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ABSTRACT

APO866 is a small molecule drug that specifically inhibits nicotinamide
phosphoribosyltransferase (NAMPT), a key enzyme involved in nicotinamide adenine
dinucleotide (NAD) biosynthesis from the natural precursor nicotinamide. Although, the
antitumor activity of APO866 on various types of cancer models has been reported,
information regarding mechanisms by which APO866 exerts its cytotoxic effects is not
well defined. Here we show that APO866 induces a strong, time-dependent increase in
highly reactive ROS, nitric oxide, cytosolic/mitochondrial superoxide anions and hydrogen
peroxide. We provide evidence that APO866-mediated ROS production is modulated by
PARP1 and triggers cell death through mitochondria depolarization and ATP loss. Genetic
or pharmacologic inhibition of PARP1 prevented hydrogen peroxide accumulation, caspase
activation, mitochondria depolarization, ATP loss and abrogates APO866-induced cell
death, suggesting that the integrity of PARP1 status is required for cell death. Conversely,
PARP1 activating drugs enhanced the anti-leukemia activity of APO866

Collectively, our studies show that APO866 induces ROS/RNS productions, which
mediate its anti-leukemia effect. These results support testing new combinatorial
strategies to enhance the antitumor activities of APO866.

INTRODUCTION

The renewed interest in the potential anticancer
benefit of targeting tumor metabolism has led to an
intense development of nicotinamide adenine dinucleotide
(NAD) biosynthesis inhibitors [1-3]. NAD is an essential
coenzyme in numerous intracellular redox reactions,
including those that allow ATP (adenosine triphosphate)
production (i.e. glycolysis and mitochondrial respiration).
In addition, NAD is the substrate of several important
NAD-degrading enzymes including poly (ADP-ribose)
polymerases (PARPs) and sirtuins [4], that, in turn,
are involved in crucial biological processes, such as
genomic stability, apoptosis, aging, stress resistance, and

metabolism [5—7]. In mammals, NAD can be synthesized
through three main biochemical pathways from five
distinct precursors: (i) tryptophan through the so-called
de novo pathway; (ii) nicotinic acid (NA, or its related
riboside form) through the Preiss-Handler pathway; or
(ii1) nicotinamide (NAM, or its related riboside form)
through the salvage pathway. NAM/NA are the most
important available NAD precursor in mammals [8—10].
NAMPT is the rate-limiting enzyme that catalyzes the
phosphoribosylation of NAM to produce nicotinamide
mononucleotide (NMN) [11, 12]. NMN is subsequently
converted to NAD by NMN adenylyltransferases. Cancer
cells have an increased need of NAD compared to normal
cells, since most cancer cells exhibit a sustained PARP
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activation due to DNA damage and genomic instability
[13, 14] and have higher energy demands [15]. Thus,
tumor cells are more vulnerable to NAD depletion than
normal cells [1, 16]. This observation has led to the
development of NAMPT inhibitors, which indeed exhibit
mechanism-based efficacy against a wide range of human
solid tumors and blood cancers [2, 16-23]. Exposure of
cancer cells to NAMPT inhibitors strongly decreases NAD
cell content, followed by ATP decline that ultimately leads
to cell death. NAMPT inhibitor-induced cell death occurs
either in caspase-dependent or —independent manner,
and is associated with reactive oxygen species (ROS)
production, mitochondrial dysfunction, and autophagy [1,
16, 24-28]. However, the role of reactive oxygen/nitrogen
species (ROS(29)/RNS) productions in NAMPT inhibitor-
mediated cytotoxicity is not defined.

ROS are a group of small, short-lived and highly
reactive oxygen molecules [30] containing one or more
unpaired electrons [31, 32]. ROS include molecules such
as oxygen radicals [superoxide anion (O,”), hydroxyl
radicals (OH), peroxyl radicals (RO,’) and alkoxyl radicals
(RO")] and non-radicals such as hydrogen peroxide (H,0,)
hypochlorous acid (HOCI), ozone (O,) and singlet oxygen
('0,) [30, 33, 34]. RNS are small molecules that include
nitric oxide radical (NO"), peroxinitrite (ONOO"), nitrogen
dioxide radical [14] (NO,), other oxides of nitrogen and
products arising when NO" reacts with O,”, RO’ and
RO,". Under physiologic conditions and at low/moderate
concentrations, ROS/RNS play a central role in various
cellular functions such as gene transcription, cell-cycle
regulation and cell proliferation [29, 32, 35-37]. However,
the overproduction of ROS/RNS results in the oxidation/
nitrosylation of cell constituents such as proteins, DNA
and lipids [30] that leads to cell dysfunction and ultimately
to cell death [29, 30, 33].

In the present study, we evaluated ROS/RNS
production in hematopoietic malignant cells treated with
APO866, a very potent NAMPT inhibitor, and explored
the role of ROS/RNS generation in APO866-induced cell
death using pharmacological and genetic tools. We show that
exposure of leukemia cells to APO866 leads to a tremendous
increase in various types of ROS/RNS in a dose- and time-
dependent manner. Excessive ROS/RNS release contributes
to APO866-induced cell death through mitochondria
depolarization and requires the integrity of PARP1 status.
Finally, PARP1 activating chemotherapeutic drugs strongly
potentiate the anti-leukemia activity of APO866.

RESULTS

APO866 dramatically increases ROS/RNS levels
in hematological malignant cells

In our previous studies, we reported the association
between APO866 treatment and c¢O,, mO,, H,0O,
accumulations [26, 38, 39]. Now, we provide a global

view of the ability of APO866 to generate various type of
ROS/RNS in hematopoietic malignant cells. We extended
our investigation to the generation of highly reactive
ROS (hROS) and NO in APO866-treated hematological
malignant cells. hROS/NO are known to be detrimental
to cells, since they chemically modify lipids, proteins, and
nucleic acids. We took advantage of recently developed
probes [Aminophenyl fluorescein (APF), hydroxyphenyl
fluorescein (HPF), in addition to 5,6-Diaminofluorescein
diacetate (DAF-2/DA)] that detect hROS and NO,
respectively [40]. Two unrelated leukemia cell lines,
Jurkat and ML-2 cells, were treated with or without
APO866 for various time periods and hROS/NO levels
were detected by flow cytometry and by specific sensitive
probes. The exposure of hematopoietic malignant cells to
APO866 was found to lead to a statistically significant
increase in hROS and NO levels in a time-dependent
manner until 96 hours (Figure 1A—1C). In parallel assays,
we also confirmed our previous study, showing that, over
time, APO866 induced strong increase in cO,, mO, and
H,0, in both hematological malignant cell lines exposed
to the drug (Figure 1D—1F). Next, we examined whether
ROS/RNS production is due to NAD depletion. To this
end, we first measured the intracellular NAD content in
Jurkat and ML2 cells treated with or without APO866.
As shown in Figure 1G, NAD depletion precedes ROS/
RNS productions (Figure 1A—1F) in APO866-treated
hematopoietic malignant. To confirm that oxidative/
nitrosative stress in APO866-treated leukemia cells is a
consequence of NAD depletion (induced by APO866),
we evaluated ROS/RNS productions in APO866-treated
leukemia cells in the presence of exogenous NAD.
The supplementation with exogenous NAD allowed to
fully inhibit ROS/RNS productions in APO866-treated
leukemia cells (Figure 1H and 11I), which strongly suggests
that NAD depletion is involved in ROS/RNS productions.
Collectively, these data strongly suggest that
APO866 depletes intracellular NAD content, thereby
leading to the generation of various types of ROS/RNS.

ROS/RNS generations are required for APO866-
mediated cell death

Next, we evaluated the contribution of ROS/RNS
productions in APO866-induced cell death in leukemia
cells. Hematopoietic malignant cells were exposed
to APO866 in presence or absence of different ROS
scavengers and cell death was monitored. Catalase, Mito-
TEMPO, dimethyl sulfoxide (DMSO) and N-Nitroarginine
methyl ester (L-NAME) were used as a scavengers for
H,0,, mO,, OH radical and NO; respectively. Scavenging
ROS/RNS generations (Figure 2A-2D) significantly
attenuates APO866-induced cell death, with catalase
providing a complete protection from APO866-induced
cell death. To confirm that cell death protection by
ROS/RNS scavengers indeed reflects the suppression of
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oxidative/nitrosative stress, we examined ROS production
in APO866-treated leukemia cells in presence/or absence
of catalase. As expected, pretreatment with catalase
completely abrogated APO866-induced ROS production
in all tested malignant cells (Figure 3A-3F). Notably,
NAD depletion was still found to occur in APO866-treated
leukemia cells despite the presence of exogenous catalase
(Figure 3G), indicating that the contribution of ROS/
RNS productions to APO866-induced cell death occurs
downstream of NAD depletion. We previously reported
the association between APO866-induced cell death and
ROS productions and hypothesized that the high level
of APO866-induced ROS levels were responsible for
mitochondria damage, as highlighted by (i) the loss in
mitochondria transmembrane potential, (ii) ATP depletion
and finally (iii) cell death [16, 26]. Here, we examined
whether scavenging ROS/RNS accumulation in APO866-
treated leukemia cells would prevent mitochondria
depolarization. Hematopoietic malignant cells were pre-
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treated with (or without) catalase before incubation with
(or without) APO866 and mitochondrial transmembrane
potential (A¥, ) was assessed using JC-1 staining and
flow cytometry. In line with previous studies [16, 26],
APO866 was found to dissipate A'¥_ in leukemia cells.
In contrast, prevention of ROS/RNS accumulations
by catalase supplementation abrogated mitochondria
depolarization, suggesting that oxidative stress plays a
key role in APO866-mediated mitochondria depolarization
(Figure 3H). One of the consequences of mitochondria
depolarization is ATP loss. Then, we assessed ATP cell
content in APO866-treated leukemia cells in presence or
absence of catalase. In agreement with our observation,
exogenous addition of catalase fully prevents the ATP
depletion induced by APO866 treatment (Figure 3I).
These results also indicate that the protective effects of
ROS/RNS scavengers in APO866-treated leukemia cells
rely on the abrogation of mitochondrial depolarization and
thereby preventing the ATP loss.
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Figure 1: APO866 depletes NAD content that leads to dramatic increases ROS/RNS levels in hematological malignant
cells. Time dependent detection of ROS/RNS productions in Jurkat and ML2 cells treated with APO866 (10 nM) with (A—F) or without
(H-I) exogenous NAD. Highly reactive ROS (A-B), NO (C and H), Cytosolic (D, H and I), mitochondrial superoxide (E, H and I)
and hydrogen peroxide (F, H and I) were detected by flow cytometry using APF, HPF, DHE, MitoSox, and DCFDA fluorescent probe,
respectively. (G) Total intracellular NAD content was measured and normalized to relative protein content and expressed compared to

ok

untreated cells. Data are mean + SD, n = 3;

» <0.001 (vs. untreated cells).
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Figure 2: Scavenging ROS/RNS attenuates APO866-mediated cell death in leukemia cells. Jurkat and ML2 cells were
incubated with or without (A) catalase (H,0, scavenger, 1000 U/ml), (B) mitoTempo (mitochondria superoxide scavenger, 5 mM), (C)
DMSO (hydroxyl radical scavenger, 0.24 mM), or (D) L-NAMAE (NO scavenger, 2 mM) with or without APO866 (10 nM). Cell death
after 96 hours of drug exposure was assessed by flow cytometry using ANXAS and 7AAD stainings. The percentage of early apoptotic cells
(ANN+ 7AAD-) are shown as white columns and that of late apoptotic cells (ANN+ 7AAD+) are shown as solid black columns. Data are
mean + SD, n>3; P <0.01; " P<0.001.
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Figure 3: Catalase supplementation abrogates ROS/RNS production, loss of mitochondria membrane potential and
ATP, but not NAD depletion in APO866-treated hematological malignant cells. Time dependent detection of ROS/RNS
productions in Jurkat and ML2 cells treated with APO866 (10 nM) in presence of exogenous addition of catalase. Highly reactive ROS (A—
B), NO (C), Cytosolic (D), mitochondrial superoxide (E) and hydrogen peroxide (F) were detected as described in Figure 1. Detection of
NAD and ATP cell content (G and I), as well as mitochondrial depolarization (H) in APO866-treated Jurkat and ML2 cells in presence (or
absence) of catalase (1000 U/ml) were assessed as described in Method section. Total intracellular NAD and ATP contents were measured
and normalized to relative protein content and are expressed as a ratio compared to that of untreated Jurkat/ML2 cells.
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Taken together, these results clearly indicate that
ROS/RNS production is a consequence of NAD depletion
and that it is involved in the A¥,_ dissipation that, in turn,
leads to ATP loss contributing to the anti-leukemia activity
of APO866.

APO866-mediated leukemia cell death requires
PARP1 integrity

The deleterious effects of hROS/NO are also mediated
via DNA damage, resulting in PARP1/caspase activations
and ultimately leading to cell death [34, 35]. To assess
whether PARP1 is involved in APOS866-induced cell
death, cells from different hematologic malignancies were
pre-incubated with a potent PARP1 inhibitor (PJ34) prior
APOB866 treatment. PJ34 significantly decreases APO866-
mediated cell death in dose-dependent manner (Figure
4A), suggesting the implication of PARP1 activation in the
anti-leukemia effects of the NAMPT inhibitor. To assess
the generality of our observation and demonstrating that it
is not restricted to one or two cell lines, we extended our
investigation to additional leukemia, lymphoma and multiple
myeloma cell lines and to primary B-CLL and MCL cells
from patients. PARPI inhibition confers a significant

protective effect against APO866-induced cytotoxicity in
all of the blood cancer cells that were tested (Figure 4B).

In principle, pharmacological inhibition may have
off target effects. To complement the pharmacological
PARP1 inhibition and to verify its contribution in the
anti-leukemia effects of APO866, we generated PARP1
knockout Jurkat cells (Figure 4C). Sensitivity of Jurkat
cells to APO866 correlated with PARP1 levels (Figure
4D). Notably, in the PARP1-KO clone C11-1.1, in which
PARP1 expression was virtually abrogated, we observed
a complete resistance to APO866. Thus, the latter clone
was used for further experiments. We then examined
whether ROS/RNS accumulation in APO866-treated
hematopoietic tumor cells depends on PARP1 status. To
this end, we evaluated the effect of PARP1 deletion on
ROS production in APO866-treated malignant cells. Wild-
type (WT) or PARP1-KO Jurkat cells were exposed to
APOB866 for various time and intracellular ROS production
was measured using DHE (for cO,), MitoSOX (mO,),
carboxy-H2DCFDA (H,0,), and DAF2/DA (NO) and flow
cytometry. Deletion of PARP1 had no effect on cO,, mO,
and NO production (Figure SA-5C), but fully prevented
the accumulation of H,O, (Figure 5D). Since H,O, is
deleterious to mitochondria, we next examined the effect
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Figure 4: The integrity of PARP1 status is required for the anti-leukemia activity of APO866. Cell lines and primary cells
from different hematological malignancies were treated without or with 10 nM of APO866 in the presence or absence of a pharmacological
inhibition (A—B) or genetic deletion (D) of PARP1 and cell death assessed as described in Figure 2. PARP1 was knocked out (KO) in wild-
type (WT) Jurkat cells using CRISPR/Cas9 technology. Loss of expression was confirmed by Western blotting (C).
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of PARP1 KO on mitochondria depolarization. Deletion of
PARPI prevented A¥ _loss in response to APO866 (Figure
SE). Mitochondria depolarization is expected to release
cytochrome ¢, which in turn leads to caspase activation
and, consequently, to DNA degradation and ATP depletion.
PARP1 deletion fully prevented caspase activation and
ATP loss in APOS866-treated leukemia cells (Figure
SF-5G). To get further insights into the contribution of
PARPI in the metabolism of oxidative stress, we carried
out a pilot study by comparing the expression levels of 84
genes that regulate oxidative stress (including antioxidant
genes) in WT versus PARP1-KO Jurkat cells in presence
or absence of APO866. In agreement with the above data,
genetic deletion of PARP1 showed that of the 84 genes
analyzed, changes in mRNA (fold change > 1.5) were
detected in 21 genes: 5 upregulated and 16 downregulated
(Table 1). Most of downregulated genes are involved in
the production of oxidative stress. In addition, treatment
of PARP1-KO Jurkat cells with APO866 resulted in
upregulation of 6 powerful antioxidant genes, including
CAT and genes known to increase tumor cell survival such
SIRT2 and UCP2 (Table 2). Taken together, these results
suggest that oxidative stress (including H,O, production)
is modulated by PARP1, and that H,O, plays a key role in
the mitochondrial depolarization, caspase activation, ATP
loss, and cell death.
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PARP1 activating agents sensitize leukemia cells
to APO866 treatment

Understanding the molecular mechanisms involved
in APO866-induced cell death enabled us to establish a
rationale for combinatorial strategy with APO866 that
could increase its cytotoxic activity in hematopoietic
cancer cells. Specifically, based on the above-mentioned
data, we hypothesized that chemotherapeutic agents
that activate PARP1 (such as alkylating agents) or that
boost ROS production could sensitize leukemia cells to
APO866. To test our hypothesis, we treated hematopoietic
malignant cells with (or without) APO866 in presence (or
absence) of exogenously added H,0O, and assessed cell
death as described above. Exogenous supplementation
of H,0,in APO866-treated leukemia cells, significantly
increased the anti-leukemia activity of APO866 (Figure
6A) and shortened the time required to achieve cytotoxic
activity from 96 hours to 24 hours (Figure 6B), indicating
that ROS-producing chemotherapeutic drugs could
sensitize leukemia cells to APO866. Next, we evaluated
the ability of etoposide (a PARP1 activating drug through
topoisomerase II inhibition) to sensitize leukemia cells to
APO866. Hematopoietic malignant cells were exposed
to etoposide alone or to the combination of etoposide
and APO866 for 96 hours and subsequently measured
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Figure 5: Deletion of PARP1 fully inhibits H,O, production, mitochondrial depolarization, caspase activation, and loss
of ATP cell content in APO866-treated Jurkat cells. Detection of cytosolic (A), mitochondrial (B) superoxide anions, NO (C),
H,0, generation (D) and MMP (E), and ATP cell content (G) in APO866-treated WT or KO Jurkat cells were monitored as described in
Figure 1. (F) Caspase 3 activation was assessed in WT (or PARP1KO) Jurkat cells treated with 10 nM APO866 for 96 h using a fluorescent

specific probe for activated forms of CAS P3 and flow cytometry.
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Table 1: Fold changes for 21 PCR-significant genes

Gene Gen].Sank Description Fold change
symbol accession no (P<0.05)
WT vs WT vs PARP1KO vs WT vs
PAPRIKO PAPRIKO  PARPIKO+APO WT+APO
+APO
PXDN NM 012293 Peroxidasin 2.03 4.06 1.67 —-1.16
PNKP  NM 007254 P"lg?_‘;cliz‘s’;faet;‘;:ase 1.87 3.66 1.64 ~127
STK25 NM 006374  Serine/threonine kinase 25 1.85 3.61 1.67 1.39
SRXN1 NM 080725 Sulfiredoxin 1 1.59 4.35 2.29 1.31
ALOX12 NM_000697 | ?{3;’3;‘;‘;3;6 1.57 3.63 1.94 ~1.43
MSRA NM 012331  Methionine sulfoxide -3.86 -2.83 1.14 ~1.11
- reductase A
MBL2 NM 000242  Mannose-binding lectin 2 =2.77 -2.11 1.1 -1.21
MB  NM 005368 Myoglobin .77 —2.11 1.1 ~1.21
GPX6  NM 182701 Glutathione peroxidase 6 =2.77 -2.11 1.1 -1.21
ALB NM_ 000477 Albumin =277 -2.11 1.1 -1.21
GPX5  NM 001509 Glutathione peroxidase 5 =2.77 -2.11 1.1 -1.21
SFTPD NM 003019 Surfactant protein D —2.77 -2.11 1.1 -1.21
PTGS2  NM_000963 rosmgl"‘sny‘:llg::edgpemmde 277 2.11 1.1 121
NOX5 NM 024505 | VADPHoxidase, EF-hand =, 4 ~2.11 1.1 -1.21
- calcium binding domain 5
NOX4 NM 016931 NADPH oxidase 4 -2.77 -2.11 1.1 -1.21
APOE  NM 000041 Apolipoprotein E -2.1 —-1.49 1.18 -1.3
LPO NM 006151 Lactoperoxidase -2.01 -2.11 -1.25 -1.21
MT3 NM_005954 Metallothionein 3 —1.67 -1.99 -1.42 —-1.09
GPX3  NM 002084  Glutathione peroxidase 3 —-1.62 1.09 1.49 —-1.38
PRDX3 NM_006793 Peroxiredoxin 3 —1.58 1.01 1.34 1.21
AOX1  NM 001159 Aldehyde oxidase 1 -1.53 -1.04 1.22 -1.06
cell death as described above. Etoposide plus APO866 DISCUSSION

treatment significantly increased cell death as compared to
each drug alone in all cells tested (Figure 6C). We further
evaluated the effects of the combined action of etoposide
(or H,0,) and of APO866, by calculating a CI for each
combination. The CI for etoposide/H,0, and APO866 was
<1 for all of the tested leukemia cell lines, indicating a
synergistic effects of this combination in these malignant
cells (Tables 3 and 4). Collectively, these data indicate
that PARP1 activating drugs could potentiate the anti-
leukemia activity of APO866. Finally, to assess whether
sensitization of leukemia cells to APO866 by etoposide
involves PARP1 activity, PARP1-KO malignant cells were
exposed to etoposide alone or etoposide plus APO866
for 96 hours before assessing their viability. Deletion of
PARP1status abrogated the synergistic effect of combined
APO866 and etoposide (Figure 6D).

Here we show that the NAMPT inhibitor APO866
is a very potent inducer of different types of ROS/RNS,
including ¢O,/mO,, H,O,, NO and hROS and that these
strongly contribute to its anti-leukemia activity. ROS/RNS
accumulation under the modulation of PARPI triggers
mitochondrial depolarization and ATP depletion, and
finally APO866-induced cell death. In line with this model,
supplementation with exogenous ROS scavenging agents,
such catalase or inhibition of PARP1, were found to protect
from APO866-induced cytotoxicity. To our knowledge,
this is the first study to report such diversity of ROS/RNS
productions in APO866-treated leukemia cells. Our data
indicate that in response to APO866 treatment, mO,, cO,
and NO production is independent of PARP1 status, whereas
H,0, generation depends on the PARP1 integrity status. Of
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Table 2: Fold changes for 9 antioxidant significantly upregulated genes in APO866-treated

PARP1KO leukemic cells

Gene GenBank Description Fold change
symbol accession (P<0.05)
no WT vs WT vs PARP1KO vs WT vs
PAPR1KO PAPR1IKO PARP1KO+APO WT+APO
+APO
SIRT2 NM 012237 Sirtuin 2 -1.07 3.76 3.37 1.44
GSR NM_ 000637 Glutathione reductase 1.13 4.29 3.19 1.01
UCP2  NM 003355  Uncoupling protein 2 ~1.82 1.62 2.48 ~1.68
DHCR24 NM 014762 2+dehydrocholesterol 1.22 3.27 2.24 1.32
- reductase
TXNRD1 NM 003330  Thioredoxin reductase 1 —-1.06 2.2 1.99 -1.1
SOD2  NM 000636 Superoxide dismutase 2, 1.06 2.2 1.73 1.3
- mitochondrial
CAT NM 001752 Catalase -1.19 1.7 1.7 1.35
VIMP  NM 203472 Selenoprotein S —-1.25 1.52 1.58 1.21
Phosphatidylinositol-3,4,5-
PREX1 NM 020820 trisphosphate-dependent 1.06 1.91 1.5 1.01

Rac exchange factor 1

interest, PARP1 proficiency in cancer cells is required for
APOS866 to be cytotoxic in these cells. The present study also
highlights the role of PARP1 in oxidative stress production,
the cumulative anti-leukemia potentials of APO866 and
chemotherapeutic drugs that active PARP1, such as etoposide.

ROS accumulation in APO866-treated
hematological malignant cells is in agreement with
previous studies reporting ROS production in malignant
cells treated with NAMPT inhibitors [41, 42]. The
enhanced ROS production in APO866-treated malignant
cells could be explained, at least in part, by the fact that, by
depleting intracellular NAD content, APO866 affects the
NAD(P)/NAD(P)H ratio as reported in our previous study
[43], thus altering the cellular redox status. The impaired
ability of leukemia cells treated with APO866 to perform
ROS scavenging would then result in enhanced oxidative/
nitrosative stress highlighted by the strongly increased
ROS/RNS levels. In this regard, the NADP(H) cell content
has been shown to contribute to the variability in metabolic
response to NAD depletion [42]. We clearly demonstrated
the involvement of ROS production in APO866-mediated
cytotoxicity. Specifically, our data strongly suggest that
APO866 induces NAD depletion that leads to oxidative
stress mode shown by the production of various types of
ROS/RNS, particularly H,O,, which triggers cell death
via the mitochondrial apoptotic pathway. Our result
suggest also that PARPI status plays an important role
in oxidative stress and cell death. To explain this finding,

we provide strong evidence that PARP1 regulates the
expression level of oxidative stress genes. In line with this
observation, we showed that genetic inhibition of PARP1
resulted in downregulation of several genes involved in
oxidative stress metabolism. Treatment of PARP1-KO
leukemic cells with APO866 led also to an upregulation
of antioxidant genes including (catalase and other genes
DHCR24, GSR, UCP2, SIRT2...) that are known to play
a crucial role in drug resistance in different types of cancer
cell, which could provide a plausible explanation on how
PARP1-KO leukemic cells displayed less sensitivities to
APO866.

We cannot rule out that the accumulation of ROS
(Figure 1A-1F) due to NAD depletion (Figure 1G)
could lead to DNA damage [44] thus activating PARP1
[43]. The activation of PARP1 could contribute to the
exacerbation of NADP(H) cell content depletion [43],
which in turn will lead to the reduction in the antioxidant
cell capacity through depletion of potent antioxidant
enzymes (Tables 1 and 2) such, superoxide dismutase,
and heme oxygenase 1 [45] and ultimately result in the
observed increase in H,O, production (Figure 1F). To
demonstrate that NAD depletion is the primary cause
of ROS accumulation, exogenous addition of NAD full
inhibited ROS/RNS production (Figure 1H and 1I).
Alternativelly and not mutually exclusive, we showed
that ROS/RNS production provokes the disruption of
mitochondria A¥_ (Figure 3H). Mitochondria play a
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crucial role in energy metabolism and, perhaps even more
importantly, in regulation of cell death [37]. Excessive
ROS production can lead to mitochondria dysfunction,
culminating in ATP depletion (Figure 31) and, ultimately,
in cell demise through the release of intra-mitochondrial
enzymes involved in cell death such apoptotic protease
activating factor 1 (apaf-1), cytochrome c, apoptosis-
inducing factor (AIF), endoG. In line with the hypothesis,
we showed that APO866 induces high level of ROS/RNS
productions, and that H,O, acts downstream of PARP1
in mediating APO866’s antilekeumia effects, suggesting
that H,O, accumulation is modulated by PARP1 status.
The contribution of PARP1 in the depletion of antioxidant
leukemia cell capacity (catalase; heme oxygenase-1) is
suggested by the fact that genetic deletion of PARP1
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indeed fully blunted H,O, generation in APO866-treated
cancer cells, via regulation of several genes involved
in oxidative stress, including many antioxidant genes.
In addition, we previously reported that APO866 is
effective at depletion catalase [26, 43]. Blocking either
ROS accumulation by exogenous addition of catalase or
knocking out PARP1, were able to abrogate mitochondria
depolarization, ATP loss and to fully inhibit cell death
in response to APO866 treatment. Our results suggest
that APO866 triggers parthanatos in leukemia cells.
Parthanatos is a highly programed form of cell death,
which occurs through the overactivation of PARP-1
[46]. Under normal conditions, PARP1 is involved in
DNA repair. To maintain genomic homeostasis, PARP1
detects single strand DNA breaks, it uses NAD to catalyze
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Figure 6: Exogenous supplementation of H,O, or etoposide potentiates the anti-leukemia activity of APO866. APO866-
treated WT or PARP1 KO cells from different human leukemia exposed to H,0, (A) or not (B), or etoposide (C and D) alone or in
combination for 24 hours (H,0,) or 96 hours (Etoposide). Cell death was assessed as described in Figure 2. Data are mean + SD, n = 3;

"p <0.001 (drug combination vs. each drug alone).
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Table 3: Synergistic effect of H,O, and APO866 on different leukemic cells

Cell line Jurkat ML2 THP1
CI 0.4 0.5 0.3
Table 4: Synergistic effect of Etoposide and APO866 on different leukemic cells
Cell line Jurkat ML2
CI 0.3 0.1

Abbreviations: CI, cooperative index.

the polyADP-ribosylation of PARP1 itself as well as of
numerous other target proteins [5, 47]. This leads to
the recruitment to the DNA damage sites of proteins
that are critical for DNA repair [47]. However, PARP1
hyperactivation leads to NAD and ATP depletion and to
the translocation of AIF from the mitochondria to the
nucleus [48, 49]. In response to APO866, NAD depletion
occurs upstream of PARP1 involvement. Based on our
results, we cannot rule out the possibility that NAMPT
inhibition may trigger other types of cell death in other
cancer cells. In agreement with this observation, it was
reported that NAD depletion could induce oncosis in non
haematological cancer cells [50]. Further experiments
are warranted to elucidate the key molecular events that
control the cell death mechanisms triggered by NAMPT
inhibitor-mediated NAD depletion and how does PARP1
to regulate oxidative stress genes. It is noteworthy to
mention that although, we showed that PARP1 inhibition
confers a protection from APO866-induced cell toxicity
in a broad range of leukemia cells, it was reported
elsewhere that NAMPT inhibition significantly enhanced
the sensitivity of triple-negative (ER-, PR-, HER2-
negative) breast cancer cells to olaparib (PARP1 inhibitor)
treatment [51]. The increased sensitivity of TN breast
cancer cells to olaparid in presence of NAMPT inhibitor
could be due most probably to the defect in homologous
recombination genes (such as loss-of-function BRCALI or
BRCA2 mutations).

We show that the chemotherapeutic drug, etoposide,
that activates PARP1, or exogenous supplementation
with H,O, could be a successful strategy to sensitize
leukemia cells to APOS866. Particularly, such an
approach is anticipated to be a valuable strategy as long
as APO866-induced cell death is dependent on PARP1
activation (parthanatos). This observation is line with
previous studies showing that the killing effects of
NAMPT inhibitors could be increased by co-treatment
with: (i) DNA-damaging drugs [25, 52] such etoposide,
as cisplatin, 1-methyl-3-nitro-1-nitrosoguanidinium [53],
fluorouracil [54] and (ii) ionizing radiations.

In conclusion, we demonstrated that APO866
induces the production of high levels of various types
of ROS/RNS that depend on PARPI integrity and
playing a crucial role in its anti-leukemia activity. ROS/

RNS accumulation triggers APO866-induced cell death
through mitochondria depolarization, caspase activation
and finally, to ATP depletion. We show that etoposide
sensitizes leukemia cells to APO866 via PARP1 status.
These findings suggest potential approaches to enhance
the antitumor activity of APO866, by modulating the
parthanatos pathway. Defining the molecular mechanisms
underlying APO866-induced cytotoxicity is going to
improve our understanding of the effects of NAD depletion
in leukemia cells and it will aid in the development of
novel anticancer therapy strategies.

MATERIALS AND METHODS

Cell lines and culture conditions

Seven hematological cancer cell lines were
purchased from DSMZ (German Collection of
Microorganisms and Cell Cultures) or ATCC and include
Jurkat and Molt-4 (T-acute lymphoblastic leukemia);
ML-2 and THP-1 (acute myeloid leukemia); RPMI18226
and U266 (multiple myeloma) and Raji (Burkitt
lymphoma).

Primary cells from four patients were also analyzed.
The ethics committee at the University of Lausanne
approved study protocols. Primary cells were collected
from peripheral blood (purity > 90%) from patients with
mantle cell lymphoma (MCL; n = 1); and B-chronic
lymphocytic leukemia (CLL; n = 3).

All cells were cultured in RPMI (Invitrogen AG,
61870-01) supplemented with 10% heat inactivated fetal
calf serum (Amimed, 2-01F30-I) and 1% penicillin/
streptomycin at 37°C (Amimed, 4-01F00-H) in a
humidified atmosphere of 95% air and 5% CO.,.

Flow cytometer analyses

Various cellular effects induced by clinical grade
APO866, (kindly provided by TopoTarget, Switzerland),
on hematopoietic malignant cells were evaluated using a
Beckman Coulter Cytomics Gallios flow cytometer and
included following functional cell parameters: cell death,
ROS/RNS productions, and mitochondrial membrane
potential.
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Cell death analysis

APOB866-induced cell death was determined using
ANNEXIN-V (ANN; eBioscience, BMS306F1/300) and
7-aminoactinomycin D (7AAD; Immunotech, A07704)
stainings as described by the manufacturer and analyzed
using a flow cytometry. Dead cells were identified as ANN+
and/or 7AAD +. Specific cell death induced by drug was
calculated using the following formula: percent cell death
induced by drug = [(S - C) / (100 - C)] x 100; where S =
treated sample cell death and C = untreated sample cell death.

Assessment of mitochondrial membrane
potential

MMP was determined using flow cytometry after
cell staining with 5,5',6,6'-tetrachloro-1,1',3,3'-tetracthylbe
nzimididazolylcarbocyanine iodide (JC-1, Calbiochem,
420200-5). JC-1 is a cell permeant, fluorescent dye
that readily accumulates in active mitochondria due to
their relative negative charge. JC-1 accumulates in the
mitochondria, showing green fluorescence at a low MMP
and forming red fluorescent J-aggregates at higher MMP.
A drop in MMP is indicated by a decrease in the ratio
of the red signal to the green signal. Briefly, cells were
cultured in the presence or absence of APO866 for 24 to
96 h. Cells were centrifuged, resuspended in phosphate-
buffered saline (PBS) containing 5 uM JC-1, and were
then incubated at 37°C for 15 min in the dark. The cells
were washed twice with prewarmed PBS, and immediately
analyzed using flow cytometry.

Detection of cellular and mitochondrial reactive
oxygen/nitrogen species (ROS/RNS)

Various type of ROS/RNS were determined in
APOB866- and control- treated hematopoietic malignant
cells by flow cytometry using live-cell permeant specific
fluorogenic probes. DHE as probe for detection of cytosolic
superoxide anion (cO,"), MitoSox as probe for detection
of mitochondrial superoxide anion (mO,"), carboxy-
H,DCFDA as probe for detection of H,O,. APF and HPF
as probes for detection of highly reactive oxygen/nitrogen
species (hROS) that include singlet, hydroxyl radical,
peroxynitrite anion, or hypochlorite anion. DAF-2/DA was
used as probe for detection of intracellular NO. DHE is
oxidized to red fluorescent ethidium by cytosolic superoxide
and MitoSox is selectively targeted to mitochondria,
where it is oxidized by superoxide and exhibits red
fluorescence. 6-carboxy-2’,7'-dichlorodihydrofluorescein
diacetate (carboxy-H,DCFDA) is cleaved by esterase
to yield DCFH, a polar non-fluorescent product, but in
presence of hydrogen peroxide, the latter is oxidized to
green fluorescent product, dichlorofluorescent (DCF). APF
and HPF reagents are nonfluorescent and produce bright
green fluorescence upon reaction with hydroxyl radical or

peroxynitrite anion, APF also reacts with the hypochlorite
anion. DAF-2/Da is a membrane permeable, fluorescent
that is hydrolyzed to DAF-2 by intracellular esterases
and can be used as real-time indicator for NO level. For
cell staining, cells were centrifuged and the pellets were
resuspended in PBS with a final concentration of 5 uM for
each probe. The mixture was incubated in the dark at 37°C
for 15 min. Then, the cell suspension was analyzed using a
flow cytometry within 20 min.

NAD and ATP quantification

Cells (0.5 x 10°) in log growth phase were seeded in
6-well plates in presence or absence of drug as mentioned
above. Cells were then centrifuged at 900 g (2000 rpm)
for 5 min. Supernatant was discarded and cells were
resuspended in 250 pL lysis buffer and kept at —80°C for at
least 4 h before analysis. Total NAD content was measured
in cell lysates using a biochemical assay described
elsewhere [10]. Cell lysate (20 uL) was plated in a 96-
well flat bottom plate. A standard curve was generated
using a 1:3 serial dilution in lysis buffer of a B-NAD
stock solution. Cycling buffer (160 pL) was added into
each well and the plate was incubated for 5 min at 37°C.
Ethanol (20 pL), prewarmed at 37°C, was added into each
well and the plate was incubated for an additional 5 min at
37°C. Absorbance at 570 nm was read after 5, 10, 15, 20,
and 30 min at 37°C on a spectrophotometer. The amount
of NAD in each sample was normalized to the protein
content for each test sample.

Total ATP cell content was quantified using the ATP
determination Kit (Life Technologies, A22066) according
to manufacturer’s instructions.

Plasmids

The lentiviral vector lentiCRISPR [55] was obtained
from Addgene (#868, Addgene, ref. no. 52961). The
pMD2.G plasmid (#554, Addgene, ref. no. 12259) encodes
the envelope of lentivirus. The psPAX2 plasmid (#842,
Addgene, ref. no. 12260) encodes the packaging system.
LeGOiG2-Bcl-XL (#863) was constructed by subcloning
the 771 bp EcoRI fragment from hBcl-XL.dn3 (#274) into
LeGOiG2 (#807; Addgene: plasmid 27341).

Lentivirus production

Recombinant lentiviruses (LentiCRISPRs)
were produced as described [56] with the following
modification: pMD.G and pCMVDRS.91 were replaced
by pMD2.G and psPAX2 respectively.

Genome editing by CRISPR method

Single guide RNAS targeting the early
exon (exon number 2) of PARP1 were chosen in
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the sgRNA library [57]. LentiCRISPR plasmid
specific for PARP1 gene was created according to
the provided instructions. Oligonucleotides were
designed as follow: Forward 5-CACCGTTCTAGTC
GCCCATGTTTGA-3"; Reverse 3'- AACTCAAACATGG
GCGACTAGAAC-5'. Oligonucleotides were synthetized,
then phosphorylated and annealed to form oligo
complex. LentiCRISPR vector was BsmBI digested and
dephosphorylated. Linearized vector was purified and gel
extracted and ligated to oligo complex. The lentiCRISPR
vector containing the sgRNA was then used for virus
production. Cells were infected and selected with the
appropriate dose of puromycin (1 pg/ml). Clone isolation
was performed by limiting dilution in 96 well-plate.

TA cloning

TA cloning kit (Life technologies, K202020) was
used according to manufacturer’s instructions to sequence
DNA fragment containing the region where Cas9 was
guided by a sgRNA.

Immunoblotting

Protein samples were harvested in lysis buffer
containing 20 mM HEPES, pH 7.4, 10 mM NaCl, 3 mM
MgCl,, 2.5 mM EGTA, 0.1 mM dithiothreitol, 50 mM
NaF, 1 mM Na, VO, or for LC3 expression analysis in a
Tris—HCI buffer, pH 7.4, containing 150 mM NaCl, 5 mM
EDTA, 1% triton X-100, 2 mM sodium orthovanadate,
0.5 mM phenylmethylsulphonyl fluoride, 0.05% aprotinin
(w/v), and 1 mM dithiotreitol. A protease inhibitor
cocktail (Roche, 11873580001) was added. Lysates were
sonicated and protein concentration was determined using
a Bradford assay. Proteins (25—40 ug) were separated by
SDS-PAGE on an 8, 10 or 14% polyacrylamide gel, and
analyzed by immunoblotting. The mouse anti-PARP1 and
the rabbit anti-actin antibodies were from Cell Signaling
(9546 and 4970 respectively). After incubation with
primary antibody, the following secondary antibodies were
applied: polyclonal goat anti-mouse or goat anti-rabbit
IgG conjugated with IRDye 680 (LI-COR, B70920-02)
or IRDye 800 (LI-COR, 926-32210). Protein bands were
visualized using the Odyssey Infrared Imaging System
(LI-COR). Odyssey v1.2 software (LI-COR) was used
for densitometric analysis. Data were expressed as a
percentage of values obtained for control non-treated cells.

Gene expressions involved in oxidative stress by
real-time PCR array analysis PCR analysis

The Human Oxidative Stress Plus RT2 Profiler PCR
Array (PAHS-065Z) was used to analyze mRNA levels of
84 key genes related to oxidative stress (antioxidants, ROS
metabolism and pathway activity signature genes) in a 96-
well format, according to the manufacturer’s instructions
(Qiagen). WT or PARP1 KO Jurkat cells were treated with

or without APO866 at 10 nM for 40 hours. Reactions were
run on a Real-Time PCR system, Bio-Rad CFX96, using
RT2 SYBR Green PCR master mix (Qiagen, Switerland).
The thermocycler parameters were 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1
min. Relative changes in gene expression analysis were
performed according to QIAGEN Web software using
the AACT method with normalization of the raw data to
5 housekeeping genes. The expression data are presented
as real change multiples. Genes with altered expression
profile compared to control with fold change value > +1.5
and P < 0.05 were presented.

Evaluation of cooperative index

To assess a possible synergism between APO866
and Eto (or HO)), a cooperative index (CI), was
calculated based on the Chou-Talalay method [58—60]. We
used the following formula: CI = sum of specific apoptosis
of single agent treatment/specific apoptosis of combined
treatment. The percentage of specific apoptosis was
calculated using the following formula: specific apoptosis
= (drug-induced apoptosis — spontaneous apoptosis) / (100
— spontaneous apoptosis) x 100. When CI< 1, CI =1, and
CI > 1, the effects were defined as synergistic, additive,
and infra-additive, respectively.

Statistical analysis

All assays were performed in triplicate and expressed
as the mean and standard deviation (SD). All pair-wise
comparisons were analyzed by Tukey-Kramer multiple
comparisons test or by one-way ANOVA followed by
Student’s t-test (2-tailed, 2-sample and unequal variance).
GraphPad Prism version 6.00 (GraphPad Software, San
Diego, CA, USA) was used for statistical analysis. P values
< .05 were considered statistically significant.

Abbreviations
7AAD: 7-aminoactinomycin D; ANN:
Annexin-V; APF: aminophenyl fluorescein; ATP:

adenosine triphosphate; B-CLL: B-chronic lymphocytic
leukemia; carboxy-H2DCFDA: 6-carboxy-2',7'-
dichlorodihydrofluorescein diacetate; CI: cooperative
index; DAF-2/DA: 5,6-Diaminofluorescein diacetate;
ETO: etoposide; HPF: hydroxyphenyl fluorescein; JC-1:
5,5',6,60'-tetrachloro-1,1',3,3'-tetraethylbenzimididazolylcarb
ocyanine iodide; KO: knock-out; L-NAME: N-Nitroarginine
methyl ester; MCL: mantle cell lymphoma; NA: nicotinic
acid; NAD: nicotinamide adenine dinucleotide; NAD(P)
H: dihydronicotinamide-adenine dinucleotide phosphate;
NMN: nicotinamide mononucleotide; Nam: nicotinamide;
NAMPT: nicotinamide phosphoribosyltransferase; PARP1:
poly (ADP-ribose) polymerase-1; RNS: reactive nitrogen
species; ROS: reactive oxygen species.

www.oncotarget.com

6734

Oncotarget



Author contributions

AJC designed, executed the experiments and
analyzed the data and wrote the paper; DA and OEM
performed the experiments, analyzed the data and
drafted the manuscript; MH, CW, FP, MC, ANe (Alessio
Nencioni), AB, KB, MP, and LM analyzed results and
wrote the paper, MAD designed and analyzed experiments,
coordinated the project, and wrote the paper; ANa
(Aimable Nahimana) designed, executed and analyzed
experiments, coordinated the project, and wrote the paper.

ACKNOWLEDGMENTS

This work was supported in part by a grant from
Fondation Dr Dubois-Ferriére Dinu Lipatti (to A.Na),
by the Fondation Emma Muschamp (to A.Na), by the
Associazione Italiana per la Ricerca sul Cancro (AIRC,
IG#17736, to A.Ne.), by the Seventh Framework Program
PANACREAS (GA #256986 to A.Na, A.Ne. and to M.D.),
by the Fondazione Umberto Veronesi (to F.P.) and by the
IBSA Foundation (to F.P.).

CONFLICTS OF INTEREST

The authors declare no competing financial interest.

REFERENCES
1. Hasmann M, Schemainda 1. FK866, a highly
specific noncompetitive inhibitor of nicotinamide

phosphoribosyltransferase, represents a novel mechanism
for induction of tumor cell apoptosis. Cancer Res. 2003;
63:7436-42. [PubMed]

2. Beauparlant P, Bédard D, Bernier C, Chan H, Gilbert K,
Goulet D, Gratton MO, Lavoie M, Roulston A, Turcotte
E, Watson M. Preclinical development of the nicotinamide
phosphoribosyl transferase inhibitor prodrug GMX1777.
Anticancer Drugs. 2009; 20:346—54. https://doi.org/10.1097/
CAD.0b013¢3283287¢20. [PubMed]

3. Fleischer TC, Murphy BR, Flick JS, Terry-Lorenzo RT,
Gao ZH, Davis T, McKinnon R, Ostanin K, Willardsen
JA, Boniface JJ. Chemical proteomics identifies Nampt

as the target of CB30865, an orphan cytotoxic compound.
Chem Biol. 2010; 17:659-64. https://doi.org/10.1016/].
chembiol.2010.05.008. [PubMed]

4. Frye RA. Characterization of five human cDNAs with
homology to the yeast SIR2 gene: Sir2-like proteins
(sirtuins) metabolize NAD and may have protein ADP-
ribosyltransferase activity. Biochem Biophys Res Commun.
1999; 260:273-9. https://doi.org/10.1006/bbrc.1999.0897.
[PubMed]

5. D’Amours D, Desnoyers S, D’Silva I, Poirier GG.
Poly(ADP-ribosyl)ation reactions in the regulation of
nuclear functions. Biochem J. 1999; 342:249-68. [PubMed]

10.

11.

12.

13.

14.

15.

16.

17.

Haigis MC, Guarente LP. Mammalian sirtuins--emerging
roles in physiology, aging, and calorie restriction.
Genes Dev. 2006; 20:2913-21. https://doi.org/10.1101/
2ad.1467506. [PubMed]

Saunders LR, Verdin E. Sirtuins: critical regulators at the

crossroads between cancer and aging. Oncogene. 2007;
26:5489-504. https://doi.org/10.1038/sj.onc.1210616.
[PubMed]

Khan JA, Forouhar F, Tao X, Tong L. Nicotinamide adenine
dinucleotide metabolism as an attractive target for drug
discovery. Expert Opin Ther Targets. 2007; 11:695-705.
https://doi.org/10.1517/14728222.11.5.695. [PubMed]

Magni G, Amici A, Emanuelli M, Orsomando G, Raffaelli
N, Ruggieri S. Enzymology of NAD+ homeostasis in man.
Cell Mol Life Sci. 2004; 61:19-34. https://doi.org/10.1007/
s00018-003-3161-1. [PubMed]

Rongvaux A, Andris F, Van Gool F, Leo O. Reconstructing
eukaryotic NAD metabolism. Bioessays. 2003; 25:683-90.
https://doi.org/10.1002/bies.10297. [PubMed]

JR, Grimm AA,
biosynthesis pathway mediated by
phosphoribosyltransferase regulates Sir2 activity in
mammalian cells. J Biol Chem. 2004; 279:50754-63.
https://doi.org/10.1074/jbc.M408388200. [PubMed]
Rongvaux A, Shea RJ, Mulks MH, Gigot D, Urbain J, Leo O,
Andris F. Pre-B-cell colony-enhancing factor, whose expression

The NAD
nicotinamide

Revollo Imai S.

is up-regulated in activated lymphocytes, is a nicotinamide
phosphoribosyltransferase, a cytosolic enzyme involved
in NAD biosynthesis. Eur J Immunol. 2002; 32:3225-34.
https://doi.org/10.1002/1521-4141(200211)32:11<3225::AID-
IMMU3225>3.0.CO:2-L. [PubMed]

Beneke S, Diefenbach J, Burkle A. Poly(ADP-ribosyl)ation
inhibitors: promising drug candidates for a wide variety of
pathophysiologic conditions. Int J Cancer. 2004; 111:813-8.
https://doi.org/10.1002/ijc.20342. [PubMed]

Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities
in human cancers. Nature. 1998; 396:643-9. https://doi.
org/10.1038/25292. [PubMed]

Pedersen PL. The cancer cell’s
therapeutic targets: an overview. J Bioenerg Biomembr.
2007; 39:1-12. https://doi.org/10.1007/s10863-007-9070-
5. [PubMed]

Nahimana A, Attinger A, Aubry D, Greaney P, Ireson C,
Thougaard AV, Tjernelund J, Dawson KM, Dupuis M,
Duchosal MA. The NAD biosynthesis inhibitor APO866
has potent antitumor activity against hematologic
malignancies. Blood. 2009; 113:3276-86. https://doi.
org/10.1182/blood-2008-08-173369. [PubMed]

Zhang LY, Liu LY, Qie LL, Ling KN, Xu LH, Wang F,
Fang SH, Lu YB, Hu H, Wei EQ, Zhang WP. Anti-
proliferation effect of APO866 on C6 glioblastoma cells
by inhibiting nicotinamide phosphoribosyltransferase. Eur
J Pharmacol. 2012; 674:163-70. https://doi.org/10.1016/].
ejphar.2011.11.017. [PubMed]

<,

power plants” as promising

www.oncotarget.com

6735

Oncotarget


https://www.ncbi.nlm.nih.gov/pubmed/14612543
https://doi.org/10.1097/CAD.0b013e3283287c20
https://doi.org/10.1097/CAD.0b013e3283287c20
https://www.ncbi.nlm.nih.gov/pubmed/19369827
https://doi.org/10.1016/j.chembiol.2010.05.008
https://doi.org/10.1016/j.chembiol.2010.05.008
https://www.ncbi.nlm.nih.gov/pubmed/20609415
https://doi.org/10.1006/bbrc.1999.0897
https://www.ncbi.nlm.nih.gov/pubmed/10381378
https://www.ncbi.nlm.nih.gov/pubmed/10455009
https://doi.org/10.1101/gad.1467506
https://doi.org/10.1101/gad.1467506
https://www.ncbi.nlm.nih.gov/pubmed/17079682
https://doi.org/10.1038/sj.onc.1210616
https://www.ncbi.nlm.nih.gov/pubmed/17694089
https://doi.org/10.1517/14728222.11.5.695
https://www.ncbi.nlm.nih.gov/pubmed/17465726
https://doi.org/10.1007/s00018-003-3161-1
https://doi.org/10.1007/s00018-003-3161-1
https://www.ncbi.nlm.nih.gov/pubmed/14704851
https://doi.org/10.1002/bies.10297
https://www.ncbi.nlm.nih.gov/pubmed/12815723
https://doi.org/10.1074/jbc.M408388200
https://www.ncbi.nlm.nih.gov/pubmed/15381699
https://doi.org/10.1002/1521-4141(200211)32:11<3225::AID-IMMU3225>3.0.CO;2-L
https://doi.org/10.1002/1521-4141(200211)32:11<3225::AID-IMMU3225>3.0.CO;2-L
https://www.ncbi.nlm.nih.gov/pubmed/12555668
https://doi.org/10.1002/ijc.20342
https://www.ncbi.nlm.nih.gov/pubmed/15300792
https://doi.org/10.1038/25292
https://doi.org/10.1038/25292
https://www.ncbi.nlm.nih.gov/pubmed/9872311
https://doi.org/10.1007/s10863-007-9070-5
https://doi.org/10.1007/s10863-007-9070-5
https://www.ncbi.nlm.nih.gov/pubmed/17404823
https://doi.org/10.1182/blood-2008-08-173369
https://doi.org/10.1182/blood-2008-08-173369
https://www.ncbi.nlm.nih.gov/pubmed/19196867
https://doi.org/10.1016/j.ejphar.2011.11.017
https://doi.org/10.1016/j.ejphar.2011.11.017
https://www.ncbi.nlm.nih.gov/pubmed/22119381

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Okumura S, Sasaki T, Minami Y, Ohsaki Y. Nicotinamide
phosphoribosyltransferase: a potent therapeutic target in
non-small cell lung cancer with epidermal growth factor
receptor-gene mutation. J Thorac Oncol. 2012; 7:49-56.
https://doi.org/10.1097/JTO.0b013e318233d686. [PubMed]
Drevs J, Loser R, Rattel B, Esser N. Antiangiogenic potency
of FK866/K22.175, a new inhibitor of intracellular NAD
biosynthesis, in murine renal cell carcinoma. Anticancer
Res. 2003; 23:4853-8. [PubMed]

Muruganandham M, Alfieri AA, Matei C, Chen Y.

s

Sukenick G, Schemainda I, Hasmann M, Saltz LB,
Koutcher JA. Metabolic signatures associated with a NAD

synthesis inhibitor-induced tumor apoptosis identified
by 1H-decoupled-31P magnetic resonance spectroscopy.
Clin Cancer Res. 2005; 11:3503-13. https://doi.
org/10.1158/1078-0432.CCR-04-1399. [PubMed]

Johanson V, Arvidsson Y, Ko6lby L, Bernhardt P, Swérd
C, Nilsson O, Ahlman H. Antitumoural effects of the
pyridyl cyanoguanidine CHS 828 on three different
types of neuroendocrine tumours xenografted to nude
mice. Neuroendocrinology. 2005; 82:171-6. https://doi.
org/10.1159/000091754. [PubMed]

Olesen UH, Christensen MK, Bjorkling F, Jaitteld M,
Jensen PB, Sehested M, Nielsen SJ. Anticancer agent
CHS-828 inhibits cellular synthesis of NAD. Biochem
Biophys Res Commun. 2008; 367:799-804. https://doi.
0rg/10.1016/j.bbrc.2008.01.019. [PubMed]

Watson M, Roulston A, Bélec L, Billot X, Marcellus
R, Bédard D, Bernier C, Branchaud S, Chan H, Dairi
K, Gilbert K, Goulet D, Gratton MO, et al. The small
molecule GMX1778 is a potent inhibitor of NAD+
biosynthesis: strategy for enhanced therapy in nicotinic acid
phosphoribosyltransferase 1-deficient tumors. Mol Cell Biol.
2009; 29:5872-88. https://doi.org/10.1128/MCB.00112-09.
[PubMed]

Billington RA, Genazzani AA, Travelli C, Condorelli F. NAD
depletion by FK866 induces autophagy. Autophagy. 2008;
4:385-7. https://doi.org/10.4161/auto.5635. [PubMed]

Travelli C, Drago V, Maldi E, Kaludercic N, Galli
U, Boldorini R, Di Lisa F, Tron GC, Canonico PL,
Genazzani AA. Reciprocal potentiation of the antitumoral
of FK866,
phosphoribosyltransferase, and etoposide or cisplatin in
neuroblastoma cells. J Pharmacol Exp Ther. 2011; 338:829—
40. https://doi.org/10.1124/jpet.111.184630. [PubMed]
Ginet V, Puyal J, Rummel C, Aubry D, Breton C, Cloux AJ,
Majjigapu SR, Sordat B, Vogel P, Bruzzone S, Nencioni A,
Duchosal MA, Nahimana A. A critical role of autophagy
in antileukemia/lymphoma effects of APO866, an inhibitor
of NAD biosynthesis. Autophagy. 2014; 10:603—17. https:/
doi.org/10.4161/aut0.27722. [PubMed]

Bruzzone S, Fruscione F, Morando S, Ferrando T, Poggi A,
Garuti A, D'Urso A, Selmo M, Benvenuto F, Cea M, Zoppoli
G, Moran E, Soncini D, et al. Catastrophic NAD+ depletion

activities an inhibitor of nicotinamide

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

in activated T lymphocytes through Nampt inhibition reduces
demyelination and disability in EAE. PLoS One. 2009;
4:¢7897.  https://doi.org/10.1371/journal.pone.0007897.
[PubMed]

Zoppoli G, Cea M, Soncini D, Fruscione F, Rudner
J, Moran E, Caffa I, Bedognetti D, Motta G, Ghio R,
Ferrando F, Ballestrero A, Parodi S, et al. Potent synergistic
interaction between the Nampt inhibitor APO866 and the
apoptosis activator TRAIL in human leukemia cells. Exp
Hematol. 2010; 38:979-88. https://doi.org/10.1016/].
exphem.2010.07.013. [PubMed]

Azad MB, Chen Y, Gibson SB. Regulation of autophagy
by reactive oxygen species (ROS): implications for

cancer progression and treatment. Antioxid Redox Signal.
2009; 11:777-90. https://doi.org/10.1089/ars.2008.2270.
[PubMed]

Scherz-Shouval R, Elazar Z. Regulation of autophagy by

ROS: physiology and pathology. Trends Biochem Sci.
2011; 36:30-8. https://doi.org/10.1016/].tibs.2010.07.007.
[PubMed]

Lee J, Giordano S, Zhang J. Autophagy, mitochondria and

oxidative stress: cross-talk and redox signalling. Biochem
J. 2012; 441:523-40. https://doi.org/10.1042/BJ20111451.
[PubMed]

Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser
J. Free radicals and antioxidants in normal physiological
functions and human disease. Int J Biochem Cell Biol. 2007;
39:44-84.  https://doi.org/10.1016/j.biocel.2006.07.001.
[PubMed]

Yu L, Wan F, Dutta S, Welsh S, Liu Z, Freundt E,
Baehrecke EH, Lenardo M. Autophagic programmed cell
death by selective catalase degradation. Proc Natl Acad
Sci U S A. 2006; 103:4952-7. https://doi.org/10.1073/
pnas.0511288103. [PubMed]

Wiseman H, Halliwell B. Damage to DNA by reactive
oxygen and nitrogen species: role in inflammatory disease

and progression to cancer. Biochem J. 1996; 313:17-29.
https://doi.org/10.1042/bj3130017. [PubMed]

Hancock JT, Desikan R, Neill SJ. Role of reactive
oxygen species in cell signalling pathways. Biochem Soc
Trans. 2001; 29:345-50. https://doi.org/10.1042/0300-
5127:0290345. [PubMed]

Scherz-Shouval R, Elazar Z. ROS, mitochondria and the
regulation of autophagy. Trends Cell Biol. 2007; 17:422-7.
https://doi.org/10.1016/j.tcb.2007.07.009. [PubMed]
Orrenius S. Reactive oxygen species in mitochondria-
mediated cell death. Drug Metab Rev. 2007; 39:443-55.
https://doi.org/10.1080/03602530701468516. [PubMed]
Nahimana A, Aubry D, Breton CS, Majjigapu SR, Sordat
B, Vogel P, Duchosal MA. The anti-lymphoma activity of
APORB66, an inhibitor of nicotinamide adenine dinucleotide

biosynthesis, is potentialized when used in combination with
anti-CD20 antibody. Leuk Lymphoma. 2014; 55:2141-50.
https://doi.org/10.3109/10428194.2013.869325. [PubMed]

www.oncotarget.com

6736

Oncotarget


https://doi.org/10.1097/JTO.0b013e318233d686
https://www.ncbi.nlm.nih.gov/pubmed/22089115
https://www.ncbi.nlm.nih.gov/pubmed/14981935
https://doi.org/10.1158/1078-0432.CCR-04-1399
https://doi.org/10.1158/1078-0432.CCR-04-1399
https://www.ncbi.nlm.nih.gov/pubmed/15867253
https://doi.org/10.1159/000091754
https://doi.org/10.1159/000091754
https://www.ncbi.nlm.nih.gov/pubmed/16508338
https://doi.org/10.1016/j.bbrc.2008.01.019
https://doi.org/10.1016/j.bbrc.2008.01.019
https://www.ncbi.nlm.nih.gov/pubmed/18201551
https://doi.org/10.1128/MCB.00112-09
https://www.ncbi.nlm.nih.gov/pubmed/19703994
https://doi.org/10.4161/auto.5635
https://www.ncbi.nlm.nih.gov/pubmed/18227641
https://doi.org/10.1124/jpet.111.184630
https://www.ncbi.nlm.nih.gov/pubmed/21685314
https://doi.org/10.4161/auto.27722
https://doi.org/10.4161/auto.27722
https://www.ncbi.nlm.nih.gov/pubmed/24487122
https://doi.org/10.1371/journal.pone.0007897
https://www.ncbi.nlm.nih.gov/pubmed/19936064
https://doi.org/10.1016/j.exphem.2010.07.013
https://doi.org/10.1016/j.exphem.2010.07.013
https://www.ncbi.nlm.nih.gov/pubmed/20696207
https://doi.org/10.1089/ars.2008.2270
https://www.ncbi.nlm.nih.gov/pubmed/18828708
https://doi.org/10.1016/j.tibs.2010.07.007
https://www.ncbi.nlm.nih.gov/pubmed/20728362
https://doi.org/10.1042/BJ20111451
https://www.ncbi.nlm.nih.gov/pubmed/22187934
https://doi.org/10.1016/j.biocel.2006.07.001
https://www.ncbi.nlm.nih.gov/pubmed/16978905
https://doi.org/10.1073/pnas.0511288103
https://doi.org/10.1073/pnas.0511288103
https://www.ncbi.nlm.nih.gov/pubmed/16547133
https://doi.org/10.1042/bj3130017
https://www.ncbi.nlm.nih.gov/pubmed/8546679
https://doi.org/10.1042/0300-5127:0290345
https://doi.org/10.1042/0300-5127:0290345
https://www.ncbi.nlm.nih.gov/pubmed/11356180
https://doi.org/10.1016/j.tcb.2007.07.009
https://www.ncbi.nlm.nih.gov/pubmed/17804237
https://doi.org/10.1080/03602530701468516
https://www.ncbi.nlm.nih.gov/pubmed/17786631
https://doi.org/10.3109/10428194.2013.869325
https://www.ncbi.nlm.nih.gov/pubmed/24283753

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Breton CS, Nahimana A, Aubry D, Macoin J, Moretti P,
Bertschinger M, Hou S, Duchosal MA, Back J. A novel anti-
CD19 monoclonal antibody (GBR 401) with high killing
activity against B cell malignancies. J] Hematol Oncol. 2014;
7:33. https://doi.org/10.1186/1756-8722-7-33. [PubMed]

Price M, Reiners JJ, Santiago AM, Kessel D. Monitoring
singlet oxygen and hydroxyl radical formation with
fluorescent probes during photodynamic therapy.
Photochem Photobiol. 2009; 85:1177-81. https://doi.
org/10.1111/3.1751-1097.2009.00555..x. [PubMed]

Cerna D, Li H, Flaherty S, Takebe N, Coleman CN, Yoo
SS. Inhibition of nicotinamide phosphoribosyltransferase
(NAMPT) activity by small molecule GMX1778 regulates
reactive oxygen species (ROS)-mediated cytotoxicity

in a p53- and nicotinic acid phosphoribosyltransferasel
(NAPRT1)-dependent manner. J Biol Chem. 2012;
287:22408-17. https://doi.org/10.1074/jbc.M112.357301.
[PubMed]

Xiao Y, Kwong M, Daemen A, Belvin M, Liang X,
Hatzivassiliou G, O'Brien T. Metabolic Response to NAD
Depletion across Cell Lines Is Highly Variable. PLoS
One. 2016; 11:¢0164166. https://doi.org/10.1371/journal.
pone.0164166. [PubMed]

Breton CS, Aubry D, Ginet V, Puyal J, Heulot M, Widmann
C, Duchosal MA, Nahimana A. Combinative effects of
beta-Lapachone and APO866 on pancreatic cancer cell
death through reactive oxygen species production and
PARP-1 activation. Biochimie. 2015; 116:141-53. https://
doi.org/10.1016/j.biochi.2015.07.012. [PubMed]

Piacente F, Caffa I, Ravera S, Sociali G, Passalacqua
M, Vellone VG, Becherini P, Reverberi D, Monacelli F,
Ballestrero A, Odetti P, Cagnetta A, Cea M, et al. Nicotinic
Acid Phosphoribosyltransferase Regulates Cancer Cell
Metabolism, Susceptibility to NAMPT Inhibitors, and
DNA Repair. Cancer Res. 2017; 77:3857—69. https://doi.
org/10.1158/0008-5472.CAN-16-3079. [PubMed]

Park ES, Kang DH, Kang JC, Jang YC, Lee MJ, Chung HJ,
Yi KY, Kim DE, Kim B, Shin HS. Cardioprotective effect
of KR-33889, a novel PARP inhibitor, against oxidative
stress-induced apoptosis in H9c2 cells and isolated rat
hearts. Arch Pharm Res. 2017; 40:640-54. https://doi.
org/10.1007/s12272-017-0912-3. [PubMed]

Fatokun AA, Dawson VL, Dawson TM. Parthanatos:
mitochondrial-linked mechanisms and therapeutic
opportunities. Br J Pharmacol. 2014; 171:2000-16. https://
doi.org/10.1111/bph.12416. [PubMed]

de Murcia G, Schreiber V, Molinete M, Saulier B, Poch O,
Masson M, Niedergang C, Ménissier de Murcia J. Structure

and function of poly(ADP-ribose) polymerase. Mol Cell
Biochem. 1994; 138:15-24. https://doi.org/10.1007/
bf00928438. [PubMed]

Andrabi SA, Kim NS, Yu SW, Wang H, Koh DW, Sasaki
M, Klaus JA, Otsuka T, Zhang Z, Koehler RC, Hurn PD,
Poirier GG, Dawson VL, et al. Poly(ADP-ribose) (PAR)

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

polymer is a death signal. Proc Natl Acad Sci U S A. 2006;
103:18308-13. https://doi.org/10.1073/pnas.0606526103.
[PubMed]

Yu SW, Wang H, Poitras MF, Coombs C, Bowers W1J,
Federoff HJ, Poirier GG, Dawson TM, Dawson VL.
Mediation of poly(ADP-ribose) polymerase-1-dependent

cell death by apoptosis-inducing factor. Science. 2002;
297:259-63. https://doi.org/10.1126/science.1072221.
[PubMed]

Del Nagro C, Xiao Y, Rangell L, Reichelt M, O’Brien T.
Depletion of the central metabolite NAD leads to oncosis
mediated cell death. J Biol Chem. 2014; 289:35182-92.
https://doi.org/10.1074/jbc.M114.580159. [PubMed]

Bajrami [, Kigozi A, Van Weverwijk A, Brough R, Frankum
J, Lord CJ, Ashworth A. Synthetic lethality of PARP and
NAMPT inhibition in triple-negative breast cancer cells.
EMBO Mol Med. 2012; 4:1087-96. https://doi.org/10.1002/
emmm.201201250. [PubMed]

Grohmann T, Penke M, Petzold-Quinque S, Schuster
S, Richter S, Kiess W, Garten A. Inhibition of NAMPT
sensitizes MOLT4 leukemia cells for etoposide treatment
through the SIRT2-p53 pathway. Leuk Res. 2018; 69:39—46.
https://doi.org/10.1016/j.leukres.2018.04.004. [PubMed]
Pogrebniak A, Schemainda I, Azzam K, Pelka-Fleischer
R, Nussler V, Hasmann M. Chemopotentiating effects of a
novel NAD biosynthesis inhibitor, FK866, in combination
with antineoplastic agents. Eur J Med Res. 2006; 11:313—
21. [PubMed]

Bi TQ, Che XM, Liao XH, Zhang DJ, Long HL, Li HJ,
Zhao W. Overexpression of Nampt in gastric cancer and

chemopotentiating effects of the Nampt inhibitor FK866 in
combination with fluorouracil. Oncol Rep. 2011; 26:1251—
7. https://doi.org/10.3892/0r.2011.1378. [PubMed]

Sanjana NE, Shalem O, Zhang F. Improved vectors and

genome-wide libraries for CRISPR screening. Nat Methods.
2014; 11:783—4. https://doi.org/10.1038/nmeth.3047. [PubMed]
Annibaldi A, Dousse A, Martin S, Tazi J, Widmann
C. Revisiting G3BP1 as a RasGAP binding protein:
sensitization of tumor cells to chemotherapy by the
RasGAP 317-326 sequence does not involve G3BP1. PLoS
One. 2011; 6:€29024. https://doi.org/10.1371/journal.
pone.0029024. [PubMed]

Chen S, Sanjana NE, Zheng K, Shalem O, Lee K, Shi X,
Scott DA, Song J, Pan JQ, Weissleder R, Lee H, Zhang F,
Sharp PA. Genome-wide CRISPR screen in a mouse model
of tumor growth and metastasis. Cell. 2015; 160:1246-60.
https://doi.org/10.1016/j.cell.2015.02.038. [PubMed]

Chou TC. Drug combination studies and their synergy

quantification using the Chou-Talalay method. Cancer Res.
2010; 70:440—6. https://doi.org/10.1158/0008-5472.CAN-
09-1947. [PubMed]

Podhorecka M, Halicka D, Klimek P, Kowal M, Chocholska
S, Dmoszynska A. Simvastatin and purine analogs have

a synergic effect on apoptosis of chronic lymphocytic

www.oncotarget.com

6737

Oncotarget


https://doi.org/10.1186/1756-8722-7-33
https://www.ncbi.nlm.nih.gov/pubmed/24731302
https://doi.org/10.1111/j.1751-1097.2009.00555.x
https://doi.org/10.1111/j.1751-1097.2009.00555.x
https://www.ncbi.nlm.nih.gov/pubmed/19508643
https://doi.org/10.1074/jbc.M112.357301
https://www.ncbi.nlm.nih.gov/pubmed/22570471
https://doi.org/10.1371/journal.pone.0164166
https://doi.org/10.1371/journal.pone.0164166
https://www.ncbi.nlm.nih.gov/pubmed/27711204
https://doi.org/10.1016/j.biochi.2015.07.012
https://doi.org/10.1016/j.biochi.2015.07.012
https://www.ncbi.nlm.nih.gov/pubmed/26188110
https://doi.org/10.1158/0008-5472.CAN-16-3079
https://doi.org/10.1158/0008-5472.CAN-16-3079
https://www.ncbi.nlm.nih.gov/pubmed/28507103
https://doi.org/10.1007/s12272-017-0912-3
https://doi.org/10.1007/s12272-017-0912-3
https://www.ncbi.nlm.nih.gov/pubmed/28378219
https://doi.org/10.1111/bph.12416
https://doi.org/10.1111/bph.12416
https://www.ncbi.nlm.nih.gov/pubmed/24684389
https://doi.org/10.1007/bf00928438
https://doi.org/10.1007/bf00928438
https://www.ncbi.nlm.nih.gov/pubmed/7898458
https://doi.org/10.1073/pnas.0606526103
https://www.ncbi.nlm.nih.gov/pubmed/17116882
https://doi.org/10.1126/science.1072221
https://www.ncbi.nlm.nih.gov/pubmed/12114629
https://doi.org/10.1074/jbc.M114.580159
https://www.ncbi.nlm.nih.gov/pubmed/25355314
https://doi.org/10.1002/emmm.201201250
https://doi.org/10.1002/emmm.201201250
https://www.ncbi.nlm.nih.gov/pubmed/22933245
https://doi.org/10.1016/j.leukres.2018.04.004
https://www.ncbi.nlm.nih.gov/pubmed/29653431
https://www.ncbi.nlm.nih.gov/pubmed/17052966
https://doi.org/10.3892/or.2011.1378
https://www.ncbi.nlm.nih.gov/pubmed/21743967
https://doi.org/10.1038/nmeth.3047
https://www.ncbi.nlm.nih.gov/pubmed/25075903
https://doi.org/10.1371/journal.pone.0029024
https://doi.org/10.1371/journal.pone.0029024
https://www.ncbi.nlm.nih.gov/pubmed/22205990
https://doi.org/10.1016/j.cell.2015.02.038
https://www.ncbi.nlm.nih.gov/pubmed/25748654
https://doi.org/10.1158/0008-5472.CAN-09-1947
https://doi.org/10.1158/0008-5472.CAN-09-1947
https://www.ncbi.nlm.nih.gov/pubmed/20068163

leukemia cells. Ann Hematol. 2010; 89:1115-24. https:// synergizes with purine nucleoside analogues to induce

doi.org/10.1007/s00277-010-0988-z. [PubMed] apoptosis of B-chronic lymphocytic leukaemia cells. Br J
60. Bouzar AB, Boxus M, Defoiche J, Berchem G, Macallan Haematol. 2009; 144:41-52. https://doi.org/10.1111/1.1365-
D, Pettengell R, Willis F, Burny A, Lagneaux L, Bron 2141.2008.07426.x. [PubMed]

D, Chatelain B, Chatelain C, Willems L. Valproate

www.oncotarget.com 6738 Oncotarget


https://doi.org/10.1007/s00277-010-0988-z
https://doi.org/10.1007/s00277-010-0988-z
https://www.ncbi.nlm.nih.gov/pubmed/20499237
https://doi.org/10.1111/j.1365-2141.2008.07426.x
https://doi.org/10.1111/j.1365-2141.2008.07426.x
https://www.ncbi.nlm.nih.gov/pubmed/19006566

