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Inhibition of Nicotinamide Phosphoribosyltransferase
CELLULAR BIOENERGETICS REVEALS A MITOCHONDRIAL INSENSITIVE NAD POOL"
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The NAD rescue pathway consists of two enzymatic steps
operated by nicotinamide phosphoribosyltransferase (Nampt)
and nicotinamide mononucleotide adenylyltransferases. Re-
cently, the potent Nampt inhibitor FK866 has been identified
and evaluated in clinical trials against cancer. Yet, how Nampt
inhibition affects NAD contents and bioenergetics is in part
obscure. It is also unknown whether NAD rescue takes place in
mitochondria, and FK866 alters NAD homeostasis within the
organelle. Here, we show that FK866-dependent reduction of
the NAD contents is paralleled by a concomitant increase of
ATP in various cell types, in keeping with ATP utilization for
NAD resynthesis. We also show that poly- and mono(ADP-ri-
bose) transferases rather than Sirt-1 are responsible for NAD
depletion in HeLa cells exposed to FK866. Mass spectrometry
reveals that the drug distributes in the cytosolic and mitochon-
drial compartment. However, the cytoplasmic but not the mito-
chondrial NAD pool is reduced upon acute or chronic exposure
to the drug. Accordingly, Nampt does not localize within the
organelles and their bioenergetics is not affected by the drug. In
the mouse, FK866-dependent reduction of NAD contents in
various organs is prevented by inhibitors of poly(ADP-ribose)
polymerases or the NAD precursor kynurenine. For the first
time, our data indicate that mitochondria lack the canonical
NAD rescue pathway, broadening current understanding of cel-
lular bioenergetics.

Several enzymes that transform NAD, used as a bona fide
substrate, into metabolites displaying pleiotypic properties
have been recently identified (1-4). Among them, ADP-ribose
(ADPR)? transferases such as poly(ADP-ribose) polymerase
(PARP)-1, -2, -3, -10, tankyrases, v-PARP, and others members
of the same family are involved in processes such as nuclear
homeostasis, cell differentiation, and death (5, 6). Mono(ADP-
ribose) transferases (MART) are NAD-consuming enzymes
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present on cell membranes (but probably also in cytosol and
organelles) that are still poorly understood (7). Additional
NAD-consuming enzymes are CD-38/CD157, two ectoen-
zymes synthesizing ADPR, and the intracellular Ca®" -mobiliz-
ing compound cyclic ADPR (8), and sirtuins, a family of pro-
teins encompassing seven members (Sirtl-7) involved in
numerous processes such as chromatin homeostasis, transcrip-
tion, cell death, and lifespan extension (9).

Because of the constitutive activity of the NAD-consuming
enzymes, eukaryotic cells evolved a rescue pathway leading
to NAD resynthesis from nicotinamide (Nam). NAD rescue
occurs in parallel to NAD neosynthesis from tryptophan or
nicotinic acid (the so-called “kynurenine” and “Priess-Han-
dler” pathways, respectively) (10, 11). Recently, work from
the Brenner laboratory (12) identified nicotinamide riboside
as an additional NAD precursor. The biochemical route of
NAD rescue is composed by two enzymatic steps, the first oper-
ated by nicotinamide phosphoribosyltransferase (Nampt),
forming nicotinamide mononucleotide from Nam and phos-
phoribosyl pyrophosphate, and the second driven by nicotina-
mide mononucleotide adenylyltransferases, leading to NAD
formation from nicotinamide mononucleotide and ATP (1).

Despite renewed interest in NAD biology, tools able to spe-
cifically modulate the enzymes involved in NAD metabolism
are lacking. Indeed, with the exception of PARP inhibitors,
which have already reached the clinical arena (13), compounds
able to potently and selectively target MART, CD38/CD157,
and sirtuins have not been unequivocally identified. Recent
work, however, identified FK866 (also known as APO866 or
WK175) as an inhibitor of Nampt able to reduce the intracellu-
lar NAD pool. Initially identified as a noncompetitive inhibitor
(14), further studies indicated that FK866 competes with Nam
on binding to the Nampt catalytic pocket (15, 16). For the first
time, this drug allowed to pharmacologically modulate the
NAD rescue pathway, thereby providing important informa-
tion about the turnover rate of pyridine nucleotide precursors
in different tissues. Importantly, FK866-dependent intracellu-
lar NAD depletion proved the efficacy in triggering cell death of
both tumor cell lines as well as primary tumor cells (17). Given
the safe profile shown by FK866 in phase I clinical trials, the
drug is now under scrutiny in phase II trials for the treatment of
solid and hematologic malignancies (18, 19). In keeping with
the emerging immunomodulatory role of Nampt, further stud-
ies also highlighted the potent immunosuppressive properties
of FK866 (20-23), pointing to NAD resynthesis as a key regu-
lator of immune cell differentiation and activation.
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Despite knowledge on the pharmacodynamic effects of
Nampt inhibition by FK866, several questions remain to be
answered. For instance, the relative role of the different NAD-
consuming enzymes in FK866-induced NAD depletion and
tumor cell death is currently unknown. Also, the effect of the
drug on NAD homeostasis at the subcellular levels are still not
understood. Finally, the impact of Nampt inhibition on cellular
bioenergetics waits to be investigated. In the present study we
aimed at clarifying these issues by adopting both in vitro and in
vivo experimental settings.

EXPERIMENTAL PROCEDURES

Cell Culture Conditions and Evaluation of Viability—HeLa,
MT?2, fibroblasts, and C6 glioma cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 2 mM glutamine, 10% fetal bovine serum and antibiotics.
Cultures were brought to 50 —-70% confluence and used for the
experiments. Pure neuronal cultures were prepared by seeding
cortical cells obtained from 16-day-old rat embryos as previ-
ously described (24). Neurons were cultured in Neurobasal ™
medium with B-27 supplement (Invitrogen) and 0.5 mm glu-
tamine onto poly-p-lysine-coated multiwell plates. Cells
were used at 7 days in vitro from preparation. Rat glia cul-
tures were prepared as described (25) and used at 15 days in
vitro. Cell cultures were exposed to FK866 (RTI International,
Research Triangle Park, NC), N-methyl-N'-nitro-N-ni-
trosoguanidine (MNNG), phenanthridinone (PHE), N-(6-oxo-
5,6-dihydrophenanthridin-2-yl)-N,N-dimethylacetamide
(PJ34), meta-iodobenzylguanidine (mIBG, kindly provided by
Maria di Girolamo, Istituto Mario Negri Sud, Chieti, Italy),
EX-257 (6-chloro-2,3,4,9-tetrahydro-1H-carbazole-1-carbox-
amide), N-(4-phenylthiazol-2-yl)benzensulphonamide (Ro-
618048), or other compounds directly dissolved in the culture
medium. Unless otherwise specified, MNNG was 100 um. Cell
viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium assay and phase-contrast microscopy (26).
Cell transfection was performed as described (26). Plasmid was
kindly provided by Shin-Ichiro Imai (Nampt-GFP) (Washing-
ton University School of Medicine, St. Louis, MO) and Rosario
Rizzuto (Cytosolic GFP and Mit-GFP)(University of Padua,
Italy).

NAD, NADH, and ATP Measurement—NAD" contents were
quantified by means of an enzymatic cycling procedure accord-
ing to Shah et al. (27). Briefly, cells grown in a 48-well plate were
killed with 1 N 50 ul of HCIO, and then neutralized with an
equal volume of 1 N KOH. After the addition of 100 ul of Bicine
(100 mm), pH 8, 50 wl of the cell extract was mixed with an equal
volume of the Bicine buffer containing 23 ul/ml of ethanol,
0.17 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium, 0.57 mg/ml of phenazine ethosulfate, and 10 ug of alco-
hol dehydrogenase. The mixture was kept at room temperature
for 20 min and then absorbance at 550 nm was measured. A
standard curve allowed quantification of NAD. Intracellular
NADH content were measured by quantifying cell autofluores-
cence as previously reported (26). Briefly, autofluorescence was
measured with the a microscopic apparatus (Nikon 2000-TU)
equipped with an UV filter and a CCD camera. Five micro-
scopic fields were randomly acquired per each cell culture slide
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and processed for fluorescence quantitation (Metamorph/
Metafluor software). Cellular ATP content and mitochondrial
ATP production was measured by means of a commercial kit
from PerkinElmer Life Sciences as described (26).

Western Blotting—For Western blotting, cells were scraped,
collected in Eppendorftubes, centrifuged (1500 X g for 5 min
at 4 °C) and resuspended in lysis buffer (50 mm Tris, pH 7.4,
1 mm EDTA, 1 mMm phenylmethylsulfonyl fluoride (PMSE), 4
pg/ml of aprotinin and leupeptin, 1% SDS). 20-40 ug of
protein/lane were loaded. After 4—20% SDS-PAGE and blot-
ting, membranes (Hybond-ECL, Amersham Biosciences)
were blocked with phosphate-buffered saline (PBS) contain-
ing 0.1% Tween 20 and 5% skim milk (TPBS, 5% milk) and then
probed overnight with primary antibodies (1:1000 in TPBS, 5%
milk). The anti-poly(ADP-ribose) monoclonal antibody (10H)
was from Alexis (Vinci, Italy), the polyclonal anti-Nampt anti-
body (catalog number AP9010c) was from Abgent (San Diego,
CA), and the anti-apoptosis inducing factor was from Santa
Cruz (Tamecula, CA). Membranes were then washed with
TPBS and incubated 1 h in TPBS, 5% milk containing an anti-
mouse peroxidase-conjugated secondary antibody (1:2000).
After washing in TPBS, ECL (Amersham Biosciences) was used
to visualize the peroxidase-coated bands.

Mitochondrial Isolation and Handling—Mitochondria were
isolated from cells using a glass/glass homogenizer in 500 ul of
extraction buffer and centrifuged at 600 X g as described (28).
Briefly, supernatants were centrifuged at 7000 X g to obtain the
mitochondrial pellet that was denatured with perchloric acid
for NAD content determination, or resuspended in respiration
buffer (10 mm NaCl, 140 mm KCl, 2 mm MgSO,,, 1 mm KH,PO,,
100 nm CaCl,, and 20 mm HEPES, pH 7, 2 mm succinate, 1 mm
pyruvate, 3 uMm ADP) in the presence or absence of different
compounds. For subcellular analysis of Nampt distribution, the
mitochondrial pellet was washed twice with 0.5 m NaCl and
then denatured with lysis buffer. ATP was measured by the
ATPlight kit (PerkinElmer Life Sciences).

PARP-1 Activity Assay—For PARP-1 activity evaluation, the
enzymatic reaction was carried out in a final volume of 100 ul
consisting of: 20 mm Tris-HCI, pH 8.0, 20 mm MgCl,, 5 mm
dithiothreitol, 20 ug of sonicated calf thymus DNA, 0.2 uCi
of [adenine-2,8->H]NAD, and 0.13 unit of partially purified
bovine PARP-1. Ten microliters of the tested compounds were
added to the enzymatic reaction. An equal amount of the vehi-
cle was also added to the control samples. The mixture was
incubated at 37 °C for 1 h and the reaction was terminated by
adding 500 ul of 50% trichloroacetic acid followed by brief cen-
trifugation. After two gentle washes of the pellet with 1 ml of
distilled water, the radioactivity incorporated from [adenine-
2,8->H]NAD into proteins was evaluated by liquid scintillation
spectrometry.

Animal Treatment—CD1 male albino mice (20-25g) (n =5
per group) were injected intraperitoneally with 100 mg/kg of
FK866. Groups of mice also received a subcutaneous injection
of kynurenine (100 mg/kg) or PJ34 (10 mg/kg). Animals were
sacrificed 8 h later and organs were rapidly collected and stored
at —80 °C. From each organ, a few milligrams were collected
and processed for NAD content as described above. Procedures
involving animals and their care were conducted in compliance
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with the Italian guidelines for animal care (DL 116/92) in appli-
cation of the European Communities Council Directive (86/
609/EEC) and was formally approved by the Animal Care Com-
mittee of the Department of Pharmacology of the University of
Florence.

Intracellular FK866 Quantitation by LC-MS/MS—Sam-
ples of cytosol or mitochondria extracted from cells exposed
or not to 100 um FK866 for 1 h were extracted with methanol
for protein precipitation, centrifuged at 14,000 X g for 15 min,
lyophilized, and then resuspended in 100 wl of water, 3%
CH,CN. Ten ul of the solution were injected into a HPLC
PerkinElmer Series 200 micropump apparatus and chromato-
graphed using a 75 X 2.0-mm inner diameter, 4-um particle
size 80-A Synergi Fusion (Phenomenex) column. Mobile phase
A consisted of water containing 3% CH,CN and 0.1% formic
acid, and mobile phase B was CH;CN containing 3% water and
0.15 formic acid. An elution gradient was performed from 5 to
90% B in 10 min; B was held at 90% for 3 min, and then brought
back to the starting value in 1 min. The equilibration time
before the next injection was 8 min. The eluate, at a flow rate of
200 wl/min, was directly introduced into the LC/MS interface.
The LC-MS/MS system consisted of a PerkinElmer Sciex API
365 triple quadrupole mass spectrometry equipped with a
Turbo IonSpray Interface. The compounds were ionized by
positive ion electrospray and detected using multiple reaction
monitoring. The needle and orifice voltage were adjusted to 6.0
kV and 65V, respectively. The drying gas flow rate and temper-
ature were 7 liters min ' and 250 °C, respectively. The first and
third quadrupole mass analyzers were operated at unit mass
resolution. Fragmentation was accomplished with a collision
energy of 53 eV; nitrogen was used as the collision gas at a
collision gas thickness of 2.6 X 10'® molecules cm 2 The ion
transition monitored were m/z 392 — 105, 392 — 132, and
392 — 261. These transitions were selected based on the triple
quadrupole collision-induced dissociation product ion spec-
trum of the analyte.

RESULTS

Effect of FK866 on NAD and ATP Contents in Different Cell
Cultures—Reportedly, the effect of FK866 on intracellular
NAD content has been examined after several hours (6 —72 h) of
exposure to the drug. Thus, to gather information on the basal
turnover rate of NAD rescue we exposed different culture cell
types to a range of FK866 concentrations, and measured NAD
contents over time. Given that the bioenergetic cost of the
resynthesis of NAD has not yet been quantified, we also mea-
sured ATP contents in cells challenged with FK866. These
measurements were done in different neoplastic lines (HeLa
(cervix), MT2 (macrophages), C6 (astrocytes), and 3T3 (fibro-
blasts)), and primary neural cultures (mixed glia or pure neu-
rons). As shown in Fig. 14, a 1-h exposure to the drug prompted
concentration-dependent NAD depletion in all cell types under
resting conditions, indicating significant ongoing activity of
Nampt as well as NAD consumption. In keeping with utiliza-
tion of ATP by Nampt, a concomitant concentration-depen-
dentincrease of ATP contents was also found in all cultured cell
types exposed to FK866 (Fig. 1B). Given that HeLa cells ap-
peared the most sensitive to the effect of FK866 on NAD and
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ATP, this cell line was used for further experiments. A time
course analysis showed that cells exposed to 100 um FK866
underwent ~20% NAD depletion after 30 min exposure. Pyri-
dine nucleotide content was further diminished at 6 h,
remained constant between 6 and 12 h, and underwent further
depletion between 24 and 96 h, reaching ~20% of the control
levels. FK866 at 100 nM was less efficient in reducing NAD
content in the early 6 h of exposure. At this concentration a
pattern of NAD depletion similar to that prompted by 100 um
was obtained between 12 and 96 h (Fig. 1C). The time course
analysis on the effects of 100 um FK866 on ATP levels showed
that the increase of ATP vanished after 6 h when ATP depletion
similar to those of NAD occurred between 12 and 96 h. FK866
at 100 nm prompted no changes of ATP up to 12 h, and a linear
depletion between 24 and 72 h. At 96 h ATP depletion induced
by the two concentrations was similar (Fig. 1D).

A large body of information indicates that PARP-1 hyperac-
tivation is a potent inducer of cell death (29). Cellular energy
failure due to excessive ATP consumption for NAD resynthesis
has been postulated to underlie PARP-1-dependent cell death
(30, 31). Although NAD depletion seems to be the cause of
death of neurons undergoing PARP-1 hyperactivation (32),
whether modulation of NAD resynthesis affects PARP-1-de-
pendent cell death is unclear (28). Hence, we analyzed the
effect of FK866 on PARP-1 activation-dependent NAD and
ATP depletion in the above mentioned cell cultures. We rea-
soned that the drug should prevent ATP utilization for NAD
resynthesis, thereby unmasking the contribution of the NAD
rescue pathway to PARP-1 hyperactivity-dependent energy
failure. However, neither NAD nor ATP depletion prompted by
PARP-1 hyperactivation with MNNG was affected by FK866
exposure in the various cell cultures (Fig. 1, E and F).

Effects of Modulation of NAD Consumption and Neosyn-
thesis on NAD and ATP Changes Induced by FK866—Data
shown in Fig. 1 unmask ongoing NAD consumption and
ATP utilization for NAD resynthesis in different cell
types. To understand the relative contribution of poly- and
mono(ADP-ribose) transferases as well as sirtuins and CD38
to basal NAD catabolism, we measured the content of NAD
in HeLa cells acutely exposed to FK866 in the presence or
absence of inhibitors of the above mentioned enzymes. The
PARP inhibitors PHE and PJ34 partially reduced FK866-in-
duced NAD depletion (Fig. 2A and not shown). Interestingly,
similar effects were obtained with MART inhibitors novo-
biocin (33) and mIBG (34) (Fig. 2A4). On the contrary, the two
structurally unrelated sirtuin inhibitors EX-257 (35) and
sirtinol (36) had no effect on NAD content reduction trig-
gered by FK866 (Fig. 2A and not shown). When cells were
exposed to PHE and novobiocin an additive effect on re-
duction of FK866-triggered NAD depletion was obtained,
whereas PHE plus mIBG led to a complete inhibition of
the effects of FK866 (Fig. 2B). Of note, the increase of ATP
in cells exposed to FK866 was not affected by any of the
above mentioned compounds (not shown). Also, PHE, novo-
biocin, and mIBG, as well as FK866 did not inhibit pure
human PARP-1 activity when tested in an in vitro assay at
concentrations up to 100 um (Fig. 1C). We also wondered
whether an increased metabolic flux through the kynurenine
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FIGURE 1. Effect of FK866 on NAD and ATP contents in various cell cultures under basal and PARP-1-activating conditions. Concentration-dependent
effects of FK866 on NAD (A) and ATP (B) contents in various cultured cell types. Basal contents of NAD and ATP contents were comparable among different cell
types and comprised between 10.4 = 4.4 and 23.5 = 7.8 nmol/mg of protein, respectively. Time course of the effects of FK866 at 100 um and 100 nm on NAD
(€) and ATP (D) contents in Hela cells. Effects of FK866 (100 um, 30 min preincubation) on NAD (E) and ATP (F) contents of cultured cells exposed 1 h to the
PARP-1 activating compound MNNG (100 um). Each point/column represents the mean = S.E. of at least three experiments conducted in duplicate.

pathway could reduce FK866-induced NAD depletion. As
shown in Fig. 2D, kynurenine increased basal NAD contents
and counteracted the effects of FK866. Conversely, exposure

of cells to the inhibitor of kynurenine monooxygenase Ro-
618048 (37) reduced basal NAD content and increased NAD
depletion prompted by FK866 (Fig. 2D).
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FIGURE 2. Effects of various compounds on FK866-induced NAD depletion in HelLa cells. A, effects of the
PARP-1 inhibitor PHE, the MART inhibitors novobiocin (NOV) and mIBG, and the Sirt-1 inhibitor EX-257 (EX) on
NAD depletion prompted by FK866 (100 um/1 h). Each drug was preincubated 30 min at the indicated concen-
trations. B, additive effects of the PARP-1 inhibitor PHE (30 um) and MART inhibitors novobiocin (NOV, 1 mm)
and mIBG (100 um) on reduction of NAD depletion prompted by FK866 (100 um/1 h). C, effects of FK866, the
PARP-1 inhibitor PHE and MART inhibitors novobiocin (NOV) and mIBG (all at 100 um) on in vitro activity of
purified PARP-1. D, effects of kynurenine (KYN, 200 um) and the kynurenine monooxygenase inhibitor
Ro-618048 (RO, 30 um) on NAD contents in cells under control conditions or exposed to FK866 (100 um/1 h).
KYN and RO have been preincubated 60 min. Each column represents the mean = S.E. of three experiments
conducted in duplicate. A, *, p < 0.05; **,p < 0.01 versus FK866. B, *, p < 0.05; **, p < 0.01 versus control. D, *,p <
0.05; **, p < 0.01 versus control; §, p < 0.05, versus FK866. Analysis of variance and Tukey's post hoc test were

used.

NAD Depletion by FK866 Is Cell Compartment Specific—
Intracellular NAD is present in specific subcellular compart-
ments apparently not freely interchangeable. The main NAD
pools are the cytoplasmic and mitochondrial ones (38). Al-
though cytoplasmic NAD moves freely through nuclear
pores, thereby tending to equilibrate with this compartment,
mitochondrial membranes are supposed to be impermeable
to pyridine nucleotides leading to a nonexchangeable mito-
chondrial NAD pool (39). We therefore attempted to deter-
mine the effects of FK866 on nucleocytoplasmic and mito-
chondrial NAD contents. Data shown in Fig. 34 indicate that
Nampt inhibition by 100 um FK866 led to a ~40% reduction
of the cytosolic NAD pool 1 h after the challenge. Remarkably,
the mitochondrial NAD content was not affected by FK866. A
similar pattern of compartment-specific NAD depletion was
obtained in cells exposed to 100 nm FK866 for 24 h (Fig. 3B). In
keeping with the nucleo/cytoplasmic drop of NAD contents,
PARP-1-dependent poly(ADP-ribose) formation was signifi-
cantly reduced in cells exposed to FK866 compared with con-
trols (Fig. 3C). Given the lack of NAD depletion in mitochon-
dria of cells exposed to FK866, we analyzed the effects of
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the compound on cell autofluores-
cence (a classic index of mitochon-
drial NADH content (40)). We
found that autofluorescence was
not affected in cells exposed to the
drug (Fig. 3, D and E). Furthermore,
the ATP content of cells exposed or
not to 100 nm FK866 for 24 h and
cultured overnight in the absence of
glucose was similarly increased by a
1-h exposure to 1 mm pyruvate (Fig.
3F), suggesting that FK866 did not
impair mitochondrial ATP produc-
tion. In keeping with this assump-
tion, ATP production was similarly
triggered by pyruvate or pyruvate
plus ADP in mitochondria isolated
from control or FK866-challenged
cells (Fig. 3G). To rule out the pos-
sibility that mitochondria are not
permeable to FK866, by means of a
LC-MS/MS apparatus we measured
the intracellular distribution of the
drug in cells exposed to 100 um for
1 h. As shown in Fig. 44, FK866
fragmentation gave a specific transi-
tion spectrum of m/z 392 — 105,
392 — 132, and 392 — 261. We
found that FK866 was distributed
both in the cytosolic and mitochon-
drial compartments reaching amounts
of 44 * 0.6 and 3.3 = 0.5 ng/mg of
protein, respectively (Fig. 4B).
Evidence that the mitochon-
drial NAD pool was not affected by
FK866 suggested that mitochon-
drial and cytoplasmic NAD pools
are not freely exchangeable, and that mitochondria do not con-
tain Nampt. To investigate the latter hypothesis, we analyzed
the mitochondrial presence of Nampt by Western blotting. Fig.
5A shows that the enzyme was present in the cytosol, slightly
localized in the nuclear fraction, and absent in mitochondria.
The nuclear presence of Nampt, although consistent with a
previous report (41), might also be due to the contamination
of the nuclear fraction by unbroken cells. In keeping with
the absence of Nampt in mitochondria, MitoProtlI software
found no evidence for a mitochondrial targeting sequence
in human Nampt, and a probability of mitochondrial import
of 0.044 (Mn-superoxide dismutase and Cu/Zn-superoxide
dismutase, chosen, respectively, as both positive and nega-
tive controls, gave a probability of 0.96 and 0.01). To corrob-
orate this finding, we then transfected cells with different plas-
mids encoding cytosolic GFP, Nampt-GFP, or mitochondrial
GFP. After 24 h, cells were treated with the mitochondrial dye
TMRE. As shown in Fig. 5B, distribution of Nampt-GFP was
identical to that of the cytosolic GEP. Colocalization analysis
showed that Nampt-GEFP or cytosolic GFP fluorescence did
not merge with TMRE fluorescence. Conversely, complete

FK866

KYN RO
FK866
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FIGURE 3. Effects of FK866 on subcellular NAD contents, poly(ADP-ribose) formation, and ATP produc-
tion. Quantitation of cytosolic and mitochondrial NAD contents in HeLa cells exposed to FK866 at 100 um for
1 h (A) or 100 nm for 24 h (B). C, Western blotting evaluation of the effects of FK866 (100 nm/24) on poly(ADP-
ribose) (PAR) formation prompted by the PARP-1 activator MNNG (100 um). Note that poly(ADP-ribosyl)ated
proteins appear as a smear due to their highly increased molecular weight. D, visualization of autofluorescence
in cells under control conditions or exposed to FK866 at 100 um for 1 h or 100 nm for 24 h. £, quantitation of cell
autofluorescence of cells shown in D. F, ATP content of cells exposed or not to 100 nm FK866 for 24 h, cultured
overnightin the absence of glucose, and pulsed for 1 h with T mm pyruvate (PYR). Values represent the % of ATP
of cells cultured in the presence of glucose (control). G, ATP production by mitochondria isolated from control
or FK866-challenged cells and exposed 5 min to 1 mm pyruvate (PYR) or 1 mm pyruvate plus 3 um ADP.In A, B,
F, and G, each column represent the mean = S.E. of 7 (A), 5 (B), or 3 (F and G) experiments. In C the blot is
representative of three different experiments. In D an experiment representative of 4 is shown. In E each
column represents the mean = S.E. of the fluorescence present in each microscopic field (3 fields per slide have
been acquired). Aand B, *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus control. Analysis of variance and Tukey's
post hoc test were used.

colocalization was obtained between mitochondrial GFP and
TMRE staining. Further confirming that Nampt does not
localize within mitochondria, higher magnifications allowed
visualization of the negative mitochondrial profile in the
cytoplasm of Nampt-GFP-transfected cells (Fig. 5C).
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Effect of Acute FK866 Treatment
on Mouse Tissue NAD Contents—
A clear picture of the impact of
acute Nampt inhibition on the con-
tent of NAD in vivo is not avail-
able. This information would be of
relevance to understand the rate of
NAD resynthesis in vivo. We there-
fore measured NAD content in dif-
ferent mouse organs after a single
intraperitoneal injection of FK866.
Eight hours after intraperitoneal
drug injection, NAD content was
reduced in all the organs analyzed
such as brain, lung, blood, kidney,
and liver (Fig. 6). Nicotinamide in-
jection as been proposed as an
antidote to counteract the NAD
depleting effects of FK866 (17). We
therefore asked whether the same
effects could be obtained by boost-
ing the de novo NAD synthesis
through the kynurenine pathway
or by inhibiting enzymatic NAD
consumption. Interestingly, FK866-
dependent NAD depletion was
reduced in all the organs analyzed
when mice were treated with a con-
comitant subcutaneous injection of
the PARP-1 inhibitor PJ34. Con-
versely, the NAD precursor kynu-
renine reduced FK866-dependent
NAD depletion in the blood, liver,
and kidney but not brain and lung

(Fig. 6).
DISCUSSION

In the present study, by means
of a recently identified Nampt in-
hibitor, we gathered information
on the biochemistry, bioenergetic
relevance, and subcellular compart-
mentation of the NAD rescue path-
way. We report that acute exposure
to the Nampt inhibitor FK866
prompts intracellular NAD deple-
tion paralleled by a concomitant
increase of ATP in both trans-
formed and primary cell cultures of
different species and tissues. Evi-
dence that depletion of NAD and
increments of ATP were compara-
ble among the different cells we

have studied suggests that Nampt activity and basal NAD con-
sumption does not differ substantially among cells of different
origin. Considering the ongoing trial with FK866 in cancer
patients (18, 19), these data suggest that the impact of the drug
on NAD contents is comparable among different tissues.
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FIGURE 4. LC-MS/MS evaluation of cytosolic and mitochondrial concentrations of FK866 in Hela cells.
A, ion transition spectrum of FK866 fragmentation. B, cytosolic and mitochondrial concentrations of FK866 in
cells exposed to 100 um for 1 h. Values are the mean of three independent experiments.

An important finding of the present study is that, upon
FK866 exposure, the initial drop of NAD contents was followed
by a plateau phase between 6 and 12 h and a subsequent drop at
later time points (Fig. 1C). Theoretically, the plateau is in con-
trast with evidence for Nampt inhibition concomitant to ongo-
ing NAD consumption. Yet, the present finding that NAD con-
tent drops in the nucleo/cytoplasmic compartment and not in
mitochondria of FK866-treated cells is in keeping with the pla-
teau. We reason that the secondary drop of NAD content is due
to cell stress/death, a well known event in cells exposed to
FK866 (14, 17, 42, 43).

Although our findings underscore the significance of the
NAD rescue pathway to cellular bioenergetics, they challenge
the relevance of this pathway to PARP-1-dependent energy
failure. Indeed, ATP depletion prompted by PARP-1 hyper-
activation was not affected by FK866, despite the biochemi-
cal evidence of Nampt inhibition. This is in agreement with
work suggesting that PARP-1 hyperactivation triggers cell
death by mechanisms not directly related to NAD resynthesis
(28, 32, 44).

Several studies reported the cytotoxic properties of FK866
on neoplastic cells, an event ascribed to NAD depletion
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the two MART inhibitors on rescue
of the NAD contents prompted by a
PARP inhibitor in cells exposed to
FK866 (Fig. 2B) suggests that the
compounds were targeting different enzymes. It is also worth
noting that two structurally unrelated sirtuin inhibitors (sirti-
nol and EX-257) did not modify FK866-induced NAD deple-
tion, thereby suggesting negligible formation of acetyl-ADPR in
resting HeLa cells. These findings are in keeping with the ability
of a mixture of PARP and MART inhibitors (PHE plus mIBG) to
completely prevent the effect of FK866 on the NAD pool (Fig.
2B). On the contrary, the kynurenine pathway downstream of
indoleamine dioxygenase appears functional in these cells
under control conditions, suggesting that kynurenines can be
used as rescue agents in cancer patients over FK866.

NAD contents within intracellular organelles and fluxes
through their membranes are only in part understood (38).
Although mitochondria harbor a significant portion of cellular
NAD (45, 46), they are reported to be impermeable to pyridine
nucleotides (39). It is still unknown, therefore, whether NAD
reaches the mitochondrial matrix from outside or is it synthe-
sized internally, as well as whether it exits the organelle through
the flickering of the mitochondrial transition pore. In this
regard, NAD fluxes through mitochondrial membranes have
been reported, and found dependent on cell culture conditions
(47). Also, a specific carrier is able to transport NAD inside
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FIGURE 5. Subcellular localization of Nampt in HeLa cells. A, Western blot
analysis of Nampt in whole extract, or cytoplasmic, nuclear, and mitochon-
drial fractions. Apoptosis inducing factor (AlF) is shown as a mitochondrial
marker. B, fluorescence of cells transfected with cytosolic GFP (Cyt-GFP),
Nampt-GFP, or mit-GFP together with that of their mitochondria stained with
TMRE is shown. The merging of green and red fluorescence is also shown.
Note that TMRE fluorescence becomes yellow after merging with that origi-
nating from mit-GFP, whereas remains red or appears orange after merging
with that of Cyt-GFP or Nampt-GFP. C, magnifications of areas delimited by
dotted lines in B are shown. Note the negative image of the TMRE-positive
mitochondria in the cytoplasmic area of cells expressing Nampt-GFP. In A, a
representative blot of two is shown. In B and C, representative images of 3
experiments are shown. Bars = 4 um (A) and 0.2 um (B).
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FIGURE 6. Effects of PARP-1 inhibition of boosting of the kynurenine
pathway on the effects of FK866 on NAD contents in various mouse
organs. Mice were injected intraperitoneally with FK866 (100 mg/kg) and
subcutaneously with PARP-1 inhibitors PJ34 (10 mg/kg) or kynurenine (100
mg/kg) and NAD contents were measured in different tissues 8 h later. Each
column represents the mean = S.E. of 5 mice. *, p < 0.05 versus vehicle.
Analysis of variance and Tukey's post hoc test was used.
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yeast mitochondria (48), but the mammalian counterpart has
not been identified yet. In this light, our findings that FK866
reduces cytosolic NAD and PARP-1-dependent poly(ADP-ri-
bose) formation, but does not affect mitochondrial NAD(H)
pool and energy production are of particular significance.
Indeed, on the one hand they are in keeping with mitochondrial
impermeability to NAD (45), and inaccessibility of mitochon-
drial NAD to PARP-1 (46). On the other, they suggest that
Nampt activity is not relevant to regulate mitochondrial NAD
content. Accordingly, we report that human Nampt does not
bear a mitochondria localization sequence and is not present in
the organelles. Furthermore, GFP-fused Nampt does not local-
ize within mitochondria. It is worth noting that these results are
in apparent contrast with Western blotting experiments show-
ing the mitochondrial presence of Nampt (49). At present, we
cannot explain this inconsistency. We reason, however, that
localization of Nampt within mitochondria along with knowl-
edge that several NAD-consuming enzymes such as sirtuins (9),
mono-ADPR transferases (7) and, possibly, poly(ADP-ribose)
forming proteins (50, 51) are present in the organelles should
render the mitochondrial NAD pool sensitive to FK866. Differ-
ent kinetics of basal NAD degradation between the nucleocy-
toplasmic and mitochondrial compartment should also be con-
sidered. Yet, evidence that FK866 is present in mitochondria at
concentrations similar to those reached in the cytoplasm rules
out the possibility that the drug does not reduce mitochondrial
NAD because it cannot reach the matrix.

In keeping with in vitro data, results showing that NAD
decreases in numerous organs of mice acutely injected with
FK866 point to a significant rate of NAD resynthesis in mam-
malian organs under basal conditions. The fact that PARP-1
inhibition partially prevents FK866-dependent NAD depletion
in vivo is in keeping with in vitro data and unmasks constitutive
PARP-1 activity in mouse organs and its impact on NAD home-
ostasis. This is consistent with the notion that PARP-1 activity
is not invariantly related to genotoxicity but occurs in the pres-
ence of complex DNA structure or activation of specific signal-
ing pathways (52-55). The ability of kynurenine to diminish
NAD depletion in organs of mice treated with FK866 strength-
ens the functional relevance of this metabolic route to NAD
formation in vivo, and corroborates the hypothesis that kynu-
renine treatment may be exploited as a rescue strategy for
patients receiving FK866.
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