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In BRAFV600E melanoma cells, a global metabolomic analysis discloses a decrease in nicotinamide adenine dinu-
cleotide (NAD+) levels upon PLX4032 treatment that is conveyed by a STAT5 inhibition and a transcriptional reg-
ulation of the nicotinamide phosphoribosyltransferase (NAMPT) gene. NAMPT inhibition decreasesmelanoma cell
proliferation both in vitro and in vivo, while forced NAMPT expression renders melanoma cells resistant to
PLX4032. NAMPT expression induces transcriptomic and epigenetic reshufflings that steer melanoma cells toward
an invasive phenotype associated with resistance to targeted therapies and immunotherapies. Therefore, NAMPT,
the key enzyme in the NAD+ salvage pathway, appears as a rational target in targeted therapy-resistant melanoma
cells and a key player in phenotypic plasticity of melanoma cells.
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Reprogramming of cellular energy metabolism has been
rediscovered recently as an emerging hallmark of cancer
(Ward and Thompson 2012). In 1930, Otto Warburg iden-
tified alterations of energy metabolism in cancer cells
(Warburg 1956). For ATP production, cancer cells switch
from oxidative phosphorylation (OXPHOS) to glycolysis
regardless of the oxygen supply, leading to a process called
“aerobic glycolysis.” This switch is frequently associated
with an enhanced glucose uptake that compensates for
the poor energetic efficiency of glycolysis compared
with OXPHOS.

BRAF oncogenic mutations, which increase glycolytic
activity in a variety of cancer cells, particularly inmelano-
ma, play a key role in this metabolic switch (Parmenter
et al. 2014). The inhibition of glycolysis upon BRAF inhib-
itor (BRAFi) treatment participates in the therapeutic
response (Baudy et al. 2012; Parmenter et al. 2014). How-
ever, as phenotypically and functionally plastic cells,

melanoma cells can rewire their metabolism toward
OXPHOS or glutaminolysis upon BRAFi exposure, a pro-
cess that might dampen the efficacy of the drug and sup-
port tumor growth (Haq et al. 2013; Baenke et al. 2016;
Falletta et al. 2017).

Therefore, these alternative metabolic pathways for
energy supply or the restoration of glycolysis (Parmenter
et al. 2014) might also contribute to the acquisition of re-
sistance to BRAFi, leading to treatment failure in pa-
tients with BRAF mutated melanoma. Furthermore,
glycolysis, OXPHOS, and glutaminolysis are intertwined
with other key metabolic pathways, such as protein ca-
tabolism, which can fuel the Krebs cycle and fatty acid
synthesis/β-oxidation pathways (through citrate and
acetyl-CoA) that also represent alternative sources of
energy.

In addition to the energy demand, cellular metabolism
has been shown to interferemore globallywithmelanoma
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cell phenotype. Indeed, glutamine limitation causes a
translational and transcriptional reprogramming of
melanoma cells toward invasive and therapy-resistant
phenotypes (Falletta et al. 2017). Therefore, obtaining a
complete view of the different metabolic pathways dereg-
ulated upon BRAF inhibition in melanoma cells is pivotal
to a better understanding of the mechanisms involved in
the implementation of resistances and improvements in
anti-melanoma therapies.
In the present study, using a global metabolic profiling,

we disclose a down-regulation of the nicotinamide ade-
nine dinucleotide (NAD+) levels by a BRAFi (PLX4032).
We show that the BRAF/ERK pathway, through STAT5
activation, regulates the transcription of nicotinamide
phosphoribosyltransferase (NAMPT), the key enzyme in
the maintenance of cellular NAD+ levels. Importantly,
forced NAMPT expression dampens the anti-proliferative
effect of PLX4032 and leads to major transcriptomic and
epigenetic unheavals that turn melanoma cells toward in-
vasive and BRAFi-resistant phenotypes. Together, these
observations point toNAMPT as a key player in BRAFi re-
sistance and melanoma cell plasticity and as a potential
target in melanomas.

Results

Alteration of metabolism by PLX4032 in BRAFV600E

melanoma cells

To fully elucidate the effect of PLX4032 on the metabo-
lism of melanoma cells, we performed global metabolic
profiling using ultrahigh-performance liquid chromatog-
raphy-tandem mass spectroscopy (UPLC-MS/MS) of two
distinct human melanoma cell lines (UACC62 and
WM9) that harbor the BRAFV600E mutation. Analysis of
>500 metabolites identified 119 metabolites altered by
treatment with PLX4032. A total of 60 metabolites was
down-regulated, whereas 59 metabolites were up-regulat-
ed (Supplemental Table S1). In this list, only 52 metabo-
lites are annotated in the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database or Human Metabolome
Database (HMDB). Figure 1A shows the heat map of these
annotated metabolites. Furthermore, analysis identified
enrichment in glycolysis, citric acid, pyruvate metabo-
lism, andmitochondrial electron transport chain function
(Fig. 1B; Supplemental Table S2). All of the metabolites in
these pathways were inhibited by PLX4032 treatment,
indicating a global inhibition of the carbohydrate
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Figure 1. PLX4032 decreases the levels of NAD+ in BRAFV600E melanoma cells. (A) Heat map of the top 40metabolites significantly reg-
ulated by 5 µMPLX4032 for 24 h inWM9 andUACC62 cells. The deregulation ofNADmetabolism is highlighted (red asterisk). (B) KEGG
pathway analysis of metabolomic data by MetaboAnalyst. (Green) Metabolites in the subpathways are all down-regulated; (blue) metab-
olites in the subpathways can be up-regulated or down-regulated. (C ) Intracellular NAD+ levels in a panel of BRAFV600E and wild-type
BRAF (BRAFWT) human melanoma cells exposed or not to 5 µM PLX4032 for 24 h. The values represent the means + SD of five indepen-
dent experiments.
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metabolism and energy production. Additionally, we ob-
served that themajority of dipeptides, monoacylglycerols,
and long-chain fatty acids species detected in our
cells (Supplemental Fig. S1A–F) was up-regulated upon
PLX4032 treatment, suggesting a global increase in pro-
tein catabolism and lipid metabolism. Note that these
metabolites are poorly annotated in the KEGG database
or HMDB, and therefore MetaboAnalyst (http://www.
metaboanalyst.ca) or other tools did not identify any en-
richment in these metabolite sets. A schematic view of
the metabolic consequences of BRAF inhibition is provid-
ed (Supplemental Fig. S1G).

Among the other metabolites affected by PLX4032
treatment, our attention was drawn by the inhibition of
NAD+ levels and the global inhibition of nicotinamide
metabolism (Fig. 1A,B). Because of the key role of NAD+

in numerous key cellular functions, such as metabolism
(carbohydrate metabolism and energy production), post-
translation modifications (ADP ribosylation), and epige-
netics (deacetylation), we then focused our attention on
the NAD+ metabolism. Dose response experiments in
A375, WM9, and UACC62 (Supplemental Fig. S2A)
showed that PLX4032 decreased cell numbers with an
IC50 of ∼0.1 µM and a maximal effect between 1 and 5
µM (5 µM was used in the following experiments). We
then extended the analysis of NAD+ levels in a larger pan-
el of melanoma cell lines and short-term melanoma cell
cultures. As expected, PLX4032 inhibited cell prolifera-
tion in BRAFV600E but not in wild-type BRAF (BRAFWT)
human melanoma cells (Supplemental Fig. S2B). Impor-
tantly, PLX4032 reduced intracellular NAD+ levels in all
BRAFV600E mutated melanoma cell lines but not in
BRAFWT human melanoma cells (Fig. 1C). Furthermore,
additional BRAFis as well as MEK and ERK inhibitors
also decreased NAD+ levels, indicating that ERK pathway
inhibition impacted NAD+ metabolism in melanoma
cells (Supplemental Fig. S2C). Note that glucose-starved
melanoma cells did not display changes in NAD+ levels,
ruling out the inhibition of glucose metabolism as a con-
founding factor for lowering NAD+ levels (Supplemental
Fig. S2D).

BRAFV600E regulates NAD+ levels and controls NAMPT
expression through STAT5 activation

The NAD+ level is primarily maintained in human cells
via the “salvage” pathway, in which NAMPT is the rate-
limiting enzyme (Canto et al. 2015). Our results indicated
that PLX4032 reduced NAMPT expression (Fig. 2A). Both
NAMPT mRNA and NAD+ levels declined in parallel in
response to PLX4032, which was compatible with the no-
tion that the reduction of NAD+ in response to PLX4032
was a consequence of the inhibition of NAMPT expres-
sion (Supplemental Fig. S3A). No inhibition of NAMPT
expression by PLX4032 was observed in BRAFWT human
melanoma cells (Supplemental Fig. S3B).

Analysis of publicly available microarray data sets
(GSE20051 and GSE42872) confirmed the inhibition of
NAMPT mRNA expression in BRAFV600E melanoma
cell lines exposed to BRAFi (Fig. 2B,C).

The inhibition of NAMPT expression in A375 melano-
ma cells was also observed with the MEK inhibitors
U0126, PD98059, and GSK1120212 (Trametinib) and the
ERK inhibitor SCH77294, the efficiencies of which were
shown on the inhibition of ERK phosphorylation levels
(Supplemental Fig. S3C). We also observed the inhibition
of NAMPT expression in publicly available microarray
data (GSE51115) of melanoma cell lines exposed to the
MEK inhibitor PD0325901 (Supplemental Fig. S3D).

Additionally, forced expression of BRAFV600E in normal
human melanocytes stimulated the ERK signaling path-
way and increased levels of NAMPT (Supplemental Fig.
S3E), with a concomitant increase in NAD+ (Supplemen-
tal Fig. S3F). MEK and ERK inhibitors prevented up-regu-
lation of NAMPT in normal melanocytes (Supplemental
Fig. S3E).

Altogether, our data demonstrate that the BRAF/MEK/
ERK signaling cascade plays a key role in the control of
NAMPT expression and the regulation of NAD+ metabo-
lism in melanoma cells.

Changes in NAMPT mRNA levels suggested that the
BRAF/ERK pathway controlled NAMPT at the transcrip-
tional level. Using a human NAMPT promoter luciferase
reporter construct, we showed that PLX4032 induced a
dose-dependent decrease in NAMPT promoter activity
in both WM9 (Fig. 2D) and A375 cells (Supplemental
Fig. S4A). MEK and ERK inhibitors also strongly reduced
NAMPT promoter activity (Supplemental Fig. S4B). To
identify the regulatory elements, we assessed the effect
of PLX4032 on human NAMPT promoter constructs of
different lengths. The results revealed that the BRAF/
ERK-responsive element was localized between −1182
and −2682 base pairs (bp) upstream of the transcriptional
start site (TSS) (Supplemental Fig. S4C). Within this re-
gion, Sun et al. (2014) reported STAT5-binding sites pro-
moting NAMPT gene transcription in response to the
mechanical stress signal. Therefore, we hypothesized
that in melanoma cells, the ERK pathway might control
NAMPT expression through STAT5 activation. Analysis
of the −1182/−2682 fragment identified two canonical
(TTCxxxGAA) STAT5-binding sites at −1260 (S#1) and
−1963 (S#2) (Fig. 2E). Next, we performed ChIP-qPCR
(chromatin immunoprecipitation [ChIP] combined with
quantitative PCR [qPCR]) assays with control or anti-
STAT5 antibodies. When using a set of primers spanning
the S#1 STAT5-binding site, we observed an enrichment
of chromatin immunoprecipitated with STAT5 antibody
(compared with control IgG) that was dramatically re-
duced in cells exposed to PLX4032 (Fig. 2F, middle panel).
In contrast, no enrichment was observed when using sets
of primers spanning the S#2 STAT5-binding site or locat-
ed in the 1-kb proximal region (S#3). These data demon-
strated that STAT5 bound to the NAMPT promoter.

In agreement with this observation, we showed in A375
cells that STAT5 inhibitor decreased both basal and
BRAFV600E-stimulated NAMPT promoter activity, there-
by demonstrating the involvement of STAT5 in the
BRAFV600E-induced stimulation of NAMPT transcription
(Supplemental Fig. S4D). Additionally, a constitutively ac-
tive form of STAT5 (Onishi et al. 1998) was sufficient to
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drive the transactivation of the NAMPT promoter
(Fig. 2G).
Furthermore, in bothA375 andWM9 cells, PLX4032 in-

hibited both ERK and STAT5 phosphorylation, while the
STAT5 inhibitor efficiently reduced STAT5 phosphoryla-
tion but did not affect ERK phosphorylation (Fig. 2H). Both
BRAF and STAT5 inhibitors decreased NAMPT expres-
sion (Fig. 2H) and NAD+ levels (Fig. 1D; Supplemental
Fig. S4E). In the NRASQ61K mutated melanoma HMVII
cells, PLX4032 had no effect on either ERK or STAT5
phosphorylation, while the STAT5 inhibitor efficiently
reduced STAT5 phosphorylation and NAMPT expression
(Supplemental Fig. S4F). The STAT5 inhibitor also trans-
lated into a parallel decrease in NAD+ levels (Supplemen-
tal Fig. S4G).
Taken together, these data demonstrate that the BRAF/

ERK pathway regulates NAMPT expression and, conse-
quently, NAD+ levels at the transcriptional level through
STAT5 activation.

NAMPT controls melanoma cell proliferation

Todetermine the impact ofNAD+metabolismonmelano-
ma cell proliferation, we silenced NAMPT using siRNAs
and inhibited its function with FK866, a highly specific
noncompetitive inhibitor. As expected, two different
NAMPTsiRNAs efficiently inhibitedNAMPTexpression
inWM9cells (Fig. 3A) andNAD+ levels (Fig. 3B). FK866 did
not affect NAMPT expression (Fig. 3A) but decreased
NAD+ levels (Fig. 3B). Similar results were obtained in
A375 and UACC62 cells (Supplemental Fig. S5A,B).
FK866 caused a dose-dependent reduction of NAD+ level
in the three cell lines tested, with a similar IC50 of ∼0.3
µM and a maximal effect at 1 µM (Supplemental Fig.
S5C). FK866 also caused a dose-dependent inhibition of
cell number, with a IC50 of ∼3 µM in A375 and UACC62
and 0.5 µM in WM9. In the three cell lines, the maximal
effect was obtained between 1 and 5 µM; 5 µM was used
in the following experiments (Supplemental Fig. S5D).

A

D
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B C

Figure 2. The BRAF/MEK/ERK signaling pathway regulates NAMPT expression at the transcriptional level. (A) Western blot analysis of
NAMPT in BRAFV600Emelanomacells exposed or not to 5 µMPLX4032 for 48 h. Phospho-ERKanalysis showed the efficiencyof PLX4032,
and ERK2 was used as loading control. (B,C ) Analysis of publicly available data sets GSE42872 (n = 3) and GSE20051 (n = 5) of melanoma
cells exposed to PLX4032. Scatter plots showing themeans ± SD of theNAMPTmRNAexpression are shown. (D) Activity of theNAMPT
promoter inWM9 cells exposed to increasing doses of PLX4032 for 48 h. Data are shown as themeans ± SD of three experiments. (E) Sche-
matic representation of the NAMPT promoter showing two canonical (TTCxxxGAA) STAT5-binding sites (S#1 and S#2) and a nonrele-
vant amplicon (S#3). (F ) A375melanoma cells were left untreated or exposed to PLX4032 for 48 h. Chromatin immunoprecipitation (ChIP)
was performed using antibodies directed against STAT5 and/or IgG antibody as a control. The isolated genomic DNA was analyzed by
real-time PCR using primers surrounding S#1, S#2, or S#3. Data are shown as the means + SD of three experiments. (G) The activity of
the NAMPT promoter reporter in A375 melanoma cells transfected with a control vector or a vector encoding a constitutively active
form of STAT5. Data are shown as the means + SD of three experiments. (H) Western blot analysis of NAMPT, STAT5, and ERK in
A375 and WM9 control cells or cells exposed to 5 µM PLX4032 or 100 µM STAT5 inhibitor for 48 h.
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Accordingly, we showed that FK866 or NAMPT knock-
down by siRNA elicited a dramatic inhibition of WM9
melanoma cell proliferation (Fig. 3C). Interestingly, the
addition of exogenous NAD+ to the culture medium pre-
vented FK866-mediated inhibition of cell proliferation,
thereby demonstrating that the effect of FK866 was caus-
ally associated with NAD+ depletion and not with non-
specific effects (Fig. 3D). Similar data were obtained in
the A375 and UACC62 cell lines (Supplemental Fig.
S5E,F). Flow cytometry analysis of DAPI-permeable cells
showed that NAMPT inhibition by siRNA or FK866 in-
creased melanoma cell death (Supplemental Fig. S6A).

We next monitored the effect of PLX4032 and FK866 in
vivo. WM9 cells were subcutaneously engrafted into 6-
wk-old female athymic nude mice. When the tumors
became palpable (0.1–0.2 cm3), the mice were treated ev-
ery 2 d with the vehicle (labrafil) or PLX4032 or FK866
alone. Compared with the vehicle, both PLX4032 and
FK866 treatments impaired WM9 melanoma cell xeno-
graft growth (Fig. 3E). PLX4032 and FK866 caused no

weight loss in the treated mice (data not shown). qRT–
PCR analysis revealed decreased NAMPT expression in
PLX4032-treated tumors (Supplemental Fig. S6B). A re-
duced NAD+ level was also observed (Supplemental Fig.
S6C).

Next, we evaluated the effect of NAMPT inhibition on
BRAFi-resistant melanoma cells. As expected, BRAFi-re-
sistant WM9 melanoma cells (WM9R) were not sensitive
to PLX4032’s effects but were sensitive to NAMPT
knockdown by two siRNAs (Fig. 3F) and NAMPT inhibi-
tion by FK866 (Fig. 3G). Importantly, the effects of FK866
were reversed by addition of NAD+. Interestingly, al-
though NAMPT inhibition had a marked effect on
BRAFi-resistant cells, we observed a statistically signifi-
cant restoration of PLX4032 sensitivity in BRAFi-resis-
tant cells upon depletion of NAMPT (Fig. 3F). Similar
observations were obtained in BRAFi-resistant A375 mel-
anoma cells (A375R) (Supplemental Fig. S7A,B).

As expected, xenografts derived fromWM9R cells were
not affected by PLX4032. In contrast, FK866 inhibited

A B C D E
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Figure 3. NAMPT inhibition decreases melanoma cell proliferation and xenograft development and restores PLX4032 sensitivity. (A)
Western blot analysis of NAMPT expression in WM9 melanoma cells transfected with control (Ctl) siRNA or two different NAMPT
siRNAs (si#1 and si#2) or exposed to a NAMPT inhibitor (FK866). HSP90 was used as loading control. (B) Intracellular NAD+ levels in
WM9 melanoma cells treated as in A. Values represent the means + SD of three independent experiments. (C ) Proliferation of WM9
melanoma cells treated as in A. Cells were trypsinized and counted each day. Values represent the means ± SD of three independent
experiments. (D) Cell number of WM9 melanoma cells exposed to 5 µM FK866 or 500 µM FK866 plus NAD+ for 72 h. Values represent
the means + SD of three independent experiments. (E) Growth curve of tumor xenografts after subcutaneous injection of WM9 cells.
Mice (six per group) were treated or not with PLX4032 or FK866. Data are shown as the means ± SD of tumor volume. The black arrow
indicates the beginning of the treatment. (F ) PLX4032-resistant WM9 melanoma cells were transfected with control or NAMPT siRNA
(si#1 and si#2) and subsequently exposed to 5 µM PLX4032. After 72 h, the cells were counted. The histogram represents the means +
SD of three independent experiments. (G) Cell number of PLX4032-resistant WM9 melanoma cells exposed to 5 µM FK866 or 500 µM
FK866 plus NAD+ for 72 h. Data are presented as the means + SD of three independent experiments. (H) Growth curve of tumor xe-
nografts after subcutaneous injection of WM9 cells resistant to PLX4032. Mice (six per group) were treated with vehicle, PLX4032, or
FK866. Data are shown as the means ± SD of tumor volume. The black arrow indicates beginning of the treatment. (I ) Frozen sections
of xenografts were stained with DAPI and subjected to transferase-mediated UTP nick end labeling (TUNEL). Representative images
are shown.
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tumor growth (Fig. 3H). The combination of the low-dose
FK866 resulted in additive growth inhibition. Terminal
deoxynucleotidyl transferase-mediated UTP nick end la-
beling (TUNEL) staining revealed apoptotic cells in tumor
sections from FK866-treated mice compared with control
or PLX4032-treated mice (Fig. 3I).
We performed in vivo experiments onA375R cells (Cor-

azao-Rozas et al. 2013) with 25 mg/kg PLX4032 or two
doses of FK866 (1.5 mg/kg and 15 mg/kg) alone or with
the low FK866 dose in combination with PLX4032 (Sup-
plemental Fig. S7C). In contrast to PLX4032, increasing
doses of FK866 dose-dependently reduced melanoma pro-
gression. As expected, a reduction in NAD+ was observed
in the FK866-treated tumors (Supplemental Fig. S7D).
The combination of both PLX4032 and FK866 resulted
in a synergistic inhibition of melanoma growth. Thus,
both in vitro and in vivo, FK866 treatment caused mela-
noma cell death and restored PLX4032 sensitivity in
BRAFi-resistant melanoma cells. Altogether, the strik-
ing effect of NAMPT inhibition on BRAFi-resistant
melanoma xenografts suggested that targeting NAMPT
might be a valid therapeutic option to overcome BRAFi
resistance.

NAMPT induces drug resistance and activates
an invasive gene program

We next examined whether NAMPT might affect the re-
sponse to PLX4032. Forced expression of NAMPT (Fig.
4A) enhanced the intracellular NAD+ level (Fig. 4B) but
did not significantly affect proliferation (data not shown).
Furthermore, forced expression of NAMPT or addition of
exogenous NAD markedly decreased the efficiency of
PLX4032 in inhibiting the proliferation of melanoma cells
(Fig. 4C,D). To understand howNAMPT can favor the ac-
quisition of resistance to BRAFi, we performed a tran-
scriptomic analysis of three different melanoma cell
lines (WM9, M14, and SKmel28) in control conditions or
after forced expression ofNAMPT.Differential expression
and statistical analysis indicated that 1111 geneswere reg-
ulated (449 down-regulated and 662 up-regulated). Ingenu-
ity Pathway Analysis identified a striking increase in the
functions associated with cell movement and migration
(top 10 functions) (Supplemental Table S3). Among the
top 10 upstream activators, TNF, TGFB, and SMARCA4
were increased, while MITF was decreased (Table 1).
These observations indicated that increased NAMPT

A
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Figure 4. NAMPT affects the sensitivity of melanoma cells to BRAFis. (A) Western blot analysis of NAMPT expression in A375 and
WM9 melanoma cells transduced with a control empty adenovirus (EV) or an adenovirus encoding NAMPT (Ad NAMPT). HSP90 was
used as a loading control. (B) Intracellular NAD+ levels in A375 and WM9 melanoma cells transduced with a control or NAMPT adeno-
virus. Values represent the means + SD of three independent experiments. (C ) A375 andWM9melanoma cells transduced with a control
or NAMPT adenovirus were exposed to 5 µM PLX4032. After 72 h, the cells were counted. The histogram represents the means + SD of
three independent experiments. (D) The number of A375 andWM9melanoma cells exposed to 5 µM FK866 or 500 µM FK866 plus NAD+

for 72 h. Values represent themeans + SD of three independent experiments. (E) Heat map from transcriptomic analysis showing the gene
expression level and clustering according to the invasive and proliferative signature from Verfaillie et al. (2015). (Blue) Down-regulated
genes; (red) up-regulated genes.
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expression may activate TNF and TGFβ pathways (Sup-
plemental Fig. S8A,B). Interestingly, we also observed
that genes down-regulated by NAMPT clustered with
the proliferation gene profile described previously (Hoek
et al. 2008; Verfaillie et al. 2015), while the up-regulated
genes were associated with the invasive genes (Fig. 4E).
Therefore, NAMPT induced a phenotypic switch toward
the invasive phenotype that has been frequently associat-
ed with resistance to targeted therapies.

Of note, SMARCA4 (BRG1), which is activated in
our analysis, is a MITF partner and a key player in the reg-
ulation of chromatin remodeling, suggesting that in-
creased NAMPT expression might affect the epigenetic
landscape.

NAMPT induced a reshuffling of the epigenetic landscape

To identify the effect of NAMPT on the epigenetic land-
scape, we performed ChIP-seq (ChIP combined with
high-throughput sequencing) analyses of key activating
(H3K27ac and H3K4me3) or repressive (H3K27me3) his-
tonemarks. Comparative analysis of theChIP-seq data us-
ing read density matrix clustering (SeqMiner) identified
41,000 peaks within 12 clusters (Fig. 5A), among which
six (1–6) out of 12 showed an alteration of histone
marks byNAMPT.Clusters 2, 3, and 5 showed an increase
in H3K4me3 marks, and clusters 1, 2, and 6 showed an
increase in H3K27me3 marks. H3K27ac marks were
decreased in cluster 4 and increased in cluster 3 together
with H3K4me3 marks (Supplemental Fig. S9). Further
analysis indicated that among the 662 up-regulated
genes, 356 displayed enhanced active marks (H3K27ac
and H3K4me3) and/or decreased repressive marks
(H3K27me3) (Fig. 5B). Only 15 genes overlapped with a
decrease in active marks and/or an increase in repressive
marks (Supplemental Fig. S10A). Among the 449 down-
regulated genes, 68 overlapped with a decrease in active
marks and/or an increase in repressive marks (Fig. 5C),

D E
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Figure 5. NAMPT changes the histone mark landscape. (A) SeqMiner cluster heat maps showing signal intensities for H3K27me3,
H3K27ac, and H3K4me3 in the region ±5 kb around the TSS in control or NAMPT-overexpressing 501mel melanoma cells. (B) Venn di-
agram displaying the intersection of genes up-regulated by NAMPTwith active histonemarks up-regulated and repressive histonemarks
down-regulated byNAMPT. (C ) Venn diagram displaying the intersection of genes down-regulated byNAMPTwith active histonemarks
down-regulated and repressive histonemarks up-regulated byNAMPT. (D) UCSCbrowser view ofH3K27ac andH3K4me3ChIP-seq bind-
ing density at the MITF locus. (E) UCSC browser view of H3K27ac and H3K4me3 ChIP-seq binding density at the AXL locus.

Table 1. Potential upstream regulators of the NAMPT
transcriptional program in melanoma cells

Upstream regulator Z-score P-value

TNF 6.317 2.05 × 10−26

TGFB1 5.092 1.47 × 10−21

IFNG 6.206 1.54 × 10−20

IL1B 5.717 5.93 × 10−18

MITF −5.063 9.42 × 10−18

NFkB 5.825 1.69 × 10−16

TP53 4.242 3.00 × 10−16

SMARCA4 5.571 3.33 × 10−16

U0126 −3.151 4.16 × 10−16

TREM1 −0.062 9.93 × 10−15

Upstream regulator analysis in Ingenuity Pathway Analysis was
used to predict the potential upstream regulators of the genes
differentially regulated between control and NAMPT-overex-
pressing melanoma cells. The top 10 predicted upstream regula-
tors are shown.

Ohanna et al.

454 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.305854.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.305854.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.305854.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.305854.117/-/DC1


and21 geneshadan increase in activemarks (H3K27ac and
H3K4me3) and/or a decrease in repressive marks (Supple-
mental Fig. S10B). A track view of our data in the Univer-
sity of California at Santa Cruz (UCSC) browser of genes
associated with the proliferative profile such as M-MITF
(Fig. 5D), CDK2, and BIRC7 (Supplemental Fig. S11A,B)
or with the invasive profile such as AXL (Fig. 5E), ITGB4,
and WNT5A (Supplemental Fig. S11C,D) suggested that
forced NAMPT expression induced a reshaping of the epi-
genetic landscape that led to a transcriptomic switch to-
ward the invasive phenotype associated with resistance
to targeted and immunotherapies (Muller et al. 2014; Fall-
etta et al. 2017).

NAMPT induced a switch toward an invasive phenotype

Finally, as predicted by the epigenetic and transcriptomic
analysis, Boyden chamber experiments demonstrated that
forced NAMPT expression increased the motile capacity
of WM9 cells (Fig. 6A). Western blot analysis confirmed
the increased expression of NAMPT and demonstrated
the up-regulation of fibronectin expression and an inhibi-
tion of MITF expression (Fig. 6B), in agreement with a
switch toward an invasive phenotype. These results
have been obtained also in two additional cell lines:
501Mel and SKMel28 (Supplemental Fig. S12A–D). Fur-
thermore, transduction of WM9 at low multiplicity of in-
fection (MOI) with NAMPT-GFP adenovirus resulted in
expression of NAMPT in ∼70% of cells, visualized by
GFP. Cells exhibited a loss ofMITF expression exclusively
in GFP-positive cells (Fig. 6C). Finally, we showed that
ZEB1 (Caramel et al. 2013), which has been reported as a
key player in pseudo-EMT (epithelial–mesenchymal tran-

sition) and phenotypic switch in melanoma cells, was
down-regulated by NAMPT silencing and up-regulated
by forced NAMPT expression (Fig. 6D). In line with that,
ZEB1 was dramatically increased in the transcriptomic
analysis and underwent deep epigenetic reshuffling (Sup-
plemental Fig. S12E). In conclusion, these data unveil
how NAMPT, through epigenetic remodeling of genes
that mediate the phenotypic switch, regulates the motile
properties of melanoma cells.

Discussion

Here, our findings reveal that the BRAF/MEK/ERK signal-
ing cascade impacts cellular metabolism beyond its well-
known effect on glucose metabolism. Indeed, we showed
that metabolites from the glycolytic pathway, such as 3-
phosphoglycerate, phosphoenolpyruvate, pyruvate, and
lactate were down-regulated in PLX4032-treated melano-
ma cells, while upstream metabolites (fructose 6-P, fruc-
tose 1-6-P2, and glyceraldehyde 3-P) were unaffected. Of
note, the glucose 6-P level was decreased (log fold
change =−1.9) but did not reach the statistical threshold
(false discovery rate = 0.058). This observation can be ex-
plained by the inhibition of glucose uptake (Parmenter
et al. 2014) and hexokinase 2 expression (Parmenter
et al. 2014; Delgado-Goni et al. 2016) caused by BRAF in-
hibition. In line with that, PLX4032 induced an alteration
of the tricarboxylic acid (TCA) cycle, as illustrated by a
decrease in α-ketoglutarate, fumarate, and malate levels.
Remarkably,melanoma cells treatedwith PLX4032 dis-

played evidence of enhanced lipid metabolism, since a
global increase in several types of lipids (monoacyl-glycer-
ol and fatty acids) was observed. These findings suggest

A B

C D

Figure 6. NAMPT enhances the motile
capacity of melanoma cells. (A) Boyden
chamber experiments of control or
NAMPT-overexpressing WM9 melanoma
cells. Values represent means + SD of three
independent experiments. Representative
images are shown. (B) Western blot analysis
of MITF, fibronectin (FN), and NAMPT of
control or NAMPT-overexpressing WM9
melanoma cells. HSP90 was used as a load-
ing control. (C ) Immunofluorescence of
NAMPT andMITF inWM9 cells. (D) West-
ern blot analysis of NAMPT and ZEB1
NAMPT in WM9 melanoma cells trans-
fected with siRNA to NAMPT or infected
with NAMPT adenovirus. HSP90 was
used as a loading control.
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that upon BRAF inhibition, melanoma cells shift from
glucose to lipid metabolism and may use fatty acid β-oxi-
dation as a source of energy. Further studies have been un-
dertaken to dissect the molecular mechanisms of this
metabolic rewiring and determine the role of lipid metab-
olism in the effects of PLX4032.

Another keymetabolic alteration caused by PLX4032 is
the decrease in the cellular content of NAD+. Therefore,
althoughmelanoma cells exposed to PLX4032 implement
alternative energy production pathways, these pathways
would be impaired by the decrease in NAD+ levels, as
NAD+ is a key cofactor in glycolysis, citric acid cycle,
and β-oxidation.

Our results reveal that NAMPT, the rate-limiting en-
zyme in the NAD+ salvage pathway, is positively con-
trolled by the BRAF/MEK/ERK pathway. Consistent
with this observation, NAMPT shows higher expression
in melanoma cells that frequently harbor a constitutive
activation of the ERK pathway, compared with melano-
cytes or nevi (Wachsman et al. 2011; Maldi et al. 2013).
We provided evidence that BRAFV600E controls NAMPT
expression at the transcriptional level and identified
the transcription factor STAT5 as the main effector of
BRAFV600E effects on NAMPT expression. In line with
that, it has been shown previously that STAT5 is activated
by the ERK pathway (Maki and Ikuta 2008). Furthermore,
we demonstrated that the STAT5 inhibitor decreased
NAMPT expression and the NAD+ cellular content in
both BRAFWT and BRAF mutated melanoma cells. Ac-
cordingly, STAT5 was reported to favor melanoma cell
proliferation and survival, and the constitutive activation
of STAT5 is correlated with the aggressiveness of melano-
ma (Mirmohammadsadegh et al. 2006; Hassel et al. 2008).
Together, these data suggest that STAT5 inhibition alone
or in combination with BRAFis might be a valuable strat-
egy for melanoma treatment. Of note, STAT5 is also es-
sential for T-cell survival and immune responses toward
melanoma tumors (Tripathi et al. 2010). Therefore, the
benefit/risk ratio of using STAT5 inhibitors must be care-
fully evaluated.

Next, we showed that the inhibition of NAMPT expres-
sion by specific siRNA or activity by the pharmacological
inhibitor FK866 decreased the NAD+ content and pro-
liferation of melanoma cells. A previous study reported
that among the six cell lines tested, only one cell line
(HMCB) displayed a reduction of proliferation in response
to NAMPT inhibition (Maldi et al. 2013). NAMPT inhibi-
tion also promoted a marginal effect on mouse B16 mela-
noma cell proliferation in vitro (Grolla et al. 2015)

NAMPT inhibition also affects the proliferation of
BRAFi-resistant melanoma cells and at least partially re-
stores the response to PLX4032. In vivo, FK866 efficiently
inhibited the development of BRAFi-sensitive or BRAFi-
resistant melanoma tumor xenografts, and low doses of
FK866 (1.5 mg/kg) resensitized BRAFI-resistant tumors
to PLX4032. Taken together, these observations suggest
that NAMPT inhibition might represent a rational strat-
egy to overcome resistance to targeted therapies.

Interestingly, NAMPT-overexpressing melanoma cells
weremore resistant to the effects of PLX4032 than the pa-

rental control cells, demonstrating the causal role of
NAMPT in the resistance to BRAFis. Furthermore, tran-
scriptomic and ChIP-seq analyses showed that NAMPT
overexpression modified active (H3K27ac and H3K4me3)
and repressive (H3K27me3) histone marks and gene ex-
pression profiles favoring the phenotypic switch of mela-
noma cells toward the invasive phenotype, characterized
by an increased invasiveness and expression of genes asso-
ciatedwith pseudo-EMT (ZEB1 and FN1) and resistance to
targeted and immunotherapies (Muller et al. 2014; Riesen-
berg et al. 2015; Falletta et al. 2017).

Beyond its role in metabolism and energy-producing
pathways (glycolysis, citric acid cycle, glutaminolysis,
and β-oxidation), NAD+ serves as a cofactor for numerous
other enzymes and pathways. SIRTs and PARPs require
NAD+ for functioning (Bai and Canto 2012; Houtkooper
et al. 2012). Both enzymes play a critical role inmelanoma
biology, as (1) melanoma cells overexpressing SIRT1 were
more resistant to BRAFis (Ohanna et al. 2014), and (2)
PARP1 inhibition altered the invasive properties of mela-
noma cells (Rodriguez et al. 2013). Furthermore, SIRT1
(Jing and Lin 2015) and PARP1 (Ciccarone et al. 2017)
have a direct involvement in epigenetic regulation that
could explain the deep changes in histone marks evoked
by NAMPT.

Additionally, NAD+ might have a direct impact on
transcriptional regulation through its binding to the tran-
scriptional corepressors CtBPs (Balasubramanian et al.
2003) that has been also involved in epigenetic regulation
through its interaction with histone demethylase
KDM1A (LSD1) (Ray et al. 2014). Notably, CtBP2 was re-
ported to inhibit the expression of MITF, a key driver of
melanoma phenotypic switching (Liang et al. 2011).

Now, it remains to be understood why NAMPT affects
only a specific subset of genes. Of note, numerous MITF
target genes are regulated by NAMPT, and our analyses
showed an activation of the BRG1 pathway. BRG1 inter-
acts with MITF in chromatin remodeling complexes
that also contain KDM1A (Laurette et al. 2015), indicating
a link between the NAD+, CtBP, and MITF/BRG1 com-
plexes and specific histone modifications at the regions
occupied by these complexes. Of course,NAD+may affect
other chromatin remodeling complexes that are not posi-
tioned at MITF target loci.

Reflecting their high metabolic demand, malignant
cells display higher NAD+ levels than their normal coun-
terparts and are particularly sensitive to NAD+ depletion
(Kennedy et al. 2016). A recent report demonstrated that
IDH1 mutant cancer cells showed extreme vulnerability
to NAD+ depletion (Tateishi et al. 2015). None of themel-
anomacells used in thepresent studyshowedan IDH1mu-
tation, but we cannot rule out the likelihood that IDH1
activity is affected by nongenetic alterations. Further-
more, the sensitivity (at least in vitro) of NRAS mutated
melanoma to FK866 suggests that NAMPT inhibition
might be an alternative therapeutic strategy in this subset
of melanomas that has a poorer outcome compared with
other melanomas (Johnson et al. 2016). Several phase 1
clinical trials using NAMPT inhibitors (CHS828 or
FK866) have been conducted in patients with advanced
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solid tumor malignancies, including melanomas (Ravaud
et al. 2005; Holen et al. 2008; von Heideman et al. 2010).
Toxicities are globally manageable, but no overall tumor
responsewasdescribed.However, in aclinical trial that en-
rolled two patients with melanomas, one patient showed
disease stabilization (Holen et al. 2008).
Despite the huge progress in metastatic melanoma

treatment using checkpoint immunotherapies or targeted
therapies (Luke et al. 2017), most patients are resistant or
will develop resistance to these treatments. Resistance
can be driven by genetic events, but phenotypic switch,
which is generated by epigenetics events and rewiring of
transcriptomic andmetabolic networks, is themain cause
of resistance (Hugo et al. 2015). Our study indicates that
NAMPT functions downstream from BRAF/ERK path-
ways and plays a pivotal role in the switch of melanoma
cells toward the invasive and resistant phenotype. There-
fore, it might be worthwhile to reassess NAMPT inhibi-
tors in the treatment of melanomas resistant to targeted
therapies but also as adjuvant therapy to prevent the ac-
quisition of resistance in the course of the treatment.

Materials and methods

Cell cultures and reagents

Human melanoma cell lines and short-term cultures derived
from different patients with metastatic malignant melanoma
cells were grown in DMEM supplemented with 7% FBS at 37°C
in a humidified atmosphere containing 5% CO2. PLX4032-
sensitive and PLX4032-resistant melanoma cells were described
previously (Bonet et al. 2012; Ohanna et al. 2014). Lipofectamine
RNAiMAX and Opti-MEM medium were purchased from
Invitrogen. FK866 was obtained from Sigma, U0126 and
GSK1120212 were purchased from Euromedex, and PD98059
and SCH77294 were obtained from Selleck Chemicals. The
STAT5 inhibitor (CAS 285986-31-4) was purchased from Sigma.
Intracellular NAD+ was measured using the NAD/NADH quan-
titation kit from Sigma according to the manufacturer’s
instructions.

Metabolomic profiling

Briefly, samples were prepared using the automated MicroLab
STAR system (Hamilton Company). Recovery standards were
added prior to the first step in the extraction process for quality
control purposes. Cell lysates were precipitated using methanol
with vigorous shaking for 2 min followed by centrifugation.
The resulting extract was divided into five fractions: two samples
for analysis using two separate reverse-phase (RP)/UPLC-MS/MS
methodswith positive ionmode electrospray ionization (ESI), one
sample for analysis through RP/UPLC-MS/MS with negative ion
mode ESI, one sample for analysis through hydrophilic interac-
tion chromatography (HILIC)/UPLC-MS/MS with negative ion
mode ESI, and one sample reserved for backup. The samples
were briefly placed on a TurboVap (Zymark) to remove the organ-
ic solvent. The sample extractswere stored overnight under nitro-
gen prior to preparation for analysis. Chromatography analyses
were performed usingWatersAcquityUPLC and aThermoScien-
tific Q-Exactive high-resolution/accurate mass spectrometer in-
terfaced with a heated ESI (HESI-II) source and an Orbitrap mass
analyzer operated at 35,000 mass resolution. The sample extract
was dried and subsequently reconstituted in solvents compatible

with each method (Miller et al. 2015). The informatics system
comprised four major components: the laboratory information
management system (LIMS), the data extraction and peak-identi-
fication software, data processing tools for quality control and
compound identification, and a collection of information inter-
pretation and visualization tools for subsequent data analysis.
The hardware and software foundations for these informatics
components were the LAN backbone and a database server run-
ning Oracle 10.2.0.1 Enterprise Edition (Evans et al. 2009).

Western blot assays

Western blotting was performed as described previously (Hilmi
et al. 2008; Bertolotto et al. 2011). Briefly, 30 µg of cell lysates
was separated using SDS-PAGE, transferred onto a PVDF mem-
brane, and subsequently exposed to the appropriate antibodies:
anti-ERK2 (clone D-2; Santa Cruz Biotechnology, sc-1647), anti-
phospho-ERK1/2 (Thr202/Tyr204) (Cell Signaling Technology,
Inc., 2370), anti-BRAF (clone F-7; Santa Cruz Biotechnology, sc-
5284), anti-NAMPT (Sigma, B5812), anti-phospho-STAT5
(Tyr694) (Ozyme, 9351), anti-STAT5 (Ozyme, 9363), and anti-
HSP90 (Santa Cruz biotechnology, sc-13119). The proteins were
visualized using the ECL system (Amersham). The Western
blots shown are representative of at least three independent
experiments.

Transient transfection of siRNA

Briefly, a single pulse of 50 nM siRNA was administered to the
cells at 50% confluency through transfection with 5 µL of Lipo-
fectamine RNAiMAX in Opti-MEM medium (Invitrogen).
NAMPT siRNAs (On Target Plus, Dharmacon) were obtained
from ThermoFisher Scientific.

Cell proliferation

The cells (10 × 103 cells) were seeded onto 12-well dishes and, at
48 h after transfection or treatment, trypsinized from days 1 to
4 and counted in triplicate using a hemocytometer. The experi-
ments were performed at least three times.

Luciferase reporter assays

NAMPT promoter luciferase reporters were provided by Dr.
J.G.N. Garcia (University of Arizona). We used three constructs
containing the following regions of human NAMPT: −2682/
+346, −1182/+346, and −582/+346 bp (Sun et al. 2014). A375mel-
anoma cells were transiently transfected as described previously
using Lipofectamine reagent (Invitrogen) (Bertolotto et al. 1998).
Briefly, the cells were transiently transfected with 0.3 µg of
NAMPT reporter constructs and 0.05 µg of pCMVßGal to control
the variability in transfection efficiency. The transfection medi-
um was changed after 6 h, and, where indicated, the cells were
transfected with an empty vector or a vector encoding BRAFV600E

or treated with PLX4032 or a STAT5 inhibitor. The cells were
assayed for luciferase and β-galactosidase activities after 48 h.
The experiments were repeated at least three times.

Colony formation assay

Human melanoma cells were seeded onto six-well plates. The
cells were subsequently placed in an incubator at 37°C and 5%
CO2. Colonies of cells were grown before being stained with
0.04% crystal violet/2% ethanol in phosphate-buffered saline
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(PBS) for 30 min. Photographs of the stained colonies were cap-
tured. The colony formation assay was performed in duplicate.

Cell death analysis by flow cytometry

Cells were seeded at a density of 50 000 cells per well in 24-well
plates and treated with FK866 for the indicated times. Cells were
harvested using accutase enzyme, washed twice with ice-cold
PBS, resuspended in medium with 1 µg/mL DAPI, and incubated
for 15 min at room temperature (25°C) in the dark. Samples were
immediately analyzed by a flow cytometer (MACSQuant) using a
laser at 405-nm excitation with a band-pass filter at 425 and 475
nm for DAPI detection.

mRNA preparation and real-time qPCR

The mRNAwas isolated using TRIzol (Invitrogen) according to a
standard procedure. qRT–PCRwas performed using SYBRGreen I
(Eurogentec) and Multiscribe reverse transcriptase (Applied Bio-
systems) and subsequently monitored using the ABI Prism 7900
sequence detection system (Applied Biosystems). The detection
of the hRSP14 gene was used to normalize the results. Primer se-
quences for each cDNA were designed using either Primer Ex-
press software (Applied Biosystems) or qPrimer Depot (http://
primerdepot.nci.nih.gov), and these sequences are available on
request.

ChIP-qPCR

Cross-linked chromatin was prepared as described previously
(Aparicio et al. 2005). STAT5 ChIP was performed on unstimu-
lated and PLX4032-stimulatedA375melanomacells (5 × 107 cells
per condition) using STAT5 antibody (D2O6Y, Ozyme) or an iso-
type-matched control immunoglobulin (Ozyme) and analyzed by
real-time PCR. Data are expressed as a percentage of input DNA.
The genomic sequence of NAMPT (−3000 relative to the TSS

up to the polyA) was searched for STAT5-binding sites using
Genomatix software (https://www.genomatix.de). Forward and
reverse real-time PCR primers used for the human genomic
DNA analysis were as follows (primers specific for STAT5-bind-
ing site-containing regions are underlined, and the others are con-
trol primers): F-1946 (5′-TTCCTTCTTTGAATTGCACTCC-3′),
R-2052 (5′-GATTACAGACGTGAGCCACC-3′), F-2790 (5′-TT
TCTCAGGTCCTCTACATGC-3), R-2880 (5′-GCCTGTAGTCC
CAGCTTCTC-3′), F-1334 (5′-ACTTCCATGATCTTTGCCCT-3′),
and R-1523 (5′-GGTAGTGGAACTTGTGAATTGAG-3′).

Boyden chamber experiments

Cell migration was assessed using a modified Boyden chamber
assay with 8-µm pore filter inserts for 24-well plates (BD Bio-
science). Cells were seeded on the upper chamber of a transwell,
and DMEM and 7% FBS were placed into the lower chamber.
Cells that adhered to the underside of the filters were fixed
with 4% paraformaldehyde (PFA) and stained with 0.4% crystal
violet, and five random fields at 20× magnification were counted.
Results represent the average of triplicate samples from three in-
dependent experiments.

Immunofluorescence studies

Cells were fixed and permeabilized as described previously
(Ohanna et al. 2011) before being exposed to anti-MITF or
anti-NAMPT antibodies. Cells were washed three times with
PBS, incubated for 1 h with 1:1000 dilution anti-mouse Alexa

fluor 594-labeled and anti-rabbit Alexa fluor 488-labeled second-
ary antibodies (Invitrogen), and mounted using Gel/Mount (Bio-
meda Corp.). Frozen sections of melanoma xenografts were fixed
with 4% PFA (Sigma-Aldrich) for 15 min and subsequently
blocked with 10% normal goat serum (Vector Laboratories)
with or without 0.1% Triton X-100 (Bio-Rad) in PBS for 30
min at room temperature. The samples were incubated with pri-
mary antibodies overnight at +4°C followed by the appropriate
secondary fluorescent-labeled antibodies (Invitrogen Molecular
Probes) for 1 h at room temperature and mounted using Gel/
Mount (Biomeda Corp.). The nuclei were counterstained with
DAPI. Apoptosis in melanoma xenografts was detected through
a TUNEL assay using an in situ cell apoptosis kit (R&D Sys-
tems). Immunofluorescence was examined and photographed
using a Zeiss Axiophot microscope equipped with epifluores-
cence illumination.

Gene expression profiling and bioinformatics

Total RNA of three different cell lines transfected with control
scrambled siRNA or siRNA to NAMPTwas isolated with Trizol.
The RNA integrity (RIN) was assessed by using an Agilent Bio-
analyzer 2100 (Agilent Technologies) (RIN >8). RNA samples were
then labeled with Cy3 dye using the low RNA input QuickAmp
kit (Agilent) as recommended by the supplier. Labeled cRNA
probes (825 ng) were hybridized on 8x60K high-density SurePrint
G3 gene expression Human Agilent microarrays. Normalization
ofmicroarray datawas performed using the Limma package avail-
able from Bioconductor (http://www.bioconductor.org). Inter-
slide normalization was performed using the quantile method.
Means of ratios from all comparisons were calculated, and t-test
analysis was performed. Differentially expressed genes were se-
lected based on Abs log fold change > 1 and adjusted P-value <
0.05. Data from expression microarrays were analyzed for enrich-
ment in biological themes using Ingenuity Pathway Analysis
software (http://www.ingenuity.com).

ChIP-seq

501Mel cells infected with empty adenovirus (EV) or NAMPT ad-
enovirus were subjected to ChIP using antibodies for H3K27ac,
H3K27me3, and H3K4me3 (Active Motif). Libraries from ChIP
and input DNAwere then sequenced on a NextSeq500 sequencer
(Illumina) with single-end 75-bp read chemistry.
Reads from ChIP-seq were mapped to the human genome re-

lease hg19 using the BWA (Li and Durbin 2009) algorithm with
default settings. Peaks were called using MACS2 (Zhang et al.
2008), comparing the immunoprecipitation samples against total
chromatin input. Peaks were then annotated according to their
positions on known exons with HOMER (Heinz et al. 2010). We
performed a differential peaks enrichment analysis of the closest
TSS-binding sites (<2 kb; NAMPT vs. EV) for each mark. Dif-
ferentially expressed genes were selected based on Abs log fold
change > 1.
The seqMiner (Ye et al. 2011) programwas used to calculate the

ChIP-seq read densities around the TSS (±2 kb) with the K-means
clustering method to produce heat maps.

Animal experimentation

Animal experiments were performed in accordance with French
law and approved by a local institutional ethical committee.
The animals weremaintained on a 12-h light/dark cycle in a tem-
perature-controlled facility at 22°C and provided free access
to food (standard laboratory chow diet from UAR). Human
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WM9 melanoma cells (2 × 106 cells) responsive or resistant to
PLX4032 were subcutaneously inoculated into 8-wk-old female
immune-deficient athymic nude FOXN1nu mice (Harlan Labora-
tory). When the tumors became palpable (0.1–0.2 cm3), the mice
received an intraperitoneal injection of 25mg/kg PLX4032, 1.5 or
15 mg/kg FK866, or both drugs dissolved in a 90:9:1 (v/v/v) mix-
ture of labrafil M1944 Cs, dimethylacetamide, and Tween 80
three times per week. Control mice were injected with labrafil
alone. The growth tumor curves were determined after mea-
suring the tumor volume using the equation V = (L ×W2)/2.
At the end of the experiment, the mice were euthanized by
cervical dislocation, and the tumors were harvested for
immunofluorescence.

Statistical analysis

The data are presented as the means ± SD and were analyzed us-
ing two-sided Student’s t-test with Prism or Microsoft Excel soft-
ware. The difference between both conditions was statistically
significant at P < 0.05. For the metabolomics analysis, the P-val-
ues were adjusted using the Benjamini-Hochberg procedure
(Anastats).
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