wide array of normal and pathological conditions.
Inhibition of NAD* biosynthesis can be exploited therapeutically in cancer, including
melanoma. To obtain quantitation of NAD* levels in live cells and to address the issue of the
compartmentalization of NAD* biosynthesis, we exploited a recently described, genetically-
encoded NAD* biosensor (LigA-cpVENUS), which was targeted to the cytosol, mitochondria
and nuclei of BRAF-V600E A375 melanoma cells, a model of metastatic melanoma (MM).

Results: FK866, a specific inhibitor of nicotinamide phosphoribosyltransferase (NAMPT),
the main NAD*-producing enzyme in MM cells, was used to monitor NAD* depletion kinetics
at the subcellular level in biosensor-transduced A375 cells. In addition, we treated FK866-
blocked A375 cells with NAD* precursors, including nicotinamide, nicotinic acid,
nicotinamide riboside and quinolinic acid, highlighting an organelle-specific capacity of each
substrate to rescue from NAMPT block. Expression of NAD* biosynthetic enzymes was then
biochemically studied in isolated organelles, revealing presence of NAMPT in all three
cellular compartments, while NAPRT was predominantly cytosolic and mitochondrial, and
NRK mitochondrial and nuclear. In keeping with biosensor data, QPRT was expressed at
extremely low levels.

Innovation & Conclusions: Throughout this work, we validated the use of genetically
encoded NAD" biosensors to characterize subcellular distribution of NAD* production routes
in MM. The chance of real time monitoring of NAD* fluctuations after chemical
perturbations, together with a deeper comprehension of the cofactor biosynthesis
compartmentalization, strengthens the foundation for a targeted strategy of NAD* pool

manipulation in cancer and metabolic diseases.
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Introduction

Nicotinamide adenine dinucleotide (NAD?) is a vital, ubiquitous and multifunctional
cofactor regulating a wide range of biological processes (19,47). NAD* is essential as electron
acceptor donor in glycolytic, tricarboxylic acid cycle (TCA) and oxidative phosphorylation
redox reactions. The equilibrium existing between its oxidized (NAD*) or reduced forms
(NADH) mediates cellular antioxidation mechanisms, as well as cell redox state homeostasis,
energy metabolism and mitochondrial functions (106). In addition, NAD* is the substrate of
enzymes with fundamental roles in gene expression and cell signaling, independent of its
redox properties. This large family of NAD* consuming enzymes includes adenosine
diphosphate (ADP)-ribose transferases (ARTs) and poly ADP-ribose polymerases (PARPs),
sirtuins (SIRTs) and cyclic ADP-ribose hydrolases (CD38/CD157) (44,98). Through their
functional activities of post-translational modifications (ADP-ribosylation and deacetylation
reactions), or by calcium signaling mobilization, these enzymes regulate gene
transcription, cell differentiation, cell cycle progression, DNA repair, chromatin stability,
among other biological processes (22), representing connecting elements between the
metabolic state of a cell and its signaling and transcriptional activities.

The subcellular localization of specific biosynthetic pathways remains to be fully
elucidated. Several efforts have been made to elucidate where NAD* biosynthesis occurs
and whether there are exchanges between compartments (27,28,54,55,69,79). The
maintenance of cellular NAD* pool is achieved through the re-oxidation from NADH or
through the active synthesis of the pyridine nucleotide. Briefly, NAD* is synthesized
through one de novo bio-synthetic pathway, starting from tryptophan/quinolinic acid (QA)
and controlled by the enzyme quinolinate phosphoribosyltransferase (QPRT) (9,47) and

three salvage pathways involving nicotinamide (NAM), nicotinic acid (NA), and
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nicotinamide riboside (NR) (22,62). Each pathway is controlled by a rate-limiting enzyme,
specifically nicotinamide phosphoribosyl transferase (NAMPT), nicotinate
phosphoribosyltransferase (NAPRT) and nicotinamide riboside kinase (NRK). Among these
pathways, the reaction controlled by NAMPT is the most relevant in mammalian cells (81),
as the NAMPT substrate, NAM, is released by the main NAD* consuming enzymes, such as
sirtuins and PARPs, connecting NAD* synthesis and degradation in a functional loop.
NAMPT is frequently over-expressed in hematological and solid tumors (37,63,88). Our
recent data showed that transformation of melanocytes to metastatic melanoma (MM) is
accompanied by a net increase in global NAD* levels, particularly in the BRAF-mutated
subset (5). Further elevation of NAD* levels occurs in cells that acquire resistance to BRAF
inhibitors, an event accompanied by metabolic reprogramming and NAMPT
overexpression (5,6). An increase in NAD* may be needed to sustain cell proliferation and
growth of MM cells and it may directly affect NAD* consumption pathways in an
organelle-specific manner.

Following this hypothesis, we studied NAD* bioavailability by dissecting the
subcellular location of its biosynthesis. To the aim, we exploited a genetically-encoded
fluorescent biosensor (17,25,30) to directly monitor free NAD* concentrations in
subcellular compartments of MM cells and we connected this information to the

biochemical evaluation of subcellular distribution of NAD* biosynthetic enzymes (NBEs).
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Results

Generation of A375 cells stably expressing organelle-specific NAD* biosensor

To study the compartmentalization of NAD* biosynthesis, we used the BRAFV600E-
mutated A375 cell line as a melanoma model. Both, BRAF inhibitor sensitive (S) and resistant
(BiR) A375 were transduced with lentiviruses carrying the DNA coding for organelle-specific
biosensor proteins (17). The biosensor contains an organelle specific sequence (as detailed
in M&M), and the NAD*-binding site of a bacterial DNA ligase (LigAlb-LigAla). A cpVENUS
fluorescent protein is connected to the bipartite NAD* binding domain of the enzyme. The
structure allows biosensor fluorescence to be turned off when NAD* is bound. Based on their
cpVENUS-fluorescence, transduced cells were flow-sorted to obtain stably expressing cells.
Confocal microscopy shows the specificity of the biosensor in reaching the target
compartment (Figure 1 A-B-C), as determined by co-localization of the biosensor signal
(green) with the actin cytoskeleton (red), TOM20 (magenta) or DAPI (blue).

Organelle-specific effects of NAMPT inhibition

To study NAD'-depletion kinetics induced by inhibiting the major mammalian NAD*
biosynthetic pathway, we treated biosensor-encoding A375 cells with the well-known
NAMPT inhibitor FK866 (5,66). The biosensor works by decreasing its fluorescence at 488 nm
in the presence of increased levels of NAD*, while its 405 nm fluorescence is unaffected by
substrate variations and can be used to normalize the biosensor expression levels.
Therefore, a decrease in NAD* levels leads to an increase of the 488 nm/405 nm
fluorescence ratio (17,25,30). From previous works, it is known that FK866 treatment leads
to a significant drop of total intracellular NAD* levels beginning few hours after treatment
(43). Consistently, a time-lapse confocal microscopy analysis of A375 cells treated with

FK866 (25nM), confirmed a net drop in cytosolic, mitochondrial and nuclear NAD* levels
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steadily increasing over the 4 hours observation time (Figure 2A, movies 1-2-3). In order to
obtain quantitative measurements, we then measured NAD* concentrations by
cytofluorimetric analysis, at the fixed time point of 16 hours after FK866 treatment, when
>90% of intracellular NAD"* is depleted, according to previous data (17). In these conditions,
we observed a sharp increase in the 488 nm/405 nm fluorescence ratio in FK886-treated
cells in all the sub-cellular compartments (Figure 2B). The mean fluorescence ratio was
augmented by 30+10% (p=0.0002), 38+14% (p<0.0001) and 32+9% (p<0.0001) in the cytosol,
mitochondria and nuclei, respectively. Figure 2C is a representative example of the biosensor
behavior under FK866 treatment. The dot plot on the left depicts changes in fluorescence at
488 nm in relation to 405 nm of cell expressing the biosensor or the cpVENUS only. No
modification in the 488 nm fluorescence of the cpVENUS could be highlighted after
treatment with FK866, confirming specificity of the results (relative histograms on the right).

Subcellular NAD* concentrations and effects of NMN on subcellular NAD* levels

In order to quantify NAD* fluctuations, we generated specific calibration curves for the
cytosolic, the nuclear and the mitochondrial biosensors (Figure 3) (17,25,30). To do so, cells
expressing cytosolic and nuclear biosensors were saponin-permeabilized to allow exogenous
NAD* (used in a range of concentrations between 0 and 4 mM for cytosol and from 0 to
3mM for nucleus) to enter the cell or nucleus, as previously described (17). For the
mitochondrial biosensor, saponin permeabilization was followed by rapid treatment with the
ion channel-forming peptide alamethicin (AlaM), which renders mitochondria permeable to
low-molecular-mass molecules (7,38,65). In this conditions, exogenous NAD* (from 0 to
10mM) entered in the organelle, inducing a linear reduction of the sensor fluorescence
according to increasing NAD* concentrations. Table 1 shows fluorescence ratio 488 nm/405

nm calculations obtained from each biosensor and normalized on relative cpVENUS 488
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nm/405 nm variations (for cytosolic and nuclear biosensors the mean of 4 replicates is
shown, while 3 replicates are shown for mitochondrial biosensor). These cytofluorimetric
measurements of fluorescence variations at each NAD* concentration were used to build
specific sigmoidal curves. Lastly, by interpolating fluorescence ratio of non-permeabilized
cells expressing the cytosolic biosensor to the relative titration curve, we found basal
cytosolic mean values of NAD* in A375 cells of 261+74FIM. The same experimental approach
was used for the cells expressing the nuclear biosensor, detecting in this compartment a
basal nuclear concentration of 259+85EM, while NAD* concentrations in the mitochondria
were in the range of 499+154FIM. Treatment with FK866 diminished cytosolic, nuclear and
mitochondrial NAD* concentrations to values <0.7uM, below which the system is no longer
sensitive. The amount of this NAD* depletion is in line with previously reported HPLC
measurements of whole lysates from FK866-treated A375 cells (5).

Next, to further validate the system in our model, we studied the effects of nicotinamide
mononucleotide (NMN), the product of the reaction catalyzed by NAMPT, on NAD* levels
with or without treatment with FK866. After being produced by NAMPT, NMN is converted
into NAD* by nicotinamide mononucleotide adenylyl-transferases (NMNATs), which are
known to be expressed in the nucleus (NMNAT1), in the cytosol and Golgi (NMNAT-2) and in
the mitochondria (NMNAT-3)(10,78,79). Therefore, we hypothesized that supplementation
of NMN to cells could rescue NAD" levels in the presence of NAMPT inhibitors. As expected,
treatment of A375 cells with NMN increased basal NAD* levels, in all cellular compartments
and particularly in the cytosol (Figure 3C). After treating cells with the NMNAT substrate, we
detected a consistent reduction of fluorescence ratio of 144+2% (p=0.001) in the cytosol
corresponding to an increase in NAD* to 1621+606EM. In the nuclei, a reduction of
fluorescence in the range of 81+4% (p=0.0037) corresponded to 651+280BM NAD*. A
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moderate but consistent fluorescence reduction of 9+3% (p=0.043) was also detected in
mitochondria, where we measured an increase of the cofactor to a mean value of
2012+1855FM. Importantly, the combination of NMN and FK866, reverted the FK866-
induced fluorescence ratio from 36+5% to 6+7% (p=0.01) in the cytosol, from 35+13% to
8+6% (p=0.002) in the mitochondria and from 28+7% to 16+8% (p=0.021) in the nuclei. The
NMN-dependent rescue of NAMPT block is statistically significant when considering
fluorescence ratios, and NAD" levels recover from <0.7BM to 1678M in cytosol, to 1258M in
mitochondria and to 9@M into the nucleus.

Topography of NAD* Biosynthesis: NAM and NA primarily affect cytosolic NAD* levels

To obtain a complete topography of NAD* biosynthesis in MM, we then studied the
efficacy of different NAD* precursors including NAM, NA, NR and QA, in sustaining NAD*
biosynthesis and in rescuing from FK866-mediated NAD* depletion in the various
compartments. We first treated cells with NAM and NA, substrates of the most relevant
NAD* producing pathways in MM cells. NAM is recycled to NAD* in a two-step salvage
pathway in  which NAMPT, using  the ribose-5-phosphate  group  of
phosphoribosylpyrophosphate (PRPP) catalyzes a phosphoribosyl transferase reaction
converting NAM to NMN (55). Treatment of cells with NAM led to a significant increase in
cytosolic NAD* basal levels, as expected based on the documented cytosolic expression of
NAMPT (5,27,69) (Figure 4A). In fact, in this compartment, the fluorescence ratio was
reduced by 17+7% (p=0.004), corresponding to an increase in basal NAD* levels to
19304980EM. A slighter decrease in the fluorescence ratio was observed in the nuclei,
where we measured an increase in basal levels of the cofactor to 489+195EM, whereas no
changes were measured in mitochondria. An additional mechanism leading to NAD*
accumulation could be linked to block of NAD* intracellular consumption, as NAM is a
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powerful noncompetitive inhibitor of NAD*-consuming enzymes (SIRTs and PARPs)
(13,55,86). Consistently, even when added to A375 cells treated with FK866, NAM was able
to partially prevent NAD* loss. In fact, in the cytosol, we observed a rescue from FK866-
induced NAD* depletion, with fluorescence ratios going from 29+14% to 15+13% (p=0.02,
NAD* concentration of 36EM), in mitochondria from 46+20% to 14+20% (p=0.005), while in
the nuclear compartment from 37+6% to 23+8% (p=0.003). The observed NAM-driven
rescue of NAD" levels, would essentially reflect the inhibition of sirtuin activities in the three
compartments, while in the nuclei PARPs activity block could also contribute to the outcome.

NA is the substrate of NAPRT, which converts NA into nicotinic acid mononucleotide
(NAMN) via the Press-Handler pathway (20,47). NA was effective in the cytosol, as well in
nuclei and mitochondria, both in increasing compartmentalized NAD* basal levels and in
countering the effects of NAMPT inhibition (Figure 4B). The highest NA-dependent increase
in basal NAD* was detected in the cytosol (13+4% of fluorescence ratio reduction, p=0.013,
NAD* concentration of 976+5502M), followed by mitochondria (1031+550EM). The evidence
of a NA/NAPRT-mediated rescue from FK866-induced NAD* depletion, confirms the reported
finding that NAPRT-mediated NAD* production limits the action of NAMPT inhibitors used in
cancer treatment (74,90).

Topography of NAD* Biosynthesis: NR and QA showed an organelle-specific impact on
NAD"levels

We then tested the effects of NR and QA on subcellular NAD* levels. NR is an additional
salvageable NAD* precursor via the NRKs-mediated pathway. NR conversion to NAD' is
initiated by phosphorylation of NR to NMN by NR kinases (NRKs) (80,96). Studying the
subcellular capacity of NR in sustaining NAD* production in MM, we found NR to be effective
in increasing basal NAD* levels in cytosol (760+5572M) and in nuclei (533+166EM) (Figure
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5A). However, NR was able to counter the effects of FK866 predominantly in nuclei (from
2745% to 19+5% p=0.0004) and in mitochondria (from 37+12% to 14+11% p=0.007) (Figure
5A). In mitochondria of cells supplemented with NR and treated with FK866, NAD* levels
were kept between 50-240EM, thus preventing its drop after FK866 exposure. Lastly,
treatment of A375 with QA, an intermediate precursor of the 8 steps-de novo synthesis
pathway, increased NAD* levels only in mitochondria. Furthermore, QA offered partial and
weak protection from FK866-induced NAD* depletion selectively in mitochrondria (Figure
5B). This finding is in line with the reported low expression of QPRT in MM (5,47).Together,
these results support the idea of a dominant NAD* production via the recycling pathways in
MM cells, with a clear preference for the cytosolic NAM-NAMPT. In the cytosol NAPRT can
be considered a second active NAD* producer, while in the organelles, NRK appears to play a
key role as NAD* biosynthetic enzyme.

Subcellular localization of NAD* biosynthetic enzymes

Subcellular distribution of NBEs remains an incompletely understood aspect of NAD*
physiology, with increasing evidence suggesting that NAD" biosynthesis is
compartmentalized in a cellular- and tissue-dependent way (27,79). To determine the
subcellular expression pattern of NBEs in A375 cells in exponential growth phase and to
interpret data obtained with the organelle-specific biosensors, we used confocal microscopy
and biochemical analyses. Western blot analyses were performed on cytosol and isolated
mitochondria and nuclei. Confocal microscopy was used to support biochemical analysis. By
comparing expression levels of the four NBEs, we confirmed that NAMPT is the dominant
NBEs (Figure 6A-C, left panel). We then dissected NBEs subcellular localization by looking at
protein distribution in the separate compartments. A percentage of expression for the

different compartments was determined by dividing pixel intensity of the specific bands
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pertaining to a given compartment by the sum of the pixel intensities of the bands
pertaining to all compartments. Western blot analysis showed that NAMPT is mostly
cytosolic (84.16% of localization, Figure 6A), with low mitochondrial (10.74%) and nuclear
(5.1%) expression. Organelles purity was confirmed by using specific markers (anti-Vinculin, -
tubulin,-actin antibodies specifically highlight cytosolic fraction; anti-hadha and —cytochrome
C antibodies identify mitochondrial enrichment while anti-H2A antibody was used for
nuclear compartment detection). NAPRT was essentially cytosolic (92.2%), with minor
fractions present in mitochondria (5.7%) and nuclei (2.1%). Conversely, NRK was mostly
mitochondrial (67.2%) and nuclear (32.7%). QPRT was detectable at very low levels only in
cytosol and in mitochondria (not shown). Organelle purity was confirmed by using specific
markers. NBEs subcellular distribution was confirmed by confocal microscopy, by using
organelle-specific markers and a software co-localization tool (Figure 6C, right panel). The
panel on the left shows the overlay of the NBE under analysis and the compartment specific
marker. The three panels on the right show expression of the NBE under analysis in the
indicated compartment.

Proof-of-principle of the use of the biosensor to monitor NAD" levels

Lastly, we decided to use the biosensor to compare NAD* levels in A375 cells before (S)
and after the acquisition of resistance to BRAF inhibitors (BiR). These cellular models offered
us a strategic and clinically relevant example of cancer metabolic adaptation suitable for
characterization of NAD* biosynthesis. In keeping with our prior data showing that A375/BiR
cells are characterized by higher expression of NAMPT and constitutive higher levels of NAD*
(5), the biosensors showed a more pronounced sensitivity to NAD*-depletion through
NAMPT inhibition. Specifically, as evidenced by a higher fluorescence variations, upon FK866

treatment, A375/BiR cells were more severely NAD*-depleted than /S variants, at least in the
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cytosol and nucleus (Figure 7). These results, not only confirm that NAMPT is the master
regulator of NAD* biosynthesis in A375/BiR cells, but also evidence a compartmentalized
response to NAMPT inhibition in the two cell lines. Specifically, a highly significant difference
in response to FK866 was highlighted in the cytosol and the nuclei, while no significant
difference was observed in mitochondria. This result is consistent with the literature
suggesting a differential behavior of mitochondria compared to the cytosol or the nuclei in
the dynamics of metabolites exchange (69,90). In addition, we found that, in A375, the most
mitochondrial expressed NBE is NRK, potentially explaining the lower sensitivity of A375/BiR
mitochondria to NAMPT inhibition.

Overall, these data validate NAD* biosensors as tools to understand whether the main
pathways responsible for NAD* production differ across subcellular compartments or under

chemical perturbations.
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Discussion

Because of its essential role and ubiquitous presence, alterations of NAD*
concentrations are associated with a large number of pathological conditions, including
metabolic diseases like obesity, diabetes and insulin resistance, inflammation and immune
responses (26,79,110). A decrease in NAD* levels is also a hallmark of aging and aging-
associated pathologies, such as neurodegeneration and motor function decline. For these
reasons, NAD* boosting molecules or inhibitors of the NADases received remarkable
attention as antiaging agents or co-adjuvants for maintaining NAD* homeostasis (79). On the
other hand, a significant branch of research on NAD* metabolism documented increased
levels of the cofactor during tumorigenesis (5,88), thus rendering NAD* metabolism an
attractive therapeutic target in cancer treatment. Inhibitors against NAMPT, the major
intracellular NBE, are under development for phase | and Il clinical trials for patients with
ovarian, pancreatic and rectal cancers or with hematological malignancies, including multiple
myeloma and chronic lymphocytic leukemia (45,99,102). Even if some clinical responses
were observed, patients treated with NAMPT inhibitors experienced significant toxicity,
including thrombocytopenia and gastrointestinal complications. The modest success of
FK866 in cancer patients, may be explained by the activation of rescue pathways that can
overcome NAMPT block and restore NAD* levels through alternative routes. Most important
in this context is NAPRT, the rate-limiting enzyme in the metabolism of dietary NA into NAD*.
Epigenetic regulation of NAPRT leads to gene silencing in some tumors, while in the cases in
which it is over-expressed, the enzyme is responsible for the failure of NAMPTi-based
treatments (20,74). Like NA, NR can be introduced through diet, but it is also the by-product
of extracellular NMN dephosphorylation reaction carried out by CD73 (90), an ectoenzyme

involved in the generation of adenosine, in turn a powerful immunosuppressant. Recent
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reports indicate that NR, via NRK activity, maintains cancer NAD* homeostasis in the
presence of NAMPTIi, contributing to treatment failure (24,41,90). In addition,

the dynamic NAD*/NADH balance impacts on the redox state of cancer cells. In fact,
tumors possess higher levels of reactive oxygen species (ROS), rendering them more
sensitive to changes in the redox status (23,59). In this context, NAD(H)/NADP(H) balance
regulates glutathione reductase (GR) and thioredoxin reductase (TR) activities, major
components of the antioxidant defense system (40,68,100). Specifically, reducing
equivalents from NADPH are used to regenerate reduced glutathione (GSH) from the
oxidized form (GSSG), fueling the ROS scavenging system of the cell (100). For this reason,
the availability of NAD* precursors and their subcellular-specific employment could regulate
the activity of GSH/GSSG system in an organelle-dependent way. The prevalence of a
cytosolic GSH pool likely makes it sensitive to the presence of an active NAM/NAMPT axis
and to its pharmacological inhibition. In addition, G6PD, which is the major source of
NADPH, can also be activated post-transcriptionally by SIRT2 dependent deacetylation (100).

Characterization of subcellular NAD* pools and compartmentalized NAD* biosynthetic
pathways are pivotal in order to tailor therapeutic interventions, modulating the balance
between NAD* consumption and production. This work was undertaken with the dual aim of
obtaining a clearer picture of NAD* biosynthesis in BRAF-mutated melanoma cells and to set-
up conditions to follow its modifications in live cells. To address our aims, out of all the tools
developed in the last 10 years for real time measuring of NAD* or NAD*/NADH levels
(85,115), we used a recently devised genetically-encoded NAD* biosensor (17), which was
targeted to the cytosol, nuclei and mitochondria. The choice of this biosensor is based on its

intrinsic properties I) as a ratiometric tool specific for NAD* detection, Il) optimal binding
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affinity for physiological cellular NAD* concentrations. In addition, Ill) the biosensor is easy to
manipulate and has equally easy readouts.

BRAF-V600E A375 cells were used as experimental model, as it was shown that, in order
to support increased cellular growth rates, they reprogrammed NAD* biosynthesis by
overexpressing NAMPT. This NAMPT overexpression is even stronger during BRAF inhibitors
resistance development (5,6), a frequent clinical complication incurring in metastatic
melanoma of patients. The basal NAD* concentration in the cytosol and nuclei of A375 cells
in the exponential growth phase was estimated at 260uM and at 499uM in mitochondria
(Figure 8), in keeping with previously reported values for total intracellular free NAD* levels
ranging between 200 and 500uM (19,47,55,98,104). In addition, in basal conditions, the
recently estimated NAD* pool concentrations in cultured mammals and murine derived cell
lines (HEK293T, Hela, U20S, NIH3T3) move from 60uM to 120uM for nuclei and cytosol
(17,47,85), increasing to ~300uM in mitochondria (17,19,47). These reported
compartmentalized NAD* concentrations are tightly dependent on the cell type. For this
reason, it was not surprising for us to find the aforementioned concentration of free NAD* in
cytosol, nuclei and mitochondria of A375 cells. Indeed, for these cells, HPLC measurements
already detected more than double the NAD* content compared to normal melanocytes (5).
Moreover, by combining dynamic measurements using live cells and organelle fractionation,
we can conclude that NAMPT is quantitatively the most expressed NAD biosynthetic enzyme
in A375 cells and undoubtedly the dominant one in the cytosol (Figure 8). If we look at the
nuclear compartment, the prevalent NBE is NRK followed by NAMPT. Cytosol and nuclei are
considered exchangeable compartments for the diffusion of NAD* pools (55). This concept,
together with the revealed high expression levels of NRK in nuclei, could explain similar

levels of NAD* concentrations between cytosol and nucleus of A375. By combining two well
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established protocols for mitochondria purification (36,57,108), we found that mitochondria
of MM cells appear to be equipped predominantly with NRK and possibly with lower levels
of NAMPT and NAPRT (Figure 8). Even though mitochondrial NAD* contents can reach up to
70% of total intracellular NAD* (1), how its levels are maintained remains a matter of debate.
Two processes, glycolysis and NAD* biosynthesis, directly link cytoplasmic and mitochondrial
NAD* pools (92). The NADH produced by glycolysis is transported into the mitochondrial
matrix by NAD/NADH redox shuttles (106), providing reducing equivalents for the TCA cycle
and electron transport chain (ETC). The former process reduces O, to water and NADH to
NAD* in order to produce ATP, generating mitochondrial NAD* levels much higher than the
other cellular compartment (75). In addition, maintenance of NAD* levels in the
compartment is also dependent on salvaging NAM produced by NAD*-consuming enzymes.
The current view of the field is that NRKs are preferentially located in the cytosol and
nucleoplasm, and while it is accepted that NR is the preferred NAD* precursor for
mitochondrial NAD* synthesis (47,69,90), no evidence is available indicating NRK activity in
mitocondria. One of the current hypotheses about mitochondrial NAD* is that, it can be
maintained by the NMNAT3 conversion of NMN or by the membrane transport of NAD*
precursors (NAM, NMN) or even NAD" itself. Indeed, while some demonstrated that NAD* is
unable to cross the mitochondrial membrane and that pyridine nucleotides are instead
broken down to the corresponding nucleosides (69,76,90,92), others affirmed that only
intact NAD* can restore depleted mitochondria NAD* levels (27,32). Even if the first
eukaryotic mitochondrial NAD* carrier, named Ndtlp, was identified in Saccharomyces
cerevisiae (94) and in 2009 Palmieri et al. identified a chloroplast and mitochondrial NAD*
carrier protein in Arabidopsis thaliana (72), no mammalian transporter for NAD* has yet

been found. For these reasons, whether there is a complete NAD* biosynthetic apparatus or
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a system transport for NAD* in mitochondria remains unclear (27). Our data, both
biochemical and biosensor based, suggest that NRK is present in the mitochondria, at least in
A375 melanoma cells, arguing in favor of direct NAD* biosynthesis in these organelles. In
addition, the prevalent NRK expression in mitochondria, could suggest the use of NRK
inhibitors. Consistently, recent data by Chowdhry et al. indicated that NRK-dependent
synthesis of NAD* causes the failure of NAMPTis and that both NRK knockdown or dual
inhibition of NAMPT and NRK lowered the dose of FK866 needed to arrest tumour growth,
leading to persistent tumor regression in vivo (24).

Intracellular NAMPT is ubiquitously present in human body, even if its expression varies
according to tissues (79,82). Different experimental approaches have been exploited to
define mitochondrial presence of NAMPT in different cell lines with controversial results
(17,27,47,69,104). We found that also mitochondria are sensitive to NAMPT inhibition and
that a small amount of NAMPT is present in these organelles. However, alternative
explanations, such as cytosolic import of NAD* cannot be excluded, as well as a cell type
dependence of NAD* biosynthetic pathways localization. At the concentrations used, NA
raised NAD* levels rescued FK866-dependent NAD* depletion in all compartments, pointing
to a very efficient NAPRT pathway. On the contrary, neither NR nor NAM raised NAD* levels
in mitochondria even though both NRK and NAMPT are present in the organelles. The
finding that NMN induced a slight increase of mitochondrial NAD* may reflect regulated
transport of these metabolites. With the exception of QA, all tested NAD* precursors,
including NMN, are effective in boosting NAD* levels in cytosol and nuclei. Among them, only
NR is unable to rescue the FK866-induced NAD* depletion in cytosol, in keeping with
previous data that suggest that the NAM and NR pathways can both converge on NAMPT.

According to these data, NR would be converted to NAM by a nucleoside phosphorylase
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prior to the NAMPT catalyzed reaction (8,64). This is in keeping with the very low levels of
NR kinase in the cytosol, as demonstrated by western blot and confocal microscopy.

Overall, our data provide a proof-of-principle of the validity of the use of organelle-
specific biosensors to monitor NAD* fluctuations that occur in physio-pathological
conditions. They also reinforce the concept of compartmentalization of NAD* biosynthesis,
an essential aspect to understand how NAD* metabolism impacts on cancer cell metabolic
adaptation. By offering a more complete picture of NAD* biosynthesis in MM, we aim to
open the window of therapeutic strategies combining inhibitors of oncogenic signaling and

of NAD* biosynthesis.
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Materials and Methods

CpVenus-based NAD* sensor construct

The NAD* biosensor is a chimeric molecule, composed by a circularly permutated
Venus (cpVenus) fluorescent protein linked to a bipartite NAD*-binding domain of a
bacterial DNA ligase (LigAlb and LigAla) (17,25,30). Cytosolic, nuclear and
mitochondrial biosensor expression vectors were kindly provided by X.A. Cambronne
(Department of Molecular Biosciences, University of Texas, Austin, USA).
The incorporation of specific targeting sequences
(CTGCAGAAAAAGCTGGAAGAGCTGGAACTGGAC for cytosol,
ATGCTGGCCACCCGCGTGTTCAGCCTGGTGGGCAAGCGCGCCATCAGCACCAGCGTGTGCGT
GCGCGCCCAC for mitochondria, and CCAAAGAAGAAGCGTAAGGTA for nuclei), allows
these biosensors to be expressed in an organelle-specific way. DNA was amplified,
incorporated in lentiviral particles (see below) and used for stable cell transduction. The
LigA-cpVENUS biosensor presents two excitation peaks, one at 488 nm that decreases
according to NAD" elevation and a second one at 405 nm that is unaffected by substrate
variations, serving as internal control and system calibrator (17,25,30).
Generation of lentivirus

The vector plasmids (CMV-Sensor-IRES-puro-5 ug) together with third generation
packaging plasmids (pMDL-2pg, pRSV-Rev-2ug, and the VSVG envelope encoding
plasmid-1.2 pg, all from Addgene) were used for 293T cells transfection by using
commercial Effectene transfection system (Quiagen, Milan, Italy, cod. 301425). After
48h, supernatants were collected, cells debris excluded (centrifugation at 600 x g for 5
minutes), and lentiviral particles concentrated (ultracentrifugation at 121,603 g for two

hours) and used for cell transduction.
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Generation of cell lines stably expressing biosensors

A375 BRAFV600E-mutated cell lines were from the American Type Culture
Collection (ATCC). BRAFi-resistant (BiR) variants were generated as described (5). Cells
expressing cytosolic, nuclear or mitochondrial biosensors were obtained by transducing
both A375/sensitive (S) and /BiR cells with a lentiviral vector carrying the specific
organelle-targetable biosensor or with the organelle-targetable cpVENUS alone, using
polybrene (8ug/ml; Sigma, Milan, Italy, cod. H9268). cpVENUS positive cells were flow
sorted (FACSArialll, BD Biosciences, Milan, Italy) and used as reported.
Cell treatments

A375/S and /BiR lines were cultured in RPMI-1640 (Sigma, cod. R6504) with 10% of
fetal calf serum (FCS) (Sigma, cod. F7524) and 10 IU/ml of penicillin / streptomycin
(Sigma, cod. P4333). Cells were exposed to the following treatments for 16 hours. For
NAMPT inhibition, cells were treated with 25 nM FK866 (Sigma, cod. F8557). Treatments
with NAD* precursors were with 500 uM NMN (cod. N3501), 6 uM NA (cod. N4126), 0.5
UM NAM (cod. N3376), 200 uM QA (cod. P63204 all from Sigma) and 100 uM NR (kind
gift of ChromaDex, Irvine, CA).
Flow cytometry analysis

For flow cytometry analysis, cells were trypsinized (Sigma, cod. T4049) and collected

in RPMI 10% FCS. Sensor/cpVenus FITC (excitation 488 nm, emission 530/30 nm) and
BV510 (excitation 405 nm, emission 525/50 nm) were measured by flow cytometry (BD
FACS Celesta) and data processed with DIVA version 8 (BD Biosciences) and Flowlo
version 10.01 softwares (TreeStar, Ashland, OR). Cells were gated using forward scatter
(FSC) and side scatter (SSC) for the live cells and then further gated on both SSC and FSC

width to exclude doublets, analyzing at least 10* cells / sample. The analysis required a

54



PhD thesis Federica Gaudino

double ratio, expressed as a “ratio of ratios” (i.e. fold change). The first is the ratiometric
488/405 measurement detected by the biosensor, the second one is obtained by the
parallel analysis of 488 nm/405 nm fluorescence changes of cells expressing the
cpVENUS-only control (17,25,30). The cpVENUS 488/405 nm fluorescence ratio is used
to normalize for NAD* changes independent of the biosensor. FO refers to the ratio of
ratios obtained in untreated conditions (FO=1). NAD" variations are finally expressed as
the inverse relationship between the “ratio of ratios” changes and the cofactor
concentrations. A “ratio of ratios” value >1 indicates decresed NAD* concentrations,
while values <1 indicate increased levels of NAD".
Calibration curves

Calibration curves of cytosolic and nuclear biosensors were generated as previously
described (17). In details, cells expressing correspondent biosensors were permeabilized
with saponin (0.005%), in the presence of propidium iodide (PI)(Sigma cod.P4170).
Permeabilization status was monitored by looking at the percentage of PI positive cells.
For mitochondrial biosensor-expressing cells, cells were first permeabilized for 10
minutes with saponin 0.005% and then treated with alamethicin (Sigma, cod. A4665)
30ug/ml in order to obtain mitochondria permeabilization and NAD* exchange trough
the organelle. Permeabilized cells were exposed to increasing concentrations (from 0 to
4 mM for cytosol and nuclei and from 0 to 10 mM for mitochondria) of exogenous NAD*
(Sigma, cod. N-1511-1G). The NAD*-dependent fluorescence changes were monitored
by flow cytometry. Each point composing the curve is the result of the ratio between
488nm and 405nm values of the biosensor normalized to the relative cpVENUS and

lastly normalized on FO (0 uM of NAD").
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Mitochondria purification

Mitochondria isolation was performed as previously described (36,57,108). Briefly,
A375 cells (15x107) cells were resuspended in I1Bc buffer (200mM sucrose, 1mM Tris-
HCL, 1 mM EGTA, pH 7.4). Cells were mechanically disrupted by using an Elvehjem
potter (Sigma, cod. P7734), and suspension was centrifuged (600 x g, 10 min, 4°C). This
step was repeated twice to increase purification efficiency. Pellet was discarded and
mitochondria-containing supernatant was centrifuged (8,000 x g, 10 min, 4°C). A
centrifugation (8,500 x g, 10min, 4°C) on a discontinuous Percoll gradient (60, 30 and
18% Percoll, GE Healthcare, Milan, Italy, cod. GE17-0891-01), in IBc buffer, was used as
last step of purification. The fraction between the 30% and 18% gradients was collected
and washed three times by centrifugation at 19,000 x g for 10 min. Purified
mitochondria were then lysed in a 1% NP-40 based buffer, subjected to Bradford
quantification and prepared for western blot analysis with the same technical approach
used for whole cell lysates (see below).
Nuclei purification

Nuclei were isolated through a salt-based protocol and differential centrifugation
steps. Cells (8x10°) were collected from culture and resuspended in Buffer A (300 mM
Sucrose, 10 mM Hepes, 10 mM KCIl, 2 mM MgCl;, 1 mM EGTA, KOH pH 7.9, complete of
phosphatase and protease inhibitors). To lyse cells, NP-40 (0,15%) was added to the
suspension, before centrifuging (1300 x g, 5 min) and the supernatant was centrifuged
(16000 g, 15 min, 4C°) to eliminate membrane residues and used as cytosolic portion of
the fractionating protocol. The pellet was then washed 5x in Buffer B (50 mM Hepes,

400 mM NaCl, 1 mM EDTA, pH 7.5 NAOH) (1300 g, 5 min) and subjected to 5 sonication
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steps. Finally, the suspension was centrifuged (130000 g for 15 min) and the obtained
supernatant used as pure nuclear protein fraction.
Western blot analysis

Whole cells or subcellular fractions obtained as described above, were resolved by
SDS-PAGE, and transferred to nitrocellulose filter membranes (Biorad, Milan, cod.
1704158) (5). After blocking (5% Not-fat dry milk, Santa Cruz Biotechnology, Heidelberg,
Germany, cod. sc2325), membranes were incubated with: anti-GFP (Cell Signaling
Technologies, Danvers, MA, cod 2555S), anti-vinculin (Abcam, Cambridge, UK, cod.
130007), -tubulin (Cell Signaling Technologies, cod.2114), -actin (Santa Cruz
Biotechnology, cod. sc-47778), -Hadha (Abcam, cod. 203114), -cytochrome C (BD
Bioscience, cod. 556433), -H2A (Abcam, cod. ab18255), anti-NAMPT (Bethyl
Laboratories, Montgomery, TX A300-779A), anti-NAPRT1 (Novus Biologicals, Cambridge,
UK, cod. NBP1-87243), anti-C9orf95 (NRK1, ab169548) and anti-QPRT (ab57125 both
from Abcam). After incubation with horseradish peroxidase-conjugated secondary
antibody (PerkinElmer, Milan, Italy, cod. NEF822001EA), reaction was visualized with
ECL (Biorad, cod. 1705061) using ImageQuant LAS4000 (GE Healthcare, Milan, Italy).
Confocal microscopy

Cells expressing organelle-specific biosensors were cultured on glass cover slips in
24-well plates, rinsed once with PBS, fixed (4% PFA, 10 minutes, room temperature),
permeabilized (0.1% saponin in PBS, 20 minutes, room temperature) and saturated with
pre-immune goat serum (1:100, 1 hour, 4 °C). For NBEs localization studies, after
saturation cells were incubated with primary antibodies: anti-NAMPT, anti-NAPRT1,
anti-C9orf95 and anti-QPRT, anti-TOM20 (cod. SC-11415 from Santa Cruz

Biotechnology). MitoTracker Deep Red (ThermoFischer, cod. M22426). was used for
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mitochondria staining. TCS SP5 laser scanning confocal microscope equipped with an oil
immersion 63X objective, was used for fluorescence acquisition. Images were acquired
with LAS AF software (Leica Microsystem), files were processed with Photoshop (Adobe
Systems, San Jose, CA) and pixel intensity was calculated using the Imagel software

(http://rsbweb.nih.gov/ii/).

Time lapse analysis

For time lapse imaging, A375 (12X10°) were cultured into a p-Slide 4 well Ibidi
Chambered coverslips (Ibidi, Giemme Snc, Milan, Italy, cod. 80426), in RPMI-1640 with
10% of FCS. TCS SP5 was also equipped for maintaining cells under physiological
conditions (5% CO, and 37°C). for the duration of the experiments. At time 0 (t=0) cells
were treated with FK866 25 nM, for a period of 6 hours. Time lapse series were acquired
with 10 minutes intervals for mitochondrial and nuclear biosensor, for 5 minutes for
cytosolic biosensor, between successive frames. To obtain the full cell thickness, for
each acquisition field, different z-stacks were acquired and the sum of z stacks obtained
with Imagel software analysis was used for video generation. Finally, the ImageJ plugin
“image calculator’” was used to obtain the values of fluorescence ratio between 488nm
and 405nm channels.
Statistical analysis

Statistical analyses were performed with GraphPad version 6.0 (GraphPad Software
Inc., La Jolla, CA). Data were analyzed by two-sided paired Student’s t test. Results are
reported as box plots, where the top and bottom margins of the box define the 25th and
75th percentiles, the line in the box defines the median, and the error bars define the
minimum and maximum of all data. P value<.05 was considered to be statistically
significant.
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Results

Generation of A375 cells stably expressing organelle-specific NAD* biosensor

To study the compartmentalization of NAD* biosynthesis, we used the BRAFV600E-
mutated A375 cell line as a melanoma model. Both, BRAF inhibitor sensitive (S) and
resistant (BiR) A375 were transduced with lentiviruses carrying the DNA coding for
organelle-specific biosensor proteins (17). The biosensor contains an organelle specific
sequence (as detailed in M&M), and the NAD*-binding site of a bacterial DNA ligase
(LigAlb-LigAla). A cpVENUS fluorescent protein is connected to the bipartite NAD*
binding domain of the enzyme. The structure allows biosensor fluorescence to be
turned off when NAD" is bound. Based on their cpVENUS-fluorescence, transduced cells
were flow-sorted to obtain stably expressing cells. Confocal microscopy shows the
specificity of the biosensor in reaching the target compartment (Figure 4 A-B-C), as
determined by co-localization of the biosensor signal (green) with the actin cytoskeleton
(red), TOM20 (magenta) or DAPI (blue).
Organelle-specific effects of NAMPT inhibition

To study NAD*-depletion kinetics induced by inhibiting the major mammalian NAD*
biosynthetic pathway, we treated biosensor-encoding A375 cells with the well-known
NAMPT inhibitor FK866 (5,66). The biosensor works by decreasing its fluorescence at
488 nm in the presence of increased levels of NAD*, while its 405 nm fluorescence is
unaffected by substrate variations and can be used to normalize the biosensor
expression levels. Therefore, a decrease in NAD* levels leads to an increase of the 488
nm/405 nm fluorescence ratio (17,25,30). From previous works, it is known that FK866

treatment leads to a significant drop of total intracellular NAD* levels beginning few
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hours after treatment (43). Consistently, a time-lapse confocal microscopy analysis of
A375 cells treated with FK866 (25nM), confirmed a net drop in cytosolic, mitochondrial
and nuclear NAD" levels steadily increasing over the 4 hours observation time (Figure
5A, movies 1-2-3). In order to obtain quantitative measurements, we then measured
NAD* concentrations by cytofluorimetric analysis, at the fixed time point of 16 hours
after FK866 treatment, when >90% of intracellular NAD* is depleted, according to
previous data (17). In these conditions, we observed a sharp increase in the 488 nm/405
nm fluorescence ratio in FK886-treated cells in all the sub-cellular compartments (Figure
5B). The mean fluorescence ratio was augmented by 30+10% (p=0.0002), 38+14%
(p<0.0001) and 32+9% (p<0.0001) in the cytosol, mitochondria and nuclei, respectively.
Figure 5C is a representative example of the biosensor behavior under FK866 treatment.
The dot plot on the left depicts changes in fluorescence at 488 nm in relation to 405 nm
of cell expressing the biosensor or the cpVENUS only. No modification in the 488 nm
fluorescence of the cpVENUS could be highlighted after treatment with FK866,
confirming specificity of the results (relative histograms on the right).
Subcellular NAD* concentrations and effects of NMN on subcellular NAD* levels

In order to quantify NAD* fluctuations, we generated specific calibration curves for
the cytosolic, the nuclear and the mitochondrial biosensors (Figure 6) (17,25,30). To do
so, cells expressing cytosolic and nuclear biosensors were saponin-permeabilized to
allow exogenous NAD* (used in a range of concentrations between 0 and 4 mM for
cytosol and from 0 to 3mM for nucleus) to enter the cell or nucleus, as previously
described (17). For the mitochondrial biosensor, saponin permeabilization was followed
by rapid treatment with the ion channel-forming peptide alamethicin (AlaM), which

renders mitochondria permeable to low-molecular-mass molecules (7,38,65). In this
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conditions, exogenous NAD* (from O to 10mM) entered in the organelle, inducing a
linear reduction of the sensor fluorescence according to increasing NAD* concentrations.
Table 1 shows fluorescence ratio 488 nm/405 nm calculations obtained from each
biosensor and normalized on relative cpVENUS 488 nm/405 nm variations (for cytosolic
and nuclear biosensors the mean of 4 replicates is shown, while 3 replicates are shown
for mitochondrial biosensor). These cytofluorimetric measurements of fluorescence
variations at each NAD* concentration were used to build specific sigmoidal curves.
Lastly, by interpolating fluorescence ratio of non-permeabilized cells expressing the
cytosolic biosensor to the relative titration curve, we found basal cytosolic mean values
of NAD* in A375 cells of 261+74uM. The same experimental approach was used for the
cells expressing the nuclear biosensor, detecting in this compartment a basal nuclear
concentration of 259+85uM, while NAD* concentrations in the mitochondria were in the
range of 499+154uM. Treatment with FK866 diminished cytosolic, nuclear and
mitochondrial NAD* concentrations to values <0.7uM, below which the system is no
longer sensitive. The amount of this NAD* depletion is in line with previously reported
HPLC measurements of whole lysates from FK866-treated A375 cells (5).

Next, to further validate the system in our model, we studied the effects of nicotinamide
mononucleotide (NMN), the product of the reaction catalyzed by NAMPT, on NAD*
levels with or without treatment with FK866. After being produced by NAMPT, NMN is
converted into NAD* by nicotinamide mononucleotide adenylyl-transferases (NMNATSs),
which are known to be expressed in the nucleus (NMNAT1), in the cytosol and Golgi
(NMNAT-2) and in the mitochondria (NMNAT-3)(10,78,79). Therefore, we hypothesized
an NMN-driven rescue of NAD* levels upon NAMPT chemical inhibition. As expected,

treatment of A375 cells with NMN increased basal NAD* levels, in all cellular
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compartments and particularly in the cytosol (Figure 6C). After treating cells with the
NMNAT substrate, we detected a consistent reduction of fluorescence ratio of 14+2%
(p=0.001) in the cytosol corresponding to an increase in NAD* to 1621+606uM. In the
nuclei, a reduction of fluorescence in the range of 8+4% (p=0.0037) corresponded to
651+280uM NAD*. A moderate but consistent fluorescence reduction of 9+3% (p=0.043)
was also detected in mitochondria, where we measured an increase of the cofactor to a
mean value of 2012+1855uM. Importantly, the combination of NMN and FK866,
reverted the FK866-induced fluorescence ratio from 36+5% to 6+7% (p=0.01) in the
cytosol, from 35+13% to 8+6% (p=0.002) in the mitochondria and from 28+7% to 16+8%
(p=0.021) in the nuclei. The NMN-dependent rescue of NAMPT block is statistically
significant when considering fluorescence ratios, and NAD* levels recover from <0.7uM
to 167uM in cytosol, to 125uM in mitochondria and to 9uM into the nucleus.
Topography of NAD* Biosynthesis: NAM and NA primarily affect cytosolic NAD* levels
To obtain a complete topography of NAD* biosynthesis in MM, we then studied the
efficacy of different NAD* precursors including NAM, NA, NR and QA, in sustaining NAD*
biosynthesis and in rescuing from FK866-mediated NAD* depletion in the various
compartments. We first treated cells with NAM and NA, substrates of the most relevant
NAD* producing pathways in MM cells. NAM is recycled to NAD* in a two-step salvage
pathway in which NAMPT, using the ribose-5-phosphate group of
phosphoribosylpyrophosphate (PRPP) catalyzes a phosphoribosyl transferase reaction
converting NAM to NMN (55). Treatment of cells with NAM led to a significant increase
in cytosolic NAD* basal levels, as expected based on the documented cytosolic
expression of NAMPT (5,27,69) (Figure 7A). In fact, in this compartment, the

fluorescence ratio was reduced by 17+7% (p=0.004), corresponding to an increase in
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basal NAD* levels to 1930+980uM. A slighter decrease in the fluorescence ratio was
observed in the nuclei, where we measured an increase in basal levels of the cofactor to
489+195uM, whereas no changes were measured in mitochondria. An additional
mechanism leading to NAD* accumulation could be linked to block of NAD* intracellular
consumption, as NAM is a powerful noncompetitive inhibitor of NAD*-consuming
enzymes (SIRTs and PARPs) (13,55,86). Consistently, even when added to A375 cells
treated with FK866, NAM was able to partially prevent NAD" loss. In fact, in the cytosol,
we observed a rescue from FK866-induced NAD* depletion, with fluorescence ratios
going from 29+14% to 15+13% (p=0.02, NAD* concentration of 36uM), in mitochondria
from 46+20% to 14+20% (p=0.005), while in the nuclear compartment from 37+6% to
2318% (p=0.003). The observed NAM-driven rescue of NAD* levels, would essentially
reflect the inhibition of sirtuin activities in the three compartments, while in the nuclei
PARPs activity block could also contribute to the outcome.

NA is the substrate of NAPRT, which converts NA into nicotinic acid mononucleotide
(NAMN) via the Press-Handler pathway (20,47). NA was effective in the cytosol, as well
in nuclei and mitochondria, both in increasing compartmentalized NAD* basal levels and
in countering the effects of NAMPT inhibition (Figure 7B). The highest NA-dependent
increase in basal NAD* was detected in the cytosol (13+4% of fluorescence ratio
reduction, p=0.013, NAD* concentration of 976+550uM), followed by mitochondria
(10314£550uM). The evidence of a NA/NAPRT-mediated rescue from FK866-induced
NAD* depletion, confirms the reported finding that NAPRT-mediated NAD* production

limits the action of NAMPT inhibitors used in cancer treatment (74,90).
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Topography of NAD* Biosynthesis: NR and QA showed an organelle-specific impact on
NAD"levels

We then tested the effects of NR and QA on subcellular NAD* levels. NR is an
additional salvageable NAD* precursor via the NRKs-mediated pathway. NR conversion
to NAD" is initiated by phosphorylation of NR to NMN by NR kinases (NRKs) (80,96).
Studying the subcellular capacity of NR in sustaining NAD* production in MM, we found
NR to be effective in increasing basal NAD* levels in cytosol (760+557uM) and in nuclei
(533+166RM) (Figure 8A). However, NR was able to counter the effects of FK866
predominantly in nuclei (from 2745% to 194+5% p=0.0004) and in mitochondria (from
37+12% to 14+11% p=0.007) (Figure 8A). In the latter, NR preserved NAD* levels
between 50-240uM, thus preventing its drop after FK866 exposure. Treatment of A375
with QA, an intermediate precursor of the 8 steps-de novo synthesis pathway starting
from tryptophan, increased NAD* levels only in mitochondria. Furthermore, selectively
in these organelles, it offered partial and weak protection from FK866-induced NAD*
depletion (Figure 8B). This finding is in line with the reported low expression of QPRT in
MM (5,47).Together, these results support the idea of a dominant NAD* production via
the recycling pathways in MM cells, with a clear preference for the cytosolic NAM-
NAMPT. In the cytosol NAPRT can be considered a second active NAD* producer, while
in the organelles, NRK appears to play a key role as NAD* biosynthetic enzyme.
Subcellular localization of NAD* biosynthetic enzymes

Subcellular distribution of NBEs remains an incompletely understood aspect of
NAD* physiology, with increasing evidence suggesting that NAD* biosynthesis is
compartmentalized in a cellular- and tissue-dependent way (27,79). To determine the
subcellular expression pattern of NBEs in A375 cells in exponential growth phase and to
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interpret data obtained with the organelle-specific biosensors, we used confocal
microscopy and biochemical analyses. Western blot analyses were performed on cytosol
and isolated mitochondria and nuclei. Confocal microscopy was used to support
biochemical analysis. By comparing expression levels of the four NBEs, we confirmed
that NAMPT is the dominant NBEs (Figure 9A-C, left panel). We then dissected NBEs
subcellular localization by looking at protein distribution in the separate compartments.
A percentage of expression for the different compartments was determined by dividing
pixel intensity of the specific bands pertaining to a given compartment by the sum of the
pixel intensities of the bands pertaining to all compartments. Western blot analysis
showed that NAMPT is mostly cytosolic (84.16% of localization, Figure 9A), with low
mitochondrial (10.74%) and nuclear (5.1%) expression. Organelles purity was confirmed
by using specific markers (anti-Vinculin, -tubulin,-actin antibodies specifically highlight
cytosolic fraction; anti-hadha and —cytochrome C antibodies identify mitochondrial
enrichment while anti-H2A antibody was used for nuclear compartment detection).
NAPRT was essentially cytosolic (92.2%), with minor fractions present in mitochondria
(5.7%) and nuclei (2.1%). Conversely, NRK was mostly mitochondrial (67.2%) and nuclear
(32.7%). QPRT was detectable at very low levels only in cytosol and in mitochondria (not
shown). Organelle purity was confirmed by using specific markers. NBEs subcellular
distribution was confirmed by confocal microscopy, by using organelle-specific markers
and a software co-localization tool (Figure 9C, right panel). The panel on the left shows
the overlay of the NBE under analysis and the compartment specific marker. The three
panels on the right show expression of the NBE under analysis in the indicated

compartment.
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Proof-of-principle of the use of the biosensor to monitor NAD" levels

Lastly, we decided to use the biosensor to compare NAD* levels in A375 cells before
(S) and after the acquisition of resistance to BRAF inhibitors (BiR). These cellular models
offered us a strategic and clinically relevant example of cancer metabolic adaptation
suitable for characterization of NAD* biosynthesis. In keeping with our prior data
showing that A375/BiR cells are characterized by higher expression of NAMPT and
constitutive higher levels of NAD* (5), the biosensors showed a more pronounced
sensitivity to NAD*-depletion through NAMPT inhibition. Specifically, as evidenced by a
higher fluorescence variations, upon FK866 treatment, A375/BiR cells were more
severely NAD*-depleted than /S variants, at least in the cytosol and nucleus (Figure 10).
These results, not only confirm that NAMPT is the master regulator of NAD* biosynthesis
in A375/BiR cells, but also evidence a compartmentalized response to NAMPT inhibition
in the two cell lines. Specifically, a highly significant difference in response to FK866 was
highlighted in the cytosol and the nuclei, while no significant difference was observed in
mitochondria. This result is in keeping with literature suggesting a differential behavior
of mitochondria compared to the cytosol or the nuclei in the dynamics of metabolites
exchange (69,90) and with our data indicating that NAMPT is mostly a cytosolic enzyme.
In addition, we found that, in A375, the most mitochondrial expressed NBE is NRK,
potentially explaining the lower sensitivity of A375/BiR mitochondria to NAMPT
inhibition.
Overall, these data validate NAD* biosensors as tools to understand whether the main
pathways responsible for NAD* production differ across subcellular compartments or

under chemical perturbations.
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Discussion

Because of its essential role and ubiquitous presence, alterations of NAD?*
concentrations are associated with a large number of pathological conditions, including
metabolic diseases like obesity, diabetes and insulin resistance, inflammation and
immune responses (26,79,110). A decrease in NAD" levels is also a hallmark of aging and
aging-associated pathologies, such as neurodegeneration and motor function decline.
For these reasons, NAD* boosting molecules or inhibitors of the NADases received
remarkable attention as antiaging agents or co-adjuvants for maintaining NAD*
homeostasis (79). On the other hand, a significant branch of research on NAD*
metabolism documented increased levels of the cofactor during tumorigenesis (5,88),
thus rendering NAD* metabolism an attractive therapeutic target in cancer treatment.
Inhibitors against NAMPT, the major intracellular NBE, are under development for phase
I and Il clinical trials for patients with ovarian, pancreatic and rectal cancers or with
hematological malignancies, including multiple myeloma and chronic lymphocytic
leukemia (45,99,102). Even if promising, initial trials have shown limited clinical
responses, also because they were burdened by significant thrombocytopenia and
gastrointestinal toxicity. The modest success of FK866 in cancer patients, may be
explained by the activation of rescue pathways that can overcome NAMPT block and
restore NAD* levels through alternative routes. Most important in this context is NAPRT,
the rate-limiting enzyme in the metabolism of dietary NA into NAD*. Epigenetic
regulation of NAPRT leads to gene silencing in some tumors, while in the cases in which
it is over-expressed, the enzyme is responsible for the failure of NAMPTi-based
treatments (20,74). Like NA, NR can be introduced through diet, but it is also the by-

product of extracellular NMN dephosphorylation reaction carried out by CD73 (90), an
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ectoenzyme involved in the generation of adenosine, in turn a powerful
immunosuppressant. Recent reports indicate that NR, via NRK activity, maintains cancer
NAD* homeostasis in the presence of NAMPTI, contributing to treatment failure
(24,41,90). In addition,

the dynamic NAD*/NADH balance impacts on the redox state of cancer cells. In fact,
tumors possess higher levels of reactive oxygen species (ROS), rendering them more
sensitive to changes in the redox status (23,59). In this context, NAD(H)/NADP(H)
balance regulates glutathione reductase (GR) and thioredoxin reductase (TR) activities,
major components of the antioxidant defense system (40,68,100). Specifically, reducing
equivalents from NADPH are used to regenerate reduced glutathione (GSH) from the
oxidized form (GSSG), fueling the ROS scavenging system of the cell (100). For this
reason, the availability of NAD* precursors and their subcellular-specific employment
could regulate the activity of GSH/GSSG system in an organelle-dependent way. The
prevalence of a cytosolic GSH pool likely makes it sensitive to the presence of an active
NAM/NAMPT axis and to its pharmacological inhibition. In addition, G6PD, which is the
major source of NADPH, can also be activated post-transcriptionally by SIRT2 dependent
deacetylation (100).

Characterization of subcellular NAD* pools and compartmentalized NAD* biosynthetic
pathways are pivotal in order to tailor therapeutic interventions, modulating the
balance between NAD* consumption and production. This work was undertaken with
the dual aim of obtaining a clearer picture of NAD* biosynthesis in BRAF-mutated
melanoma cells and to set-up conditions to follow its modifications in live cells. To
address our aims, out of all the tools developed in the last 10 years for real time

measuring of NAD* or NAD*/NADH levels (85,115), we used a recently devised
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genetically-encoded NAD* biosensor (17), which was targeted to the cytosol, nuclei and
mitochondria. The choice of this biosensor is based on its intrinsic properties 1) as a
ratiometric tool specific for NAD* detection, IlI) optimal binding affinity for physiological
cellular NAD* concentrations. In addition, Ill) the biosensor is easy to manipulate and
has equally easy readouts.

BRAF-V600E A375 cells were used as experimental model, as it was shown that, in order
to support increased cellular growth rates, they reprogram NAD* biosynthesis by
overexpressing NAMPT. This NAMPT overexpression is even stronger during BRAF
inhibitors resistance development (5,6), a frequent clinical complication incurring in
metastatic melanoma of patients. The basal NAD* concentration in the cytosol and
nuclei of A375 cells in the exponential growth phase was estimated at 260uM and at
499uM in mitochondria (Figure 11), in keeping with previously reported values for total
intracellular free NAD* levels ranging between 200 and 500uM (19,47,55,98,104). In
addition, in basal conditions, the recently estimated NAD* pool concentrations in
cultured mammals and murine derived cell lines (HEK293T, Hela, U20S, NIH3T3) move
from 60uM to 120uM for nuclei and cytosol (17,47,85), increasing to ~300uM in
mitochondria (17,19,47). These reported compartmentalized NAD* concentrations are
tightly dependent on the cell type. For this reason, it was not surprising for us to find the
aforementioned concentration of free NAD* in cytosol, nuclei and mitochondria of A375
cells. Indeed, for these cells, HPLC measurements already detected more than the
double of NAD* content compared to normal melanocytes (5). Moreover, by combining
dynamic measurements using live cells and organelle fractionation, we can conclude
that NAMPT is quantitatively the most expressed NAD biosynthetic enzyme in A375 cells

and undoubtedly the dominant one in the cytosol (Figure 11). If we look at the nuclear

69



PhD thesis Federica Gaudino

compartment, the prevalent NBE is NRK followed by NAMPT. Cytosol and nuclei are
considered exchangeable compartments for the diffusion of NAD* pools (55). This
concept, together with the revealed high expression levels of NRK in nuclei, could
explain similar levels of NAD* concentrations between cytosol and nucleus of A375. By
combining two well established protocols for mitochondria purification (36,57,108), we
found that mitochondria of MM cells appear to be equipped predominantly with NRK
and possibly with lower levels of NAMPT and NAPRT (Figure 11). Even though
mitochondrial NAD* contents can reach up to 70% of total intracellular NAD* (1), how its
levels are maintained remains a matter of debate. Two processes, glycolysis and NAD*
biosynthesis, directly link cytoplasmic and mitochondrial NAD* pools (92). The NADH
produced by glycolysis is transported into the mitochondrial matrix by NAD/NADH redox
shuttles (106), providing reducing equivalents for the TCA cycle and electron transport
chain (ETC). The former process reduces O; to water and NADH to NAD* in order to
produce ATP, generating mitochondrial NAD* levels much higher than the other cellular
compartment (75). In addition, maintenance of NAD* levels in the compartment is also
dependent on salvaging NAM produced by NAD*-consuming enzymes. The current view
of the field is that NRKs are preferentially located in cytosol and nucleoplasm, and while
it is accepted that NR is the preferred NAD* precursor for mitochondrial NAD* synthesis
(47,69,90), no evidence is available indicating NRK activity in this organelle. One of the
current hypotheses about mitochondrial NAD* is that, it can be maintained by the
NMNAT3 conversion of NMN or by the membrane transport of NAD* precursors (NAM,
NMN) or even NAD* itself. Indeed, while some demonstrated that NAD* is unable to
cross the mitochondrial membrane and that pyridine nucleotides are instead broken

down to the corresponding nucleosides (69,76,90,92), others affirmed that only intact
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NAD* can restore depleted mitochondria NAD* levels (27,32). Even if the first eukaryotic
mitochondrial NAD* carrier, named Ndtlp, was identified in Saccharomyces cerevisiae
(94) and in 2009 Palmieri et al. identified a chloroplast and mitochondrial NAD* carrier
protein in Arabidopsis thaliana (72), no mammalian transporter for NAD* has yet been
found. For these reasons, whether there is a complete NAD* biosynthetic apparatus or a
system transport for NAD* in mitochondria remains unclear (27). Our data, both
biochemical and biosensor based, suggest that NRK is present in the mitochondria, at
least in A375 melanoma cells, arguing in favor of direct NAD* biosynthesis in these
organelles. Moreover, this prevalent NRK expression in mitochondria, could suggest the
use of NRK inhibitors. Chowdhry et al. recently dissected the molecular mechanisms and
the genetic landscape driving NAD* synthesis pathway choice by tumors. They found
that NRK-dependent synthesis of NAD", as result of enhancer amplification, causes the
failure of NAMPTis and that both NRK knockdown or dual inhibition of NAMPT and NRK
lowered FK866 dose needed to arrest tumour growth, leading to persistent tumor
regression in vivo (24).

Intracellular NAMPT is ubiquitously present in human body, even if its expression varies
according to tissues (79,82). Different experimental approaches have been exploited to
define mitochondrial presence of NAMPT in different cell lines with controversial results
(17,27,47,69,104). We found that also mitochondria are sensitive to NAMPT inhibition
and that a small amount of NAMPT is present in these organelles: however, we cannot
exclude the cytosolic import of NAD*, a possible enzyme translocation mechanism or a
cell type dependence of NAD* biosynthetic pathways localization. At the concentrations
used, NA was able to raise NAD* and to rescue FK866-dependent NAD* depletion in all

compartments, pointing to a very efficient NAPRT pathway. At the concentrations used,
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neither NR nor NAM raised NAD* levels in mitochondria even though both NRK and
NAMPT are present, while NMN induced a slight increase of mitochondrial NAD®,
possibly reflecting regulated transport of these metabolites. With the exception of QA,
all tested NAD* precursors, including NMN, are effective in boosting NAD* levels in
cytosol and nuclei. Among them, only NR is unable to rescue the FK866-induced NAD*
depletion in cytosol, which might suggest that in this compartment the NR >>NAD*
pathway is NAMPT-dependent rather than NRK-dependent. This implies conversion of
NR to NAM by a nucleoside phosphorylase prior to the NAMPT catalyzed reaction (8,64).
This is in keeping with the very low levels of NR kinase in the cytosol, as demonstrated
by western blot and confocal microscopy.

Overall, our data provide a proof-of-principle of the validity of the use of organelle-
specific biosensors to monitor NAD* fluctuations occurring in physio-pathological
conditions. They also reinforce the concept of compartmentalization of NAD?*
biosynthesis, an essential aspect to understand how NAD* metabolism impacts on
cancer cell metabolic adaptation. By offering a more complete picture of NAD*
biosynthesis in MM, we aim to open the window of therapeutic strategies combining

inhibitors of oncogenic signaling and of NAD* biosynthesis.
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Figure 1. Generation of A375 cells stably expressing organelle-specific NAD* biosensors
(A,B,C) Confocal microscopy : cells were cultured on glass cover slips in 24-well plates,
fixed (4% PFA), permeabilized (0.1% saponin) and saturated with pre-immune goat serum.

Cells were counterstained with phalloidin (red), TOM20 (magenta) and DAPI (blue) to

73



PhD thesis Federica Gaudino

highlight cytosol, mitochondria and nuclei, respectively. Fluorescence was acquired by
confocal microscopy, using an oil immersion 63x objective. Slides were analyzed using a
TCS SP5 laser scanning confocal microscope; images were acquired with LAS AF software
Scale bar= 25um for cytosolic A375 S/BiR, nuclear A375 S/BiR and mitochondrial
A375/BiR; Scale bar= 10um for mitochondrial A375/S. Diagrams on the top of each panel
show the structure of the different constructs. A375/S : A375 sensitive to BRAF inhibitors;

A375/BiR : A375 resistant to BRAF inhibitors.
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Figure 2. Effects of the NAMPT inhibitor FK866

(A) Upper: quantification of time lapse imaging of A375 cells expressing the cytosolic,
mitochondrial and nuclear biosensor, in response to FK866 (25nM, 4h period). Cells
were cultured on Ibidi chambered coverslips and kept at 5% CO, and 37°C during the
experiment. Curves show the fluorescence ratio between 488 nm and 405 nm of the
biosensor reported as a function of time. 488 nm and 405 nm fluorescence were
separately recorded and the ratio was obtained by image calculator plugin of Imagel
software analysis. Curves are the results of 4 independent measurements. Lower:
representative frames of A375 expressing relative biosensors at time (t) =0 and t=4.
Fluorescence was acquired by confocal microscopy, using an oil immersion 63x
objective, in the figure A cropped images from zoomed acquisition fields are shown.
NAD* depletion can be followed by observing the increase of fluorescence intensity
(movies 1-2-3). (B) NAD* variations measured in A375 cytosol (C), mitochondria (M) and
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nuclei (N) after treatment with FK866 (25 nM, 16 hours). Box plots are the results of 9
different experiments. Results are expressed as a “Ratio of Ratio” [F488/405(S/cpV)/FO].
Sensor/cpVenus (488 nm/405 nm) fluorescence ratios were measured by flow
cytometry and the fold change compared with untreated controls (F0). (C)
Representative example of fluorescence variation of the cytosolic biosensor upon FK866
treatment in A375. Dot plot (on the left) and histogram (on the right) show the
specificity of the NAMPT inhibitor -induced NAD* depletion in increasing biosensor 488

nm fluorescence. UN: untreated.
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Figure 3. Subcellular NAD* concentrations and effects of NMN on subcellular NAD*
levels

(A) Calibration curve of cytosolic, mitochondrial and nuclear biosensors obtained in
A375. Cells were permeabilized with 0,005% saponin (cytosolic and nuclear biosensors)
or with saponin and Alamethicin (mitochondrial biosensor expressing A375) and
exposed to increased exogenous concentrations of NAD*. The fluorescence ratios (488
nm/405 nm) of the biosensor were normalized to cpVENUS. Diagrams show normalized
fluorescence ratios (y-axis) reported as a function of logarithmic NAD* concentrations (x-
axis) and fit with a variable slope model. Curves are the results of 4 independent
experiments.(B) Intracellular NAD* variations in A375 after treatment with NMN (0.5
mM, 16 hours), in presence or absence of FK866 25 nM (n=5). Results are expressed as a

“Ratio of Ratio” [F488/405(S/coV)/F0]. Sensor/cpVenus (488 nm/405 nm) fluorescence
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ratios were measured by flow cytometry and the fold change was compared to
untreated controls (FO). Two-sided paired Student’s t test was used to determine
statistical significance. Star marks refer to the significance of the relative change of each
treatments condition compared to the untreated (untreated=1), while the p value refers
to the rescue of supplementations from the FK866-treated condition. Boxes represent
interquartile range, and the horizontal line across each box indicates the median. ns=

not statistically significant.
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Figure 4. Topography of NAD* Biosynthesis: NAM and NA primarily affect cytosolic
NAD"levels

Cells were treated as follows: (A) 500 uM NAM * 25 nM FK866; (B) 6 uM NA + 25 nM
FK866. Results are expressed as a “Ratio of Ratio” [F488/405(S/coV)/FO0].
Sensor/cpVenus (488 nm/405 nm) fluorescence ratios were measured by flow
cytometry and the fold change was compared to untreated controls (FO) (n=5). Star
marks refer to the significance of the relative change of each treatments condition
compared to the untreated (untreated=1), while the p value refers to the rescue of

supplementations from the FK866-treated condition.
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Figure 5. Topography of NAD* Biosynthesis: NR and QA showed an organelle-specific
impact on NAD" levels

Cells were treated with (C) 100 uM NR £ 25 nM FK866; (D) 200 uM QA * 25 nM FK866.
A375 cells were exposed to the treatments for 16 hours. Results are expressed as a
“Ratio of Ratio” [F488/405(S/coV)/F0]. Sensor/cpVenus (488 nm/405 nm) fluorescence
ratios were measured by flow cytometry and the fold change was compared to
untreated controls (FO) (n=5). Star marks refer to the significance of the relative change
of each treatments condition compared to the untreated (untreated=1), while the p

value refers to the rescue of supplementations from the FK866-treated condition.
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Figure 6. Subcellular localization of NAD* biosynthetic enzymes
(A) Mitochondria and nuclei were isolated as described in material and methods. 10ug
of each lysate were loaded in the following order: whole cell lysate (WCL), cytosolic

fraction (C), mitochondrial fraction (M) and nuclear fraction (N). Anti-Vinculin, anti-
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tubulin, anti-actin, anti-Hadha, anti-cytochrome c and anti-H2A were used to determine
the purity of cytosolic, mitochondrial and nuclear fractions, respectively. (B) Graph
represents the percentage of NBEs expression in each fraction. Band quantification was
performed using ImageQuant software. Values are referred to the mean of 6
independent experiments. % was calculated as: % of pixel intensity of district specific
band/sum of all districts pixel intensities. (C) On the left confocal microscopy showing
NAMPT, NAPRT, NRK, QPRT total expression (green fluorescence) in whole cells (merge).
Cytosol, mitochondria and nuclei were counterstained with phalloidin (red), MitoTracker
(magenta) and DAPI (blue) respectively (zoomed image of 63X magnification, scale bar=
10um). On the right NBEs-cytosol/mitochondria/nuclei sub-localization. In detail,
NAMPT, NAPRT, NRK and QPRT (green fluorescence) were localized by delimiting
fractions (red fluorescence) separately by using the co-localization tool of LAS AF
Version Lite 2.4 software. Representative images show single NBE and single

compartment overlapping (image of 63X magnification, scale bar= 25um).
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Figure 7. A375/S and /BiR responses to the NAMPT inhibition
Cytosolic, mitochondrial and nuclear NAD* variations were measured in BRAFi-sensitive
(S) or resistant (BiR) cells after treatment with FK866 (25 nM, 16 hours). Results are
expressed as relative fold change [F488/405(S/coV)/F0]. Sensor/cpVenus (488 nm/405
nm) fluorescence ratios were measured by flow cytometry and the fold change was
compared to untreated (FO). Box plot representing 9 independent experiments. Star
marks refers to the relative change of FK866 treatment compared to 1 (untreated),

while p value indicates significance of the FK866 differential response of A375/BiR

compared to A375/S.
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Figure 8. Compartmentalization of NAD* biosynthesis in A375 MM

Federica Gaudino

On the top schematic representation of biochemical reactions involved in NAD*

production. NAD* precursors present in the extracellular space can enter the cell

becoming substrates of the NBEs. QA enters in the de novo biosynthetic pathway, while

NA, NR and NAM are substrates of the parallel three salvage pathways. Among the NAD*

precursors NAM is also the by-product of NAD* consuming enzymes such as sirtuins and

PARPs. NAM and NR can be used to produce NMN by NAMPT and NRKs, respectively.

NMN and NaMN (produced by NAPRT-mediated Na conversion) are finally used by

compartmentalized NMNATs to generate NAD*. In the center, an A375 melanoma cell

acquired by using confocal microscope. Cytosol, mitochondria and nuclei were
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counterstained with phalloidin (red), MitoTracker (magenta) and DAPI (blue)
respectively (zoomed image of 63X magnification acquired by confocal microscopy , a
cropped image is shown). Insets of A375 cytosol, nucleus and mitochondria resume the
most relevant NBEs found in each A375 subcellular districts. Enzymes written in bold are
the most expressed NBEs in the highlighted cell districts, while percentage refers to the
expression level of each enzymes in each compartment. The cytosolic picture of A375
NAD* biosynthesis is composed by a dominant cytosolic NAMPT pathway converting
NAM into NMN. NAPRT can be considered a second, but highly active, enzyme which
mediates the cytosolic NA conversion to NaMN, indeed its localization was found to be
more than 92% cytosolic. These pathways contribute to the generation of an NAD* pool
calculated to be around 261 uM. In the nucleus, the NAD* pool is approximately 258 uM
and the primary expressed NBEs is NRK. In this compartment, we were also able to
detect low levels of NAMPT and NAPRT (5.1% and 2% of their total expression,
respectively). NRK expression is also prevalent in mitochondria (67.2 % of its total
biochemical detection), where the calculated NAD* concentration is 499 uM. In this
organelle, low expression of NAMPT (10.74%) and NAPRT (5.7%) could contribute to the

maintenance of mitochondrial NAD* pool.
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[NAD+|1M] Cytoplasmic Mitochondrial Nuclear
F488/F405 (S/cpV) F488/F405 (S/cpV) F488/F405 (S/cpV)
0 1 1 1

0.7 0.988 0.98 0.995

15 0.986 0.953 0.973

30 0.98 0.92 0.988
60 0.954 0.9 0.9
125 0.899 0.813 0.91
250 0.838 0.78 0.84
500 0.776 0.723 0.76

1000 0.71 0.7 0.712
2000 0.668 0.653 0.68
4000 0.66 0.62 N.D.
10000 N.D. 0.596 N.D.

Table 1. Fluorescence variations of each biosensors in the presence of NAD*

Table showing cpVENUS normalized fluorescence variations of each biosensors when

exposed to increasing concentrations of exogenous NAD* in a condition of saponin or

saponin/alamethicin-mediated permeabilization. Reported numbers are the mean of

four independent experiments for cytosolic and nuclear biosensor, of three

independent experiments for mitochondrial biosensor.
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