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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 (10,29). 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 (62). 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) (27,57). 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 (12), 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 (17,18,30,31,40,46). 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) (6,29) and three salvage pathways involving nicotinamide 

(NAM), nicotinic acid (NA), and nicotinamide riboside (NR) (12,34). Each pathway is controlled by 

a rate-limiting enzyme, specifically nicotinamide phosphoribosyl transferase (NAMPT), nicotinate 
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phosphoribosyltransferase (NAPRT) and nicotinamide riboside kinase (NRK). Among these 

pathways, the reaction controlled by NAMPT is the most relevant in mammalian cells (48), 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 (22,35,52). 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 (2). Further elevation of NAD+ 

levels occurs in cells that acquire resistance to BRAF inhibitors, an event accompanied by 

metabolic reprogramming and NAMPT overexpression (2,3). 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 

(9,15,19) 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). 

Results 

Generation of A375 cells stably expressing organelle-specific NAD+ biosensor
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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 (9). 

The biosensor contains an organelle specific sequence (as detailed in M&M), and the NAD+-binding 

site of a bacterial DNA ligase (LigA1b-LigA1a). 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 

(2,38). 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 (9,15,19). From previous works, it is known that 

FK866 treatment leads to a significant drop of total intracellular NAD+ levels beginning few hours 

after treatment (26). 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 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 (9). In these conditions, we observed a sharp increase in the 
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tissue-dependent way (17,46). 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 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 
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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+ (2), 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 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 (40,53). 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. 

Page 16 of 56

Please destroy all records after use for peer review. Mary Ann Liebert Inc., 140 Huguenot Street, New Rochelle, NY 10801

Antioxidants & Redox Signaling

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



CONFIDENTIAL. For Peer Review Only
Gaudino F., et al.

12

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 (16,46,64). 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 (46). On the other hand, a significant branch of research on NAD+ metabolism 

documented increased levels of the cofactor during tumorigenesis (2,52), 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 II clinical trials for patients with 

ovarian, pancreatic and rectal cancers or with hematological malignancies, including multiple 

myeloma and chronic lymphocytic leukemia (28,58,60). 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 (11,42). Like NA, NR can be introduced 

through diet, but it is also the by-product of extracellular NMN dephosphorylation reaction carried 

out by CD73 (53), an 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 (14,25,53). In addition, 
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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 (13,33). In this context, NAD(H)/NADP(H) balance regulates glutathione reductase (GR) 

and thioredoxin reductase (TR) activities, major components of the antioxidant defense system 

(24,39,59). 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 (59). 

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 (59). 

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 (50,65), we used a recently devised genetically-

encoded NAD+ biosensor (9), 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, II) optimal binding affinity for physiological cellular NAD+ concentrations. In addition, III) 

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 (2,3), a 
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(ETC). The former process reduces O2 to water and NADH to NAD+ in order to produce ATP, 

generating mitochondrial NAD+ levels much higher than the other cellular compartment (43). 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 (29,40,53), 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 (40,44,53,54), others affirmed that only intact NAD+ can restore 

depleted mitochondria NAD+ levels (17,20). Even if the first eukaryotic mitochondrial NAD+ carrier, 

named Ndt1p, was identified in Saccharomyces cerevisiae (55) and in 2009 Palmieri et al. identified 

a chloroplast and mitochondrial NAD+ carrier protein in Arabidopsis thaliana (41), 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 (17). 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 (14).

Page 20 of 56

Please destroy all records after use for peer review. Mary Ann Liebert Inc., 140 Huguenot Street, New Rochelle, NY 10801

Antioxidants & Redox Signaling

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



CONFIDENTIAL. For Peer Review Only
Gaudino F., et al.

16

Intracellular NAMPT is ubiquitously present in human body, even if its expression varies according 

to tissues (46,49). Different experimental approaches have been exploited to define mitochondrial 

presence of NAMPT in different cell lines with controversial results (9,17,29,40,61). 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 prior to the NAMPT catalyzed reaction (5,36). 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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Innovation

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 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. 
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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 

(8x106) were collected from culture and resuspended in Buffer A (300 mM Sucrose, 10 mM Hepes, 

10 mM KCl, 2 mM MgCl2, 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 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) (2). 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 
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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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Abbreviations Used

A375/S = A375 sensitive to BRAF inhibitors

A375/BiR = A375 resistant to BRAF inhibitors

AlaM = alamethicin

ARTs = adenosine diphosphate (ADP)-ribose transferases

BRAFi = BRAF inhibitor

cpVENUS = circularly permutated Venus protein

ETC = electron transport chain

GDP6 = glucose-6-phosphate dehydrogenase

GR = glutathione reductase

GSH = glutathione

GSSG = oxidized glutathione

HPLC = high performance liquid chromatography 

MM = metastatic melanoma

NA = nicotinic acid

NAD+ =nicotinamide adenine dinucleotide 

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
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NBEs = NAD+ biosynthetic enzymes

Ndt1p = mitochondrial NAD+ carrier protein

NMN = nicotinamide mononucleotide

NMNAT = nicotinamide mononucleotide adenylyltransferase 

NR = nicotinamide riboside

NRK = nicotinamide riboside kinase

PARPs = poly (ADP-ribose) polymerases

PRPP = phosphoribosylpyrophosphate

QA = quinolinic acid

QPRT = quinolinate phosphoribosyltransferase

SIRTs = sirtuins

TCA = tricarboxylic acid cycle

TR = thioredoxin reductase
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Figures Legends 

Figure 1. Generation of A375 cells stably expressing organelle-specific NAD+ biosensors 
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