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Abstract

Background: One of the effects of oncogenic signaling is metabolic reprogramming of tumor cells to support anabolic growth,
opening the way to therapeutic targeting of metabolic pathways.
Methods: We studied NAD biosynthesis in BRAF inhibitor (BRAFi)–resistant (BiR) melanoma cell lines. Data in cell lines were
confirmed by immunohistochemistry in biopsies from 17 patients with metastatic melanoma (MM) before and after the
acquisition of resistance to BRAFi. Therapeutic potential of NAD biosynthesis inhibitors was determined by in vitro
monitoring cell growth and death and in mouse xenograft models. Mice (n¼6–10 mice/group) were treated with
nicotinamide phosphoribosyltranferase inhibitor (NAMPTi), BRAFi, or their combination, and tumor growth and survival
were analyzed. All statistical tests were two-sided.
Results: BiR cells had higher NAD levels compared with their BRAFi-sensitive counterparts (P < .001 and P ¼ .001 for M14 and
A375, respectively) and with normal melanocytes (P< .001), achieved through transcriptional upregulation of the enzyme
NAMPT, which became the master regulator of NAD synthesis. Conversely, treatment with BRAFi or MEK inhibitors decreased
NAMPT expression and cellular NAD levels. Robust NAMPT upregulation was documented in tissue biopsies from MM
patients after development of resistance to BRAFi (P < .001). Treatment of melanoma cells with NAMPTi depleted NAD and
ATP, depolarized mitochondrial membrane, and led to reactive oxygen species production, blocking cells in the G2/M phase
and inducing apoptosis. Treatment of BiR xenografts with NAMPTi improved mouse survival (median survival of vehicle-
treated mice was 52 days vs 100 days for NAMPTi-treated ones in M14/BiR, while in A375/BiR median survival of vehicle-
treated mice was 23.5 days vs 43 days for NAMPTi-treated ones, P < .001).
Conclusions: BiR melanoma cells overexpress NAMPT, which acts as a connecting element between BRAF oncogenic
signaling and metabolism, becoming an actionable target for this subset of MM patients.

A
R

T
IC

LE

Received: February 22, 2017; Revised: June 16, 2017; Accepted: August 15, 2017

© The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

1 of 14

JNCI J Natl Cancer Inst (2018) 110(3): djx198

doi: 10.1093/jnci/djx198
First published online September 27, 2017
Article

Downloaded from https://academic.oup.com/jnci/article-abstract/110/3/djx198/4259433/Nicotinamide-Phosphoribosyltransferase-NAMPT-as-a
by University of Torino user
on 29 September 2017

mailto:silvia.deaglio@iigm.it
https://academic.oup.com/


Nicotinamide adenine dinucleotide (NAD) is a key element in
both energy production and signal transduction pathways (1,2).
By acting as a cofactor for enzymes involved in energy metabo-
lism, NAD facilitates electron transfer in central metabolic pro-
cesses (3). Additionally, it can also serve as substrate for
different classes of enzymes, including sirtuins and poly ADP-
ribose polymerases, involved in the regulation of metabolic
checkpoints, DNA repair, inflammation, and protein acetyla-
tion, among other physiological processes (3). Because these
enzymes consume NAD, cells need to incessantly regenerate it.
Nicotinamide phosphoribosyltransferase (NAMPT, also known
as pre-B colony enhancing factor [PBEF] or visfatin), is the rate-
limiting enzyme involved in the conversion of nicotinamide to
NAD (4,5). NAMPT is frequently upregulated in hematological
malignances and in solid tumors, including melanoma (5–7).
Two NAMPT inhibitors (NAMPTi), FK866 and GMX1778, have
demonstrated potent anticancer activity in preclinical tumor
models (8,9) by depleting NAD levels and blocking tumor growth
(10,11).

The working hypothesis behind this paper is that oncogenic
signaling directly affects NAMPT-controlled NAD biosynthesis.
To test this hypothesis, we selected BRAF-mutated metastatic
melanomas (MM) carrying the V600E activating mutation in the
BRAF oncogene (12,13). These tumors, approximately 40% to
50% of metastatic melanomas, are uniquely sensitive to BRAF
inhibitors (BRAFi), vemurafenib and dabrafenib. However, MM
patients treated with BRAFi invariably develop resistance, char-
acterized by the reactivation of the MAPK pathway (14–17) and
metabolic adaptation through either enhanced mitochondrial
respiration or glycolysis (18–21).

In the present study, we observed that BRAFi-resistant cells
(BiR) contain higher NAD levels, obtained through the selective
upregulation of NAMPT. Consequently, we tested the hypothe-
sis that NAMPT is an actionable target for this subset of mela-
noma patients.

Methods

A complete description of the methods can be found in the
Supplementary Methods (available online).

Patients and Cells

Patient material was collected after obtaining written informed
consent and in accordance with the Institutional Review Board
and the Declaration of Helsinki. M14 and A375 BRAFV600E-mu-
tated cell lines were from the American Type Culture Collection
(ATCC). BRAFi-resistant variants were generated by culturing
cells with increasing concentrations of the BRAF inhibitor dab-
rafenib (GlaxoSmithKline, Brentford, UK), reaching the concen-
tration of 1.6 mM in approximately 10 to 12 weeks and
maintained thereafter. Adult epidermal melanocytes were from
Thermo Fisher Scientific (Monza, Italy).

Seahorse Metabolic Experiments

Real-time measurements of oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) were made using an
XFp Extracellular Flux Analyzer (Agilent Technologies, Santa
Clara, CA). Full details are in the Supplementary Methods (avail-
able online).

NAD and ATP Determination

NAD and ATP were extracted from cells and tissues as described
in Mori et al. (22) and quantified by UV C18-HPLC analysis under
ion-pairing conditions.

NAMPT Overexpression

NAMPT overexpression was obtained by transducing sensitive
(S) M14 and A375 cells with a lentiviral vector carrying NAMPT-
GFP-tag or with the GFP-tag alone. GFPþ cells were flow sorted
(FACSAriaIII, BD Bioscience, Milan, Italy) and used for further
experiments. Full details are provided in the Supplementary
Methods (available online).

Xenograft Models

Melanoma cells (5�106, in Matrigel, Corning, Corning, NY) were
injected subcutaneously in eight-week-old male NOD/SCID/
cOD/SC-/- (NSG) mice. All mice were bred at the Animal Facility
of the Molecular Biotechnology Center (Torino, Italy), recognized
and approved by the Italian Ministry of Health.

When tumors became palpable, mice (n ¼ 6–10 mice per
group) were treated as indicated in the Supplementary Methods
(available online).

Statistical Analyses

Statistical analyses were performed with GraphPad version 6.0
(GraphPad Software Inc., La Jolla, CA). Continuous variables
were analyzed by Mann–Whitney U (unpaired data), and paired
t test or Wilcoxon signed rank (paired data) tests. Matched
groups (three or more) were compared using one-way analysis
of variance with Dunn’s multiple comparisons.

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. Survival curves were esti-
mated with the Kaplan-Meier method. The log-rank test was
used for statistical analysis. A P value of less than .05 was con-
sidered to be statistically significant. All statistical tests were
two-sided.

Results

Metabolic Adaptation Mechanisms in BRAFi-Resistant
Melanoma Cells

To study NAD biosynthesis after metabolic adaptation of mela-
noma cells, we selected BRAFV600E-mutated cell lines and made
them resistant to BRAFi (A375/BiR and M14/BiR). As expected
(17,23), BiR cells were insensitive to BRAFi (Figure 1A) and
showed constitutive activation of the MAPK axis, downstream
of BRAF (Supplementary Figure 1, available online).
Furthermore, wound-healing experiments confirmed that BiR
cells were more aggressive than S cells (P ¼ .007 and P < .001 for
M14 and A375, respectively) (Figure 1B), as also demonstrated
after measuring growth in NSG mice (P < .001 for both lines)
(Figure 1C).

Development of BRAFi resistance was accompanied by met-
abolic adaptation. Analysis of ECAR and OCR, indicators of aero-
bic glycolysis and OXPHOS, respectively, showed increased
steady state and maximal glycolysis and respiration in BiR
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Figure 1. Different pathways of metabolic adaptation in M14/BiR and A375/BiR cells. A) Cell growth of M14 and A375 melanoma cell lines sensitive (S, black line) or resistant

(BiR, red line) to BRAFi (dabrafenib) used at scalar doses for 72 hours as measured by MTT assay. Data are represented as percentage of control (untreated cells). Data from

five independent experiments, each performed in triplicate. B) Box plot shows percentage of wound healing repair, calculated as [(area 24 hours/area 0 hours) �100]. Data

from six independent experiments. C) Box plot shows tumor volume in NOD/SCID/cchain-/- mice xenografted with M14/S or /BiR and A375/S or /BiR variants (5�106 cells,

injected subcutaneously) and evaluated after 30 days. At least 10 mice under each condition were evaluated. D) Extracellular acidification rate (ECAR) and steady-state O2

consumption rate (OCR) measured in M14/S and /BiR and A375/S and /BiR variants using the Seahorse XFp Analyzer. Box plots represent cumulative data of maximal gly-

colysis (ECAR values after oligomycin injection) and maximal respiration calculated as: (OCR after FCCP – OCR after antimycinþrotenone addition). E) Box plots reporting

mRNA expression levels of the glucose transporter GLUT1/SLC2A1 and glucose internalization, analyzed as mean fluorescence intensity of cells incubated (10 minutes,

37 �C) with the fluorescent deoxyglucose analog 2-NBDG. F) Plot showing the metabolic shift occurring as a consequence of the transition from the S to the BiR phenotype

in M14 and A375 variants. Data are plotted as OCR (pmol/min, y-axis) vs ECAR (mpH/min, x-axis). G) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis

of the expression of the glycolytic enzymes HK2 and LDHA. H) Lactate levels (nmol/mL measured in supernatants from M14/S and /BiR and A375/S and /BiR cell cultures. I)

qRT-PCR analysis showing expression of ATP5A1 and PPARGC1A. In all qRT-PCR experiments, expression levels of the analyzed gene were normalized over actin. Results

were obtained from at least six independent experiments, each performed in triplicate. All statistical analyses were performed using two-sided Mann–Whitney U test.

Boxes represent interquartile range, and the horizontal line across each box indicates the median. 2-DG¼ 2-Deoxy-D-glucose; AþR ¼ antimycinþrotenone; BiR ¼ BRAFi-re-

sistant; ECAR ¼ extracellular acidification rate; FCCP¼ carbonyl cyanide p-trifluoromethoxyphenylhydrazone; Oligo¼ oligomycin; S¼ BRAFi-sensitive.

A
R

T
IC

LE

V. Audrito et al. | 3 of 14

Downloaded from https://academic.oup.com/jnci/article-abstract/110/3/djx198/4259433/Nicotinamide-Phosphoribosyltransferase-NAMPT-as-a
by University of Torino user
on 29 September 2017



IB: NAMPT

IB: Actin

M14 A375
BiRS BiRSkDa

52

45

0

0.5

1

1.5

2

N
A

M
P

T 
pr

ot
ei

n/
A

ct
in

BiRS BiRS
M14 A375

BiRS
M14 

BiRS
A375

0

2

4

6

8

10

0

5

10

15

20

R
E

 N
A

M
P

T 
x 

10
3

CA

BiRS BiRS
M14 A375

N
A

D
, n

m
ol

/m
g

NAMPT; phalloidin; DAPI

M14/S M14/BiR A375/S A375/BiR 

F

Quinolinic
acid

Nicotinic
acid

Nicotinamide Nicotinamide
riboside

NaMN NMN

NaAD NAD

QPRT NAPRT NAMPT NRK

NMNATs

de novo 
synthesis

salvage
synthesis

NMNATs

NADS

B

0

2

4

6

8

nm
ol

 N
M

N
/h

/m
g

0

0.8

0.2

0.4

0.6

BiRS
M14 

BiRS
A375

E

kDa

52

45

IB: NAMPT

IB: Actin

GFP 
NAMPT 

GFP 
NAMPT H

75

M14/SA375/S

GFP 
NAMPT

A375/S

Time, wk

B
R

A
Fi

, μ
M

0

0.2
0.4

0.6
0.8

1.0

1.2

1.4
1.6

N
A

D
, n

m
ol

/m
g

0

2

4

6

8

10

0

5

10

15

NAMPTGFP
M14/S A375/S

NAMPTGFP

GFP 
NAMPT 

M14/S

Time, wk

B
R

A
Fi

, μ
M

0

0.2

0.4

0.6
0.8

1.0

1.2
1.4

1.6

0 1 2 4 63 75 8

I

%
 o

f r
ep

ai
r 

0

20

60

40

80

100

NAMPTGFP
M14/S A375/S

NAMPTGFP

J

D

G

9

0 1 2 4 63 75 8 9

ce
ll 

gr
ow

th

NAMPTGFP
M14/S 

0

0.2

0.4

0.6

0.8

0

0.5

1

1.5

A375/S
NAMPTGFP

NM

P < .001
P < .001

P < .001 P < .001

P < .001 P < .001 P < .001

P < .001P < .001

P < .001 P < .001P < .001 P < .001

P = .001 P = .009

P = .009

Figure 2. NAD biosynthetic pathways in BRAFi-resistant (BiR) cells. A) Box plots representing NAD intracellular concentrations (nmol/mg proteins) measured from

extracts of the indicated cells. B) Schematic representation of NAD biosynthetic pathways in mammalian cells. C) Box plots reporting NAMPT mRNA expression levels

in BRAFi-sensitive (S) and BiR cells. D) Analysis of NAMPT expression in M14/S and /BiR and A375/S and /BiR variants by immunoblot. Box plots show cumulative data

of band quantification (n¼5) represented as ratio of the enzyme/actin levels. E) Box plots representing NAMPT enzymatic activity expressed as nmol NMN/h/mg mea-

sured simultaneously in cell extracts from the indicated cell lines using fluorometric assays. F) NAMPT expression evaluated by confocal immunofluorescence staining

(original magnification 63�) in S and BiR cells. Scale bar ¼ 50 lm. G) NAMPT expression evaluated by immunoblot in S cells infected with a lentivirus carrying a

NAMPT-GFP (indicated as NAMPT) or a GFP-only (indicated as GFP) constructs. Arrows show endogenous NAMPT (lower bands) and fused protein GFP-NAMPT
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compared with S cells (P < .001) (Figure 1D; Supplementary
Figure 2A, available online). Both BiR cell lines upregulated the
glucose transporter GLUT1/SLC2A1 and internalized glucose in a
more efficient way than S cells (Figure 1E). However, while
A375/BiR relied predominantly on OXPHOS, M14/BiR shifted to-
ward a glycolytic-Warburg phenotype (Figure 1F). In fact, M14/
BiR increased expression of hexokinase 2 (HK2), lactate dehy-
drogenase A (LDHA) (Figure 1G), pyruvate kinase isozyme M2
(PKM2), and enolase 1 (ENO1) (Supplementary Figure 2B, avail-
able online) in a statistically significant way compared with the
counterparts. Accordingly, M14/BiR exported higher levels of

lactate in the supernatant than M14/S cells (P ¼ .01) (Figure 1H),
likely due to increased expression of the lactate transporter
MCT4/SLC16A3 (Supplementary Figure 2C, available online). On
the contrary, A375/BiR showed a statistically significant in-
crease in the expression of ATP synthase subunit alpha
(ATP5A1) and superoxide dismutase 2 (SOD2), both critical to ox-
idative metabolism (Figure 1I; Supplementary Figure 2D, avail-
able online), without modulation of glycolytic enzymes.
Peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a/PPARGC1A), which regulates mitochondrial me-
tabolism and is connected to oncogenic BRAF signaling (24–26),

Figure 2. Continued

(upper bands). H) Box plots representing NAD intracellular concentrations (nmol/mg proteins) measured from extracts of the indicated cells. I) Cell growth kinetics of

M14/S-GFP and A375/S-GFP (black lines) and M14/S-NAMPT and A375/S-NAMPT (red lines) to BRAFi (dabrafenib) used at increasing concentrations (from 0.2 mM to 1.6

mM) to generate BRAFi resistance. J) Basal cell growth of NAMPT overexpressing vs control GFP cells, as measured by the MTT assay. Data are from nine independent

experiments (each performed in triplicate) and are represented as absorbance 595 nm arbitrary unit (a.u.). On the right, box plot shows % of wound healing repair, cal-

culated as [(area 24 hours/area 0 hours) �100]. Data are from six independent experiments. All statistical analyses were performed using two-sided Mann–Whitney U

test. Boxes represent interquartile range, and the horizontal line across each box indicates the median. BiR ¼ BRAFi-resistant; NaAD ¼ nicotinic acid adenine dinucleo-

tide; NADS ¼ nicotinamide adenine dinucleotide synthase; NaMN ¼ nicotinic acid mononucleotide; NAMPT ¼ nicotinamide phosphoribosyltransferase; NAPRT ¼ nico-

tinic acid phosphoribosyltransferase; NMN ¼ nicotinamide mononucleotide; NMNATs ¼ nicotinamide mononucleotide adenylyltransferases; NRK ¼ nicotinamide

riboside kinase; QPRT ¼ quinolinate phosphoribosyltransferase; S ¼ BRAFi-sensitive.
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Figure 3. Effects of MAPK inhibitors on NAMPT expression and NAD production. A) Box plots reporting NAMPT mRNA expression levels in the untreated condition (UN),

or after 24 hours of treatment with the BRAFi dabrafenib, the MEK inhibitor pimasertib (both used at 5 mM), or their combination (indicated as Dab/Pim, C). Data from

seven experiments. Statistical analysis was performed using two-sided multiple-comparisons and Mann–Whitney U tests. Boxes represent interquartile range, and the

horizontal line across each box indicates the median. B) Confocal microscopy analysis of NAMPT expression in BiR cells (green fluorescence) upon treatment with the

indicated inhibitors. Original magnification 63�. Scale bar ¼ 50 lm. Representative images from three experiments. C) Box plots representing intracellular NAD concen-
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C ¼ combination; S ¼ BRAFi-sensitive; UN ¼ untreated condition.
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Figure 4. HIF-1a, STAT3, and NF-kB activate NAMPT transcription in BRAFi-resist (BiR) cells. A) Confocal microscopy analysis of HIF-1a expression in M14/S and /BiR

(green fluorescence) showing increased localization of HIF-1a in the nucleus in the M14/BiR variant compared with the M14/S. Original magnification 63�. Scale bar ¼
50 lm. The small squares represent the zoomed area defined by the white perimeter. On the right, quantitative real-time polymerase chain reaction (qRT-PCR) analysis

of the expression of HIF1A in the indicated cell lines. B) Immunofluorescence staining of the transcription factor STAT3 (green, 63� original magnification, scale bar ¼
50 lm), demonstrating constitutive phosphorylation in A375/BiR. The small squares represent the zoomed area defined by the white perimeter. C) Box plot showing

mRNA expression levels of the transcription factor MITF in the indicated cell lines. D) Confocal microscopy analysis of p65 (green) expression in A375/S and /BiR cells,

clearly showing nuclear localization in A375/BiR; 63� original magnification. Scale bar ¼ 50 lm. The small squares represent the zoomed area defined by the white pe-

rimeter. E) Box plot on the right shows mRNA expression level of SCO2. In qRT-PCR experiments, expression levels of the analyzed gene were normalized over actin.
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increased only in A375/BiR cells, confirming their reliance on
OXPHOS (Figure 1I).

NAD Generation Pathways in BiR Cells

Independently of metabolic adaptation, BiR cells were charac-
terized by markedly higher NAD levels compared with S cells
(mean ¼ 4.8 6 0.9 in S vs 7.2 6 1.4 nmol/mg in BiR cells for M14,
P < .001; mean ¼ 4.9 6 0.4 in S vs 6.3 6 0.8 nmol/mg in BiR cells
for A375, P ¼ .001), and even more so compared with normal
melanocytes (mean ¼ 2.5 6 0.5 nmol/mg, P < .001) (Figure 2A),
prompting the question of which NAD biosynthetic pathway is
upregulated in BiR cells. NAD may be synthesized through one
de novo and three salvage pathways, each controlled by a rate-
limiting enzyme (Figure 2B) (27). We found that NAMPT was se-
lectively upregulated in both BiR cell lines (P < .001 and P ¼.009
and for M14 and A375, respectively) (Figure 2C). The genes cod-
ing for the other rate-limiting NAD biosynthetic enzymes
(NBEs), that is, NAPRT, NMRK1, and QPRT, were either downmo-
dulated or not modified (Supplementary Figure 3A, available on-
line). At the protein level, immunoblot and confocal microscopy
confirmed selective and robust upregulation of NAMPT in both
BiR lines (Figure 2, D–F; Supplementary Figure 3, B and C,
available online).

Furthermore, NAMPT activity markedly increased in both
BiR cell lines (P < .001) (Figure 2E) (28), while NRK and QPRT
remained unchanged in BiR cells and NAPRT was moderately
increased in M14/BiR, but not in A375/BiR cells (Supplementary
Figure 3D, available online).

These findings imply that NAMPT becomes the master regu-
lator of NAD synthesis in M14/BiR and A375/BiR, even if these
cells adapt differently to oncogenic signaling. We then stably
overexpressed NAMPT in S cells (Figure 2G), confirming in-
creased NAD levels compared with GFP control cells (P < .001)
(Figure 2H). NAMPT-infected cells acquired resistance to chronic
exposure to BRAFi earlier than their GFP-infected counterparts
(Figure 2I) and showed a more aggressive behavior than control
cells in terms of growth (P < .001) and wound-repairing proper-
ties (P < .001) (Figure 2J).

Transcriptional Regulation of NAMPT in MM Cells

Because NAMPT transcription is regulated by inflammatory
stress signals (29–31), we hypothesized a direct link between
NAMPT transcription and BRAF signaling. In line with this hy-
pothesis, the MEK inhibitor pimasertib, alone or in combination
with dabrafenib, statistically significantly impaired NAMPT ex-
pression in BiR cells. Dabrafenib reduced NAMPT transcription
selectively in S, but not in BiR cells (Figure 3A). These effects
were also evident at the protein level, as shown by confocal mi-
croscopy (Figure 3B). NAD quantification in treated cells con-
firmed that inhibition of MAPK signaling decreased NAD levels

(mean NAD levels in untreated [UN] M14/BiR ¼ 9.8 6.1.4 vs 3.7
630.6 nmol/mg in cells treated with BRAFiþMEKi [C], P ¼ .001;
mean in UN A375/BiR cells ¼ 6.4 6 0.7 vs 1.4 6 0.1 nmol/mg in
treated cells, P < .001) (Figure 3C).

We then asked how NAMPT expression is regulated in BiR
cells. M14 showed a constitutively active HIF-1a pathway, as
demonstrated by the finding of a predominantly nuclear HIF-1a,
as opposed to M14/S cells where it was mostly cytoplasmic.
HIF1A expression levels were also slightly increased in M14/BiR
vs M14/S cells (P ¼ .03) (Figure 4A). A375/BiR cells, on the con-
trary, showed constitutive STAT3 phosphorylation at tyr705, at
variance with A375/S cells (Figure 4B; Supplementary Figure 4A,
available online). The finding of increased mRNA levels of
microphthalmia-associated transcription factor (MITF) (Figure
4C), selectively in A375/BiR cells (P ¼ .001 BiR vs S cells), substan-
tiated activation of STAT3 transcriptional program and was in
line with the documented upregulation of PGC-1a expression
(32–34) (Figure 1I). Furthermore, A375/BiR cells showed constitu-
tive phosphorylation and nuclear translocation of the p65 subu-
nit of the NF-kB complex (Figure 4D; Supplementary Figure 4B,
available online), which modulates mitochondrial respiration

through cytochrome C oxidase assembly protein 2 (SCO2) (35),
overexpressed in A375/BiR cells (P ¼ .02 in BiR vs S cells)
(Figure 4E).

Chromatin immunoprecipitation (ChIP) experiments showed
that NF-kB and STAT3 bind to the NAMPT promoter in A375/BiR
cells, while HIF-1a binds in M14/BiR cells (Figure 4F), confirming
that both OXPHOS and glycolysis converge on NAMPT as a com-
mon transcriptional target.

NAMPT Expression in Tissue Biopsies from BRAF-
Mutated Melanoma Patients Before and After the
Acquisition of Resistance to BRAFi

We then analyzed NAMPT expression in tissue biopsies from
patients with MM obtained for diagnostic purposes, document-
ing marked NAMPT upregulation in melanoma lesions
compared with normal melanocytes (Figure 5A). NAMPT expres-
sion was then measured in biopsies from 17 MM patients
obtained before and after development of resistance to BRAFi.
Robust NAMPT upregulation in BiR samples was highlighted in
14 of 17 patients, with highly statistically significant differences
when combining NAMPT intensity and score (mean NAMPT
score before BRAFi treatment [S] ¼ 106.5 6 69.3 vs 210.3 6 81.2
in BiR tissues, P < .001) (Figure 5B). NAMPT staining in a repre-
sentative patient is shown in Figure 5C.

Expression of the other three NBEs was either decreased or
unchanged, showing that NAMPT is the dominant NBE in these
lesions, indirectly validating our cell lines (Figure 5D).

Figure 4. Continued

The small squares in (A), (B), and (D) represent the zoomed area defined by the white perimeter. F) Schematic representation of NAMPT gene promoter and its regula-

tory elements with consensus binding sequences for the indicated transcription factors. Specific primers N1, N2, and N3 were used in chromatin immunoprecipitation

experiments (upper panel). Semiquantitative PCR analysis of the NAMPT promoter, highlighted with the indicated primers in total chromatin preparations (INPUT) and

after immunoprecipitation with isotypic control (ISO) or with antibodies recognizing STAT3 and NF-kB for A375/BiR and HIF-1a for M14/BiR cells (bottom panel). Box

plots on the right show cumulative data obtained from four independent experiments. The relative STAT3-NF-kB (for A375/BiR cells) and HIF-1a (for M14/BiR cells)

binding affinity for NAMPT promoter was calculated as the ratio between the intensity of the band amplified after immunoprecipitation (either with the specific anti-

body or the ISO) and the band amplified in the input DNA. Results are represented as percentage of input. All statistical analyses were performed using two-sided

Mann–Whitney U test. Boxes represent interquartile range, and the horizontal line across each box indicates the median. BiR ¼ BRAFi-resistant; ChIP ¼ chromatin im-

munoprecipitation; ISO ¼ isotypic control; NAMPT ¼ nicotinamide phosphoribosyltransferase; S ¼ BRAFi-sensitive.
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Figure 5. Nicotinamide phosphoribosyltransferase (NAMPT) expression in tissues from metastic melanoma (MM) patients before and after developing resistance to

BRAFi. A) Immunohistochemical staining with NAMPT in a skin biopsy from a patient with melanoma. Areas with normal melanocytes (NM; arrows in the middle

panel) or with melanoma (M; arrows in the right panel) are shown. Original magnification 2.5� (left image). Scale bar ¼ 800 lm and 20�, scale bar ¼ 100 lm. B) NAMPT

expression was evaluated using an ad hoc devised score that considered both the percentage of positive cells and their intensity in paired biopsies from 17 patients

obtained before and after the onset of resistance to BRAFi. Statistical analysis was performed using two-sided Wilcoxon tests. C) The images show the result of an im-

munohistochemical analysis of NAMPT expression in a biopsy from a patient with MM before treatment with BRAFi (left panel, S) and after the patient became resis-

tant to therapy (right panel, BiR). The insets show 2.5 magnification, while the panels have an original magnification of 20�. Scale bar ¼ 100 lm.

D) Immunohistochemical analysis of NAPRT/NRK/QPRT expression in biopsies from two patients with metastatic melanoma before treatment with BRAFi (S) and after

the patients became resistant to therapy (BiR). Original magnification 40�. Scale bar ¼ 50 lm. BiR ¼ BRAFi-resistant; M ¼melanoma; NAMPT ¼ nicotinamide phosphor-

ibosyltransferase; NM ¼melanocyte; S ¼ BRAFi-sensitive; UN ¼ untreated.
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Effects of NAMPT Inhibition on Mitochondrial Functions

These data provide rationale to the use of NAMPTi in the ther-
apy of BiR melanomas. We therefore tested the effects of FK866
and GMX1778 in M14/BiR and A375/BiR variants.

Exposure to FK866 caused a drastic reduction in NAD levels,
which became undetectable after 72 hours (P < .001 in untreated
vs FK866-treated [FK] cells) (Figure 6A). This effect was evident
starting at 5 nM FK866 in A375/BiR and at 10 nM in M14/BiR cells,
in line with higher NAMPT levels in the latter cells
(Supplementary Figure 5A, available online). However, as NAD
was undetectable in both cell lines at 25 nM FK866, this dose
was adopted in further experiments.

NAD depletion by FK866 was followed (18–24 hours) by the
depolarization of the inner mitochondrial membrane (IMM)
with loss of mitochondrial membrane potential (Dwm, P ¼ .04
and P ¼ .007 UN vs FK for M14/BiR and A375/BiR, respectively)

(Figure 6B). Mitochondria of FK866-treated cells were swelled
and fragmented, as indicated by TOM20 staining (Figure 6C).
The effect of FK866 on mitochondrial morphology was particu-
larly evident in A375/BiR, which rely mostly on OXPHOS and
display a highly developed mitochondrial network. As expected
(36), depolarization of the IMM triggered ROS release (Figure 6D)
and drastically decreased maximal respiratory capacity of
FK866-treated cells (P < .001 UN vs FK) (Figure 6E). However,
while exposure to FK866 (18 hours) did not reduce steady-state
OCR or response to oligomycin, it decreased responses to the
uncoupler FCCP, suggesting that NAMPTi affects bioenergetic
efficiency (Figure 6F). Consequently, ATP levels in FK866-treated
cells dropped dramatically and in a dose-dependent way
compared with control cells (P < .001 UN vs FK) (Figure 6G;
Supplementary Figure 5B, available online). These data suggest
that FK866 damages mitochondria and limits the cellular meta-
bolic capacity.
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Figure 6. Effects of nicotinamide phosphoribosyltransferase (NAMPT) inhibition on mitochondrial functions. A) Intracellular NAD levels were measured in BRAFi-sensi-

tive (s) or -resistant (BiR) cells after treatment with FK866 (25 nM, 72 hours). Results are expressed as nmol/mg proteins and are derived from four independent experi-

ments. B) Box plot showing mitochondrial membrane potential after treatment with FK866 (25 nM), as measured after staining with JC-1. Results are expressed as the

ratio between red and green fluorescence. The shift from red to green (ie, a decrease in the ratio) indicates mitochondrial membrane depolarization. C) Confocal mi-

croscopy images show staining with anti-TOM20 antibody (a mitochondrial marker) in BiR cells treated with FK866 (25 nM, 48 hours). Arrows in the FK-treated panels

indicate swelled mitochondria. The small squares represent the zoomed area defined by the white perimeter. Nuclei were counterstained with DAPI. Original magnifi-

cation 63�. Scale bar ¼ 25 lm. D) Box plot on the left shows mean fluorescence intensity values of BiR cells treated with FK866 (25 nM, 48 hours) and stained with

MitoSOX, a mitochondrial ROS-specific probe. E) Cumulative data showing maximal respiration values calculated as: (oxygen consumption rate [OCR] after FCCP injec-

tion – OCR after antimycinþrotenone addition). F) Representative OCR plots for S and BiR cells cultured with FK866 (25 nM, 18 hours). G) Box plot showing intracellular

ATP concentrations (nmol/mg proteins) in S or BiR cells treated with FK866 (25 nM, 72 hours). Cumulative results from four independent experiments. All statistical

analyses were performed using two-sided Wilcoxon or paired t tests. Boxes represent interquartile range, and the horizontal line across each box indicates the median.

AþR ¼ antimycinþrotenone; BiR ¼ BRAFi-resistant; FCCP ¼ carbonyl cyanide p-trifluoromethoxyphenylhydrazone; Oligo ¼ oligomycin; S ¼ BRAFi-sensitive. A
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Figure 7. Effects of nicotinamide phosphoribosyltransferase (NAMPT) inhibition on melanoma cell growth and apoptosis. A) Results from MTT assays performed using

BRAFi-sensitive (s) or -resistant (BiR) cells treated for 72 hours with different concentrations of FK866. Data are represented as percentage of control (untreated cells). B) Cell

cycle distribution of S or BiR cells treated with FK866 (25 nM, 48 hours) determined by flow cytometry analysis. At least six independent experiments were performed. C)

Confocal microscopy showing cyclin B1 expression in BiR cells treated with FK866 (25 nM for 48hours). Cells were counterstained with phalloidin and DAPI to highlight the

cytoplasm and the nucleus. Original magnification 63�. Scale bar ¼ 25lm. Box plot on the right shows the quantification of cyclin B1 fluorescence (pixel intensity) in at least

five independent experiments. Statistical analysis was performed using two-sided Wilcoxon test. D) Box plot showing the percentage of cells undergoing apoptosis in the

presence of FK866 (25 nM, 72hours). Positive cells included AnnexinVþ, PIþ, and double-positive cells. At least eight independent experiments were performed. Statistical

analysis was performed using two-sided Wilcoxon test. E) Representative immunoblot using lysates of BiR cells treated with FK866 (25nM, 48hours). Actin was added as

loading control. F) Box plots showing percentage of apoptosis in S and BiR cells treated with FK866 for 72hours with or without nicotinic acid (Na, 0.2 mM), added at the be-

ginning of the culture. Results from five independent experiments. Statistical analysis was performed using two-sided Mann–Whitney U test. All boxes represent interquar-

tile range, and the horizontal line across each box indicates median value. BiR¼ BRAFi-resistant; flCaspase3 ¼ full-length caspase 3; S ¼ BRAFi-sensitive.
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Figure 8. Effects of nicotinamide phosphoribosyltransferase (NAMPT) inhibition in melanoma xenografts. A) NOD/SCID/cchain-/- (NSG) mice (n¼6–10 mice per group)

were injected subcutaneously with A375/BRAFi-resistant (BiR) and M14/BiR cells. When tumors became palpable, mice xenografted with BiR cells were treated with

FK866 as a single drug. Treatment was repeated for four consecutive days, followed by three days off therapy in a two-week cycle. Assessment of tumor was performed

after the end of the second week of treatment. A second set of mice was followed for survival studies. B) Box plots showing intracellular NAD and ATP concentrations

in BiR cells xenografted in NSG mice and treated with vehicles (V) and FK866 (FK) for the two-week schedule described in (A). C) Box plots showing tumor volumes of

BiR cells xenografted in NSG mice and treated as indicated. Representative images of tumor masses are shown. D) Representative images of Ki-67 staining in BiR cells

treated as indicated. Original magnification 2.5�. Scale bar ¼ 800 lm. Box plot showing Ki-67-positive areas in indicated cells and treatments. At least six samples were

quantified. All statistical analyses were performed using two-sided Mann–Whitney U test. Boxes represent interquartile range, and the horizontal line across each box

indicates the median. E) Kaplan-Meier curves showing survival of mice xenografted with BiR cells and treated for two weeks with FK866 as a single drug. The P value
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Effects of NAMPT Inhibition on Cell Growth and
Apoptosis

Culture of A375/BiR and M14/BiR cells with FK866 or GMX1778
for 72 hours blocked cell growth (Figure 7A; Supplementary
Figure 6A, available online). However, analysis of the cell cycle
after 48 hours of FK866 exposure showed accumulation of cells
in the S and G2/M phases (Figure 7B; Supplementary Figure 6B,
available online), suggesting that FK866 causes G2/M cell cycle
arrest. G2/M transition is regulated by cyclin B1/Cdk1 (37–39),
which was markedly decreased after a 48-hour culture with
FK866 (P < .001 and P ¼ .001 UN vs FK for M14/BiR and A375/BiR,
respectively) (Figure 7C).

Staining with annexin V and propidium iodide after 72 hours
of culture with FK866 or GMX1778 confirmed induction of apo-
ptosis (P < .001 in both BiR variants) (Figure 7D; Supplementary
Figure 6, C and D, available online), with downregulation of the
prosurvival molecules Mcl-1 and Xiap, upregulation of the pro-
apoptotic protein Bax, and caspase3 activation (Figure 7E). In
line with the hypothesis that NAMPT is the dominant NBE in
BiR cells, extracellular supplementation of nicotinic acid (Na,
the substrate for the NAPRT-regulated pathway) completely res-
cued from FK866-induced apoptosis, at variance with S cells,
where apoptosis was completely inhibited (P < .001 FK þNa in S
cells vs FK þ Na in BiR cells in both cell lines) (Figure 7F).

Effects of NAMPTi in Xenograft Models of BiR
Melanomas

To assess the therapeutic potential of NAMPTi, A375/BiR and
M14/BiR cells were xenografted into NSG mice (n ¼ 6–10 /group).
When tumors became palpable, mice were randomly assigned
to receive vehicle or FK866 (Figure 8A). As expected, BiR tumors
obtained from FK866-treated mice contained less NAD and ATP
when compared with tumors treated with the vehicle (V) only
(P ¼ .01) (Figure 8B). Marked and statistically significant reduc-
tion in tumor volume and weight, as well as in proliferating cells,
with a parallel increase in necrotic areas, was recorded in the
FK866-treated mice, without apparent signs of toxicity (Figure 8, C
and D; Supplementary Figure 7, A and B, available online).

When monitoring mice after treatment, we noticed that
FK866 markedly prolonged survival of mice xenografted with
M14/BiR and A375/BiR. In A375/BiR-injected mice, median sur-
vival of vehicle-treated mice was 23.5 days vs 43 days for FK866-
treated ones (P < .001) (Figure 8E). In M14/BiR xenografts,
vehicle-treated mice showed a median survival of 52 days,
while mice treated with FK866 did not reach a median survival
at 100 days, when all live mice (seven of nine in the FK866 arm)
were killed (P < .001) (Figure 8E). Of these, five had no evidence
of disease but displayed infiltration of murine myeloid cells at
the site of injection.

When the same experiment was performed on M14/S and
A375/S cells, maximal and statistically significant responses in
terms of decrease in tumor volume and weight and increase in
necrotic areas were obtained by combining FK866 and BRAFi
(Figure 8F; Supplementary Figure 7, C and D, available online).

Survival analysis performed in A375/S cells confirmed that the
combination of FK866 and BRAFi yielded the best results in
terms of mouse survival: median survival of vehicle-treated
mice was 46 days vs 77 days for FK866/BRAFi combination-
treated mice (P < .001) (Figure 8G). On the contrary, median sur-
vival of FK866-treated mice was only 56.5, and in BRAFi-treated
mice it was only 66 (P < .001) (Figure 8G). These data suggest
that the combination of BRAFi and NAMPTi should be further
explored as new therapeutic possibility in BRAFi-sensitive
patients.

Discussion

To study NAD metabolism in different phases of tumor trans-
formation, we selected two BRAF-mutated melanoma cell lines
(M14 and A375) that were made resistant to BRAFi by chronic
exposure to dabrafenib. Resistant cells showed paradoxical
overactivation of the MAP kinase pathway downstream of BRAF
and increased aerobic glycolysis or OXPHOS in M14 and A375,
respectively. This different metabolic adaptation was regulated
through the activation of transcription factors that control ex-
pression of glycolytic or mitochondrial metabolic genes. In line
with a Warburg phenotype, resistance to BRAFi in M14 cells sta-
bilized HIF-1a, with upregulation of HK2 and of LDHA, two criti-
cal enzymes in glucose metabolism. On the contrary, A375/BiR
cells showed constitutive NF-KB and STAT3 signaling, with acti-
vation of MITF transcription factor and PGC-1a, which enhances
expression and activity of the ATP synthase. Interestingly, these
two pathways appear mutually exclusive, suggesting that thera-
peutic targeting may be broadly effective only if a common ele-
ment is selected.

Our findings show that in both cell lines and independent of
the preferred metabolic pathway, NAD levels increase when
cells become resistant to BRAFi, and the NAD biosynthetic path-
way that uses nicotinamide becomes the dominant one. In this
pathway, nicotinamide is transformed into nicotinamide mono-
nucleotide (NMN) through the rate-limiting activity of NAMPT,
and it is subsequently converted to NAD by NMNATs, which ex-
ist in three isoforms and which are abundantly present in dif-
ferent cell districts, including mitochondria. Our data indicate
that in both BiR cell lines NAMPT is upregulated, while the other
rate-limiting NBEs in NAD metabolism are not modulated. The
findings that cell lines overexpressing NAMPT develop earlier
resistance to BRAFi, grow faster, and repair wounds more effi-
ciently suggest that NAMPT is directly involved in determining
the disease aggressiveness of BRAF-mutated melanomas.
Accordingly, inhibition of MAPK signaling decreased NAD levels
in both S and BiR cells. Furthermore, analysis of tissue biopsies
of patients obtained before and after resistance to BRAFi con-
firmed NAMPT induction in the BiR state. NAMPT over-
expression was regulated by NF-kB, STAT3, and HIF-1a, the
same transcription factors that regulate OXPHOS and glycolysis.

These results suggest that BiR cells are uniquely sensitive to
NAMPT targeting. By using two validated NAMPTi, FK866 and
GMX1778, we observed a dramatic drop in cellular NAD levels

Figure 8. Continued

was calculated using log-rank test. Nine mice per condition for M14/BiR and at least six for A375/BiR cells were studied. F) Box plot showing tumor volumes of M14/

BRAFi-sensitive (S) and A375/S cells xenografted in NSG mice and treated as indicated: V, BRAFi, FK, and FK866/BRAFi combination (C). Representative images of tumor

masses are shown. Statistical analysis was performed using two-sided multiple comparisons or Mann–Whitney U tests. Boxes represent interquartile range, and the

horizontal line across each box indicates the median. G) Kaplan-Meier curves showing survival of mice xenografted with A375/S cells and treated for two weeks as indi-

cated (P < .001 in all the treatment conditions compared with V, log-rank test; n¼10 mice for V and C, n¼8 mice for single-agent FK and BRAFi). a.u. ¼ arbitrary unit;

BiR ¼ BRAFi-resistant; C ¼ combination; OS ¼ overall survival; S ¼ BRAFi-sensitive; V ¼ vehicle.
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following exposure to both drugs, confirming that the Nam-
dependent pathway is the primary route to generate NAD in
these cells. In line with this hypothesis, supplementation of BiR
cells with artificially high levels of extracellular Na (in order to
maximize activity of the NAPRT-controlled pathway) failed to
completely rescue BiR cells from FK866-mediated apoptosis, at
variance with what was observed with S cells. NAD depletion in
BiR cells disrupted mitochondrial energy production, causing
swelling and loss of membrane potential, with ROS accumula-
tion. Cells were blocked in the G2/M phase of the cell cycle and
underwent activation of mitochondrial-dependent cell death.
These data are in line with recent findings, which connect mito-
chondrial respiration to cell cycle progression, especially in the
G2/M transition, which is an energy-sensitive checkpoint.
Reportedly, cyclin B1/Cdk1, the checkpoint kinase for the G2!M
transition, increases mitochondrial respiration, enhancing oxy-
gen consumption and ATP generation (40). Therefore, the strong
decrease in cyclin B1 expression observed after FK866 treatment
could impact OXPHOS, linking G2/M block to mitochondrial dys-
function. The therapeutic potential of NAMPTi was then vali-
dated using xenograft models. Both A375/BiR and M14/BiR cell
lines responded well to FK866 administered as a single agent,
showing a statistically significant decrease of tumor growth and
marked extension of survival. Importantly, five of nine mice
xenografted with M14/BiR cells were disease free after 100 days
following two weeks treatment with NAMPTi. Interestingly,
while S cells were less sensitive to FK866 used as a single agent,
as expected, its combination with a BRAFi yielded the best
effects in terms of tumor growth and mouse survival, suggest-
ing that this therapeutic avenue should be further investigated.
Importantly, no signs of toxicity were observed in these mice, in
line with the idea that normal cells use multiple pathways to
synthesize NAD, at variance with BiR cells, which appear to rely
predominantly on NAMPT.

A potential limitation of the study concerns the identifica-
tion of the patients that will benefit the most from therapy with
NAMPTi, either alone or in combination with BRAFi. We are cur-
rently testing the hypothesis that plasmatic concentrations of
NAMPT may actually reflect intracellular ones, as shown in
other models (41). A second issue that needs to be investigated
further is the role of eNAMPT in shaping the tumor microenvi-
ronment: immunocompetent mouse models of melanoma, to-
gether with patient studies, will be useful to the purpose.

In conclusion, our results show that NAMPT is an actionable
target for selected subsets BRAF-mutated melanoma patients.
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