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Abstract

NF-«B may be a potential therapeutic target for acute myelogenous leukemia (AML) because NF-kB activation
is found in primitive human AML blast cells. In this report, we initially discovered that the potent antineoplastic
effect of niclosamide, a Food and Drug Administration-approved antihelminthic agent, was through inhibition of
the NF-«B pathway in AML cells. Niclosamide inhibited the transcription and DNA binding of NF-kB. It blocked
tumor necrosis factor-induced IkBo phosphorylation, translocation of p65, and expression of NF-xB-regulated
genes. Niclosamide inhibited the steps TAK1->IxB kinase (IKK) and IKK->IxBa. Niclosamide also increased the
levels of reactive oxygen species (ROS) in AML cells. Quenching ROS by the glutathione precursor N-acetylcysteine
attenuated niclosamide-induced apoptosis. Our results together suggest that niclosamide inhibited the NF-<B
pathway and increased ROS levels to induce apoptosis in AML cells. On translational study of the efficacy of
niclosamide against AML, niclosamide killed progenitor/stem cells from AML patients but spared those from
normal bone marrow. Niclosamide was synergistic with the frontline chemotherapeutic agents cytarabine, etopo-
side, and daunorubicin. It potently inhibited the growth of AML cells in vitro and in nude mice. Our results sup-
port further investigation of niclosamide in clinical trials of AML patients. Cancer Res; 70(6); 2516-27. ©2010 AACR.
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Introduction

Acute myelogenous leukemia (AML) is a major type of he-
matologic malignancy. Chemotherapy remains an important
therapeutic approach. However, in the past 3 decades, limited
progress has been achieved in improving the long-term dis-
ease-free survival, except for certain subtypes of AML (e.g.,
acute promyelocytic leukemia). Cytarabine (Ara-C), etoposide
(VP-16), and daunorubicin (DNR) remain frontline agents (1).
Therefore, the development of innovative therapies and iden-
tification of more effective drugs for AML has high priority.

Recently, interest has increased in molecularly targeted
therapy for AML. The development of tyrosine kinase inhibi-
tors [e.g., PKC412 (2) and sorafenib (3)] brought promise for
the subtype of AML patients with activating mutations of
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FlIt3 [e.g., Flt3 internal tandem duplication (FIt3-ITD)]. How-
ever, ~50% of AML patients have normal karyotypes. Accord-
ingly, the selection of molecular targets for therapeutic
intervention is not obvious for these AML cases.

NF-kB plays a critical role in inflammation, antiapoptotic
responses, and carcinogenesis (4-7). High NF-kB expression
is found in primitive human AML blast cells (8-11). In par-
ticular, the constitutive activation of NF-kB exists selectively
in leukemia stem cells but not in normal hematopoietic stem
cells (11). Therefore, NF-xB may be a potential therapeutic
target for the selective eradication of leukemia stem cells.
Indeed, pharmacologic inhibition of NF-xB was effective in
killing AML cells (12, 13).

In this report, we validated the inhibitory action of niclo-
samide against tumor necrosis factor (TNF)-induced NF-«B
activation in AML cells and identified its mechanism, togeth-
er with generation of reactive oxygen species (ROS), as being
responsible for induced apoptosis of AML cells. We also re-
port on our translational studies showing the synergism of
niclosamide with frontline chemotherapeutic agents for
AML, the presence of a therapeutic window, and the in vivo
antineoplastic efficacy in a mouse model.

Materials and Methods

Chemicals and Antibodies

Niclosamide (2’,5-dichloro-4'-nitrosalicylanilide), N-acetyl-
cysteine (NAC), Ara-C, DNR, VP-16, Annexin V-FITC, and anti-
actin were from Sigma-Aldrich. A water-soluble derivative
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of niclosamide, designated p-niclosamide, was obtained by
the addition of a phosphate group to niclosamide with
diethyl phosphite. CM-H,DCF-DA was from Invitrogen. Ni-
closamide was dissolved in DMSO at a stock concentration
of 10 mmol/L and stored at -20°C. Recombinant human
TNFa was from PeproTech. Antibodies against p65, IkBa,
proliferating cell nuclear antigen (PCNA), cyclin D1, Bcl-X;,
and Mcl-1 were from Santa Cruz Biotechnology. Antibodies
against poly(ADP-ribose) polymerase (PARP), caspase-3, X-
linked inhibitor of apoptosis protein (XIAP), cytochrome c,
CD34-FITC, and CD38-phycoerythrin (PE) were from BD
Biosciences. Antibodies against c-myc, phospho-IKKa
(S180)/IKKpP (S181), phospho-IkBa (S32), phospho-p65
(S536), phospho-extracellular signal-regulated kinase 1/2
(ERK1/2; T202/Y204), ERK1/2, phospho-AKT (S473), AKT,
phospho-p38 (T180/Y182), p38, phospho-c-Jun NH,-terminal
kinase (JNK; T183/Y185), and JNK were from Cell Signaling
Technology. Anti-IKKp and anti-Bim were from Upstate
Technology. Anti-survivin was from Novus Biologicals.

Cell Culture

HL-60, U937, OCI-AML3, Molm13, MV4-11, and U266 cells
were grown in RPMI 1640 (Invitrogen) with 10% FCS (Biolog-
ical Industries). The mitochondrial respiration-deficient p~
cells (C6F/HL-60) were established and cultured as described
(14). U20S cells, mouse embryonic fibroblast (MEF), and nor-
mal human fibroblast (NHFB) cell lines were cultured in
DMEM supplemented with 10% FCS (15, 16).

Primary Cells from AML Patients

Peripheral blood or bone marrow samples were obtained
from patients with AML (68 cases), acute lymphoblastic leu-
kemia (ALL; 10 cases), or chronic myelogenous leukemia
(CML; 3 cases) and from 7 healthy adult donors in The First
Affiliated Hospital, Sun Yat-sen Memorial Hospital of Sun
Yat-sen University, and Guangdong Provincial People’'s Hos-
pital after patients gave their informed consent. The study
followed institutional guidelines and the Declaration of Hel-
sinki principles. The clinical information for the 81 patients
is in Supplementary Table S1.

Preparation of Whole-Cell Lysates and Cytosolic
Fraction

Whole lysates were prepared with radioimmunoprecipita-
tion assay buffer (16, 17). The cytosolic fraction was prepared
with digitonin extraction buffer to detect the level of cyto-
chrome c in the cytosol, as described previously (16, 17).

Preparation of Cytoplasmic and Nuclear Fractions
Cytoplasmic and nuclear fractions were prepared as de-
scribed previously (18).

Luciferase Assay

U20S cells were transfected with reporter plasmids encod-
ing NF-kB-TATA-Luc (0.5 pug) and pEFRenilla-Luc (10 ng) or
together with plasmids encoding the desired genes by use of
Lipofectamine 2000 (Invitrogen). Luciferase activities were
measured with use of dual-luciferase assay kits (Promega)

as described (19). NF-«B activities were determined by nor-
malizing the activity of NF-kB-dependent firefly luciferase to
that of Renilla luciferase. The pNF-xB-Luc plasmid was from
Stratagene. The plasmids pCMV5-IKKa, pCMV5-IKKp,
pCMV5-IKKYy, pCMV5-p65, and pCMV5-myc-TAK1 used for
cotransfection experiments were described (20, 21).

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assay (EMSA) involved use
of the LightShift Chemiluminescent EMSA kit (Pierce Bio-
technology) according to the manufacturer's instructions
(22). The oligonucleotides for NF-xB were from Promega: for-
ward, 5'-AGTTGAGGGGACTTTCCCAGGC-3'; reverse, 5'-
GCCTGGGAAAGTCCCCTCAACT-3'.

Immunofluorescence Staining
Immunofluorescence staining was as described previously
(17, 23).

Cell Viability Assay

Cell viability was determined by MTS assay (CellTiter 96
Aqueous One Solution Cell Proliferation assay, Promega; refs.
15, 16). The drug concentration resulting in 50% inhibition of
cell growth (ICs,) was determined.

Flow Cytometry

Measurement of apoptosis and mitochondrial transmem-
brane potential, as well as analysis of cell cycle and intracel-
lular ROS levels, was as described (16, 17, 24).

Colony-Forming Assays

Soft agar clonogenic assay in AML cell lines. AML cell
lines were treated with niclosamide or diluent (DMSO,
control) for 24 h, then washed with PBS, and seeded in Is-
cove's medium containing 0.3% agar and 20% FCS in the ab-
sence of drug treatment (16).

Colony-forming assay in normal bone marrow cells
and primary AML blast cells. The colony-forming capacity
of normal bone marrow cells and primary AML blast cells
was analyzed by use of methylcellulose medium (Metho-
cult H4434, Stem Cell Technologies) according to the man-
ufacturer's instructions. Niclosamide was added to the
initial cultures at 0.1 to 10 pmol/L. After 14 d of culture,
the number of colony-forming units (CFU) was evaluated
under an inverted microscope according to the standard
criteria (25).

Tumor Xenograft Experiments

Male nu/nu BALB/c mice were bred at the animal facility
of Sun Yat-sen University. HL-60 cells were inoculated s.c. on
the flanks of 4- to 6-wk-old mice. Tumors were measured ev-
ery other day with use of calipers. Tumor volumes were cal-
culated by the following formula: a* x b x 0.4, where a is the
smallest diameter and b is the diameter perpendicular to a.
After mice were euthanized, xenografts were dissected,
weighed, or preserved. All animal studies were approved by
the Sun Yat-sen University Institutional Animal Care and Use
Committee.
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,‘E‘f Figure 1. Niclosamide ablates TNF-induced NF-kB activation at TAK1
= 3 and IKK steps. A, U20S cells were cotransfected with NF-kB-TATA-Luc
q‘," §‘ reporter and Renilla luciferase reporter plasmids. Twenty-four hours later,
$ I5) cells were treated with different concentrations of niclosamide (left) or a
: .6'9 fixed concentration (125 nmol/L) for various durations (right) and then TNFa
< O (0.1 nmol/L) for 10 min, and luciferase intensity was measured. Results
c o1 1 10 - - Niclosamide, umol/L  are fold change + SE of at least three independent experiments. *, P < 0.05;
Lane 1 2 3 4 5 6 **, P < 0.01; ™, P < 0.0001, one-way ANOVA, post hoc comparisons,
Tukey's test. Columns, mean; bars, SE. B, U20S cells were cotransfected
with the indicated plasmids (p65, IKKa, IKKB, IKKy, and TAK1) along with
NF-kB-TATA-Luc reporter plasmid. Twenty-four hours later, cells were
- { NF-xB treated with niclosamide at 125 nmol/L (left) or the indicated concentrations
(right) for 24 h. C, left, HL-60 cells were preincubated with or without
r. niclosamide for 24 h; TNFa was added for different times, and the nuclear
= ¥ & 5 extracts were then assayed for NF-kB activation by EMSA. Cold competitor:
-
-

. - . ‘ :l Free probe the labeled NF-kB oligonucleotide was competed with an excess
(200-fold) of unlabeled probe. Right, HL-60 cells were pretreated with or

without escalating concentrations of niclosamide for 24 h; TNFa (0.1 nmol/L)
was added for 30 min followed by EMSA assay. D, U266 cells were exposed
to niclosamide for 6 h and then underwent EMSA assay.
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Figure 2. Niclosamide inhibits TNF-induced degradation of IkBa and relocation of p65. A, HL-60, Molm13, or AML primary cells were preincubated with
500 nmol/L niclosamide for 24 h and then treated with TNFa (0.1 nmol/L) for the indicated times; cytoplasmic (left) and nuclear (right) extracts were
examined by immunoblotting. Actin and PCNA served as markers of cytoplasmic and nuclear extractions, respectively. B, dose- and time-dependent effect
of niclosamide. HL-60 cells were pretreated with the indicated concentrations of niclosamide for 24 h (left) or 500 nmol/L niclosamide for various durations;
cytoplasmic (C) and nuclear (N) extracts were examined by immunoblotting. C, immunofluorescence staining analysis of p65 localization. HL-60 cells
were preincubated with 500 nmol/L niclosamide for 24 h and TNFa (1 nmol/L) for 15 min, fixed, and then underwent immunofluorescence analysis. Nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPI). D, niclosamide represses the expression of NF-kB-regulated proteins involved in cell survival.
Western blot analysis of HL-60 cells pretreated with 500 nmol/L niclosamide for 24 h and then stimulated with TNFa (1 nmol/L) for different times.

Measurement of Apoptosis in Progenitor/Stem Cells tec) according to the manufacturer's protocol. The magneti-

Bone marrow mononuclear cells from AML patients and cally labeled CD34" cells recovered from the column were
normal healthy donors were isolated by immunomagnetic cultured in Iscove's modified Dulbecco's medium supplemen-
separation by use of CD34 selection MACS kits (Miltenyi Bio- ted with appropriate cytokines (PeproTech). An aliquot
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underwent flow cytometry after CD34-FITC staining. The rest
of the cells were cultured with or without niclosamide for
24 h. The cells were then analyzed by flow cytometry after
staining with CD38-PE and Annexin V-FITC. The Annexin
V'CD34"CD38" subpopulation was compared.

Statistical Analysis

All experiments were performed at least thrice, and results
are expressed as the mean * SE, unless otherwise stated.
GraphPad Prism 4.0 software (GraphPad Software) was used
for statistical analysis. A P value of <0.05 was considered sta-
tistically significant.

Results

Niclosamide inhibits TNF-induced NF-xB-dependent re-
porter gene transcription. We first examined whether niclo-
samide affected the TNF-induced NF-xB-dependent reporter
gene transcription. U208 cells were cotransfected with pNF-
KB-TATA-Luc and pEFRenilla-Luc for 24 hours and then
treated with niclosamide. After stimulation with TNFa, the
luciferase activity increased, but niclosamide inhibited the
TNF-induced NF-kB reporter activity in a dose- and time-
dependent manner (Fig. 1A).

Niclosamide inhibits NF-xB activation induced by p65,
IKKe, IKKB, IKKYy, and TAKI. Cotransfection of p65, IKKa,
IKKB, IKK<y, or TAK1 constructs markedly increased the lu-
ciferase activity of NF-kB-TATA-Luc reporter; niclosamide
significantly abrogated this increase (Fig. 1B). Therefore, ni-
closamide could block the IKK- or TAK1-induced NF-xB ac-
tivation. Considering the critical role of TAK1 in TNF-
induced activation of IKK (26), and niclosamide inhibiting
TNF-induced IKK phosphorylation (Fig. 2A), niclosamide
may exert its inhibitory effect at the TAKI step (model
in Fig. 4D, right).

Niclosamide inhibits DNA binding of NF-xB. We next de-
termined whether niclosamide affected the binding of NF-«B
to DNA by EMSA. The levels of the NF-kB-DNA complex
were steadily increased on TNFa stimulation (Fig. 1C, left).
The TNF-induced bound complex disappeared when the la-
beled NF-«B oligonucleotide competed with an excess (200-
fold) of unlabeled probe (Fig. 1C, left), indicating the binding
specificity of this assay. Pretreatment with niclosamide com-
pletely blocked the time- and dose-dependent TNFa-induced
alteration of the NF-kB-DNA complex (Fig. 1C).

Niclosamide inhibits constitutive NF-xB activation. Be-
cause constitutive activation of NF-«B exists in certain tumor
cells such as multiple myeloma U266 cells (18), we tested and

found that niclosamide inhibited constitutively active NF-xB
binding to DNA in U266 cells (Fig. 1D).

Niclosamide inhibits TNF-induced degradation of IxBa
and relocation of p65 in a dose- and time-dependent man-
ner. Immunoblotting showed that in the absence of niclosa-
mide (Fig. 2A, left, top), the levels of phosphorylated IKKa/p
and phosphorylated IkBa steadily increased in HL-60 cells
beginning at 5 minutes after TNFa stimulation. Concomi-
tantly, the levels of total IkBa progressively decreased, which
was consistent with phosphorylation of IkBa activating ubi-
quitination and degradation (5). In contrast, niclosamide
completely abolished the TNFa-induced phosphorylation of
IKKo/p and IkBa (Fig. 2A, left, top). Accordingly, the TNFa-
induced degradation of IkBa was abrogated by niclosamide.
Conversely, the levels of phosphorylated and total p65 in the
nuclear fractions were increased in TNF-stimulated cells, but
niclosamide abrogated the TNF-induced nuclear transloca-
tion of p65 (Fig. 2A, right, top). Similar findings were obtained
in Molm13 cells and primary AML blast cells (Fig. 2A).
Niclosamide abrogating NF-kB activation in HL-60 cells was
dose and time dependent (Fig. 2B). This potent inhibitory
activity was confirmed in 12 of 12 additional AML patients
(Supplementary Fig. S1). The inhibitory effect of niclosamide
on TNF-induced translocation of p65 was further confirmed
by immunofluorescent microscopy (Fig. 2C).

Niclosamide decreases TNF-induced NF-xB-dependent
gene products involved in cell survival. HL-60 cells were
pretreated with or without niclosamide for ~24 hours and
then stimulated with TNFa; the levels of Bcl-X;, c-myc, sur-
vivin, Bcl-2, and cyclin D1 were increased (Fig. 2D, left), and
the TNF-induced upregulation was abolished by niclosamide
(Fig. 2D, right).

Because TNFa activates multiple pathways, we examined
the selective activity of niclosamide. Niclosamide inhibited
the TNF-induced activation of AKT, which is upstream of
TAK1 (27), but not ERK1/2, JNK, or p38 (Supplementary
Fig. S2).

Niclosamide inhibits growth of AML cell lines in vitro.
We evaluated the activity of niclosamide in AML cells by
MTS. Niclosamide dose dependently inhibited the growth
of AML cells within the nanomolar range (Fig. 3A, top).

We also measured the effect of niclosamide on anchorage-
independent growth of AML cells in soft agar culture. Niclo-
samide dose dependently inhibited the number of surviving
clonogenic AML cells, with IC5 values of 69.5 to 95 nmol/L
(Fig. 3A, bottom).

Niclosamide induces apoptosis in AML cells. Niclosa-
mide induced robust apoptosis as detected by flow cytometry
after Annexin V-FITC/PI staining in AML cells (Fig. 3B). It

Figure 3. Niclosamide induces apoptosis in AML cells by triggering an intrinsic pathway. A, top, cell viability was measured by MTS assay in five lines
of AML cells after 72-h treatment with niclosamide; bottom, clonogenicity of AML cells in soft agar was inhibited by niclosamide in a dose-dependent
manner. B, HL-60 cells were exposed to niclosamide. Top, apoptosis was evaluated on flow cytometry; middle and bottom, dose- and time-dependent
change in PARP and procaspase-3 detected by immunoblotting. C, immunoblotting of apoptosis-related proteins in AML cells after 48-h treatment

with niclosamide. D, top, niclosamide led to release of cytochrome c into cytosol in AML cells. Levels of cytochrome c in the cytosolic extracts prepared
with digitonin buffer were detected by immunoblotting. Bottom, HL-60 cells treated with or without niclosamide were stained with CMXRos and MTGreen,
and mitochondrial potential was analyzed by flow cytometry. Left, representative fluorescent histograms from three independent experiments; right,

vertical axis represents the sum of R2 and R3.
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induced a dose- and time-dependent specific cleavage of PARP
and a decrease in the precursor form of caspase-3, further in-
dicating onset of apoptosis (Fig. 3B, bottom two panels).

Niclosamide decreases Mcl-1 and XIAP levels and leads
to mitochondrial damage. Niclosamide led to decreased le-
vels of Mcl-1 and XIAP in AML cells (Fig. 3C) and elevated
levels of cytochrome c in the cytosolic fractions and to mito-
chondrial depolarization in HL-60 cells (Fig. 3D). Therefore,
niclosamide triggered the intrinsic apoptosis pathway.

Niclosamide does not affect cell cycling. Niclosamide had
a minimal effect on cell cycling in AML cells, except for the
appearance of the sub-G, apoptotic population (Supplemen-
tary Fig. S3).

Niclosamide generates ROS in AML cells. Niclosamide
was reported to inhibit the NADH>NADP" transhydrogena-
tion on Hymenolepis diminuta submitochondrial particle as-
say (28, 29). We therefore assessed whether niclosamide
induced intracellular ROS generation. Niclosamide increased
intracellular ROS levels in HL-60 cells at 2 hours, which
peaked at 8 hours (Fig. 4A).

Niclosamide-induced ROS elevation partially contri-
butes to apoptosis of AML cells. Because ROS generation
is an important mechanism for certain chemotherapeutic
agents to kill tumor cells (30), we next examined whether
the niclosamide-induced ROS elevation facilitated its cyto-
toxicity in AML cells. Although NAC completely blocked
the niclosamide-induced ROS elevation (Fig. 4B, left, top),
quenching ROS by NAC attenuated but did not completely
abrogate niclosamide-mediated apoptosis, which was re-
flected by Annexin V-positive cell population and PARP
cleavage (Fig. 4B). Therefore, ROS elevation partially contrib-
uted to the cytotoxicity of niclosamide and may be a mech-
anism parallel to NF-«B inhibition.

ROS elevation and NF-«B inactivation are independent
mechanisms of niclosamide. Redox regulation of NF-kB is
controversial: ROS can activate or inhibit NF-kB (31, 32).
By using the dual activities of niclosamide, we examined
whether TNF-induced NF-«xB activation was regulated by
ROS. NAC did not prevent the TNF-induced phosphorylation
or degradation of IkBa or translocation of p65 (Fig. 4C, left,
top). However, in the presence of NAC, niclosamide com-
pletely blocked TNF-induced IkBa phosphorylation and
p65 translocation.

We next addressed whether ROS played a role in TNF-
induced NF-xkB-dependent reporter gene transcription.
Quenching ROS by NAC did not substantially attenuate the
TNF-induced elevation of NF-«B transcription activity
(Fig. 4C, left, bottom). In the presence of NAC, niclosamide

completely abrogated the TNF-induced elevation of NF-xB
transcription.

The mitochondrial respiration-deficient p~ cells were used
to further ascertain whether ROS affected the TNFa-induced
NF-«B activation. We hypothesized that p~ cells generated
less ROS in response to niclosamide treatment because of
their deficient mitochondrial aerobic respiration. After niclo-
samide treatment, mean intracellular ROS level was in-
creased ~10-fold in parental HL-60 cells but only 3-fold in
p~ cells (Fig. 4C, right, top). We next compared the TNF-
induced NF-xB activation in this pair of cells. Parental
HL-60 cells and p~ cells were pretreated with or without
niclosamide, and then TNFo was added in the culture. Immu-
noblotting revealed that IkBa phosphorylation and p65
translocation occurred to the same extent in parental HL-60
cells as in p~ cells (Fig. 4C, right, bottom). Therefore, niclosa-
mide inhibited the TNFa-induced NF-kB activation in a ROS-
independent manner.

Conversely, we determined whether TNF-induced NF-xB
activation affected ROS generation. Because marked repres-
sion of NF-kB by niclosamide requires >4 hours of incubation
with niclosamide (Fig. 1A, right), we chose 2-hour niclosa-
mide treatment to induce a significant elevation of ROS with
minimal effect on NF-kB activation. After HL-60 cells were
exposed to 125 nmol/L niclosamide for 1.5 hours, cells were
stimulated with TNFa, and then ROS level was detected.
TNFa did not influence the niclosamide-induced ROS gener-
ation (Fig. 4D, left).

Niclosamide is synergistic with Ara-C, VP-16, and DNR.
Because of the high potency of niclosamide in AML cells, we
assessed its effect on normal cells. MEF, NHFB cells, and
bone marrow cells from four healthy individuals were treated
with niclosamide for 72 hours; cell viability assay revealed ni-
closamide with minimal effects on growth of these normal
cells (Supplementary Table S2). Therefore, the differential
sensitivity of niclosamide in AML cells and normal cells im-
plies a therapeutic window for niclosamide.

We next examined a synergism between niclosamide and
the frontline chemotherapeutic agents for AML (e.g., Ara-C,
VP-16, and DNR) in causing growth inhibition. HL-60 and U937
cells were incubated in a serially diluted mixture (at a fixed
ratio) of niclosamide and Ara-C, VP-16, or DNR for 72 hours
and then underwent MTS assay. Synergism was evaluated by
the median-effect method of Chou and Talalay (16). Niclosa-
mide and all three drugs synergistically [i.e., combination
index (CI) < 1] inhibited viability of AML cells (Fig. 5A).

Given that Molm13 cells bearing FIt3-ITD were also sensi-
tive to niclosamide (Fig. 3A), we examined a synergistic effect

Figure 4. Niclosamide elevates ROS in AML cells. A, HL-60 cells were exposed to niclosamide for various times, and then ROS was detected by flow
cytometry after staining with 2.5 pmol/L CM-H,DCF-DA. The dotted line indicates the mean intensity in control cells. The mean intensity of DCF-DA is
shown. B, HL-60 cells were preincubated with 2 mmol/L NAC for 1 h before being exposed to 500 nmol/L niclosamide for 36 h. Cells underwent flow
cytometry for ROS or apoptosis and immunoblotting (n = 3). C, left, top, immunoblotting of HL-60 cells exposed to 500 nmol/L niclosamide for 24 h with or
without 2 mmol/L NAC; TNFa (0.1 nmol/L) was then added for 30 min. Bottom, U20S cells were transfected with NF-kB-TATA-Luc reporter plasmid.
Twenty-four hours later, cells were treated with 125 nmol/L niclosamide for another 24 h with or without 2 mmol/L NAC. The luciferase activity was assayed
after 30-min stimulation with TNFa (0.1 nmol/L). Right, top, intracellular ROS content in parental HL-60 cells versus p~ (C6F/HL-60) cells after 24-h treatment
with or without 500 nmol/L niclosamide; bottom, immunoblotting of IkBa and p65 in parental HL-60 cells versus p~ cells. D, left, ROS analysis in

HL-60 cells after treatment with niclosamide and TNFa; right, a proposed model to delineate the actions of niclosamide.
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Figure 5. Niclosamide is synergistic with Ara-C, VP-16, and DNR and effective against xenografted tumor cells. A, niclosamide was synergistic with
Ara-C, VP-16, and DNR and PKC412 in AML cells. B, left, nude mice bearing HL-60 xenograft tumors were treated with control (0.9% normal saline) or
p-niclosamide (40 mg/kg/d, i.p.); right, weights of tumors dissected on day 19 after inoculation (Student's t test). C, immunoblotting of xenograft

tissues from mice on day 19 after inoculation.

between niclosamide and PKC412 and found synergism
(CI < 1) in Molm13 cells (Fig. 5A).

Niclosamide inhibits growth of xenografted AML cells in
nude mice. We next explored the antineoplastic effect of ni-
closamide using the nude mouse xenograft model. Because
niclosamide has limited solubility, we synthesized water-sol-
uble p-niclosamide (Fig. 5B, top). Fourteen nu/nu BALB/c
mice bearing HL-60 xenografts were randomized to receive
treatment with normal saline (control) or p-niclosamide for
15 days (7 = 7 animals each). p-Niclosamide (40 mg/kg/d, i.p.)
potently inhibited the growth of HL-60 tumors (Fig. 5B, bot-
tom, two-tailed Student's ¢ test). Further, immunoblotting of
xenograft tissues from mice revealed a potent inhibitory ef-
fect of niclosamide on the NF-kB pathway (Fig. 5C).

Niclosamide induces growth inhibition and apoptosis in
primary AML cells. Our in vitro findings prompted us to
assess the efficacy of niclosamide in primary AML cells.
Niclosamide inhibited the growth of AML primary cells in
a dose-dependent manner (Fig. 6A, top). The median ICs, val-
ue for all 81 leukemia patients (including 68 cases of AML, 10
ALL, and 3 CML) was 129 nmol/L (range, 8.5-718 nmol/L;
Supplementary Table S3). Of 21 cases examined, three prim-
ary AML blast cells carrying FIt3-ITD were sensitive to niclo-

samide like those bearing wild-type Flt3 (P = 0.4510, Student's
¢ test; Fig. 6A, bottom, left). As in AML cell lines, in primary
AML cells, niclosamide showed a synergism with Ara-C, VP-
16, and DNR (Fig. 6A, bottom, right; Supplementary Table S4).
Niclosamide-treated AML blast cells from patients also showed
significantly increased apoptotic cell death, as measured by
flow cytometry (Fig. 6B).

Niclosamide induces apoptosis in progenitor/stem cells
from AML patients. Because niclosamide could kill AML
blast cells, we investigated whether it was effective in eradi-
cating AML stem cells, which are believed to cause relapse or
disease progression because of their self-renewal and prolif-
eration capability (11, 12). First, we evaluated the effect of
niclosamide on functionally defined myeloid progenitor cells
by methylcellulose colony assay. The colony-forming ability
was strikingly inhibited by niclosamide in a dose-dependent
manner, with an IC5, value of 19.8 nmol/L (n = 6; Fig. 6C,
left). In contrast, with as high as 10 pmol/L niclosamide,
the number of CFU-granulocyte macrophages; burst-forming
unit erythroids; and CFU-granulocytes, erythrocytes,
monocytes/macrophages, and megakaryocytes in normal
bone marrow cells remained ~75% that of untreated bone
marrow cells (r = 3; Fig. 6C, right).
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Figure 6. Effect of niclosamide on primary cells from AML patients. Primary AML blast cells from patients were treated with niclosamide for 72 h followed
by MTS assay. A, top, dose-dependent curves for three representative AML patients; bottom, left, ICsq values of niclosamide in AML blast cells from
patients with FIt3 versus FIt3-ITD; right, synergistic effect of niclosamide and the indicated drugs in AML primary blast cells. B, primary blast cells from AML
patients were treated with niclosamide for 72 h; apoptosis was evaluated by flow cytometry. Left, representative histograms; right, quantitative analysis.
***, P < 0.0001, one-way ANOVA, post hoc comparisons, Tukey's test. n = 10. C, primary AML blast cells (left) or normal bone marrow cells (right)
underwent methylcellulose colony assay with or without niclosamide for 10 to 14 d. CFU-GM, CFU-granulocyte macrophages; BFU-E, burst-forming unit
erythroids; CFU-GEMM, CFU-granulocytes, erythrocytes, monocytes/macrophages, and megakaryocytes. D, the CD34" population separated from
mononuclear cells of AML specimens (patients 3, 6, and 7) and healthy volunteers was exposed to niclosamide for 24 h and then subjected to flow
cytometry after Annexin V-FITC and CD38-PE staining. Y axis, population of Annexin V-positive CD34*CD38" cells by adjusting the ratio of CD34* purified
cells. Representative plots are shown.
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Next, we examined the effect of niclosamide on phenotyp-
ically defined stem cells from AML specimens. The CD34"
population separated from mononuclear cells of AML speci-
mens was exposed to niclosamide for 24 hours and then un-
derwent flow cytometry with Annexin V-FITC and CD38-PE
staining. Niclosamide substantially increased the Annexin V-
positive CD34"CD38™ subpopulation from AML primary cells
but exerted minimal effect on those from normal bone mar-
row (Fig. 6D). Again, the selective activity of niclosamide
against AML cells versus normal bone marrow cells was con-
firmed in primary patient samples.

Discussion

Niclosamide is a Food and Drug Administration-approved
antihelminthic active against most tapeworms. The mechan-
isms of its action remained elusive, although it seems to
inhibit mitochondrial oxidative phosphorylation of these
worms (28, 29). Niclosamide has low toxicity in mammals
(oral LDs in rats, >5,000 mg/kg; ref. 33) and is inexpensive
and readily available. Here, we report on niclosamide as an
antileukemic agent with two independent antineoplastic me-
chanisms: NF-kB pathway inactivation and ROS generation.
We extended our work to evaluate the efficacy of niclosamide
in AML and found that niclosamide potently inhibited the
growth of AML cells in vitro and in nude mice. Niclosamide
induced apoptosis selectively in AML cell lines, primary
blasts, and primitive progenitor/stem cells of AML patients
but not in nonmalignant cells. Niclosamide is synergistic
with the frontline chemotherapeutic agents Ara-C, VP-16,
and DNR. A single 5-mg/kg oral administration of niclosa-
mide in rats could generate a maximal plasma concentration
of 1.08 pmol/L (34), which is sufficient to kill AML cells, as
extrapolated from our data. Our report is the first to show
that niclosamide is effective in vitro and in vivo against
AML cells, including those with the FIt3 mutations.

Oncogenic mutations (e.g., FIt3) can lead to constitutive
activation of NF-xkB (13). However, an Flt3-independent
mechanism of NF-kB activation exists in some AML (13,
35). The serum level of TNFa (a well-known potent activator
of NF-xB) was higher in 198 AML patients than in 48 healthy
volunteers (36). The abnormal microenvironment in AML
bone marrow likely causes deregulated secretion of cytokines
by stromal cells (36). Therefore, inactivation of NF-«B path-
way could enhance the killing effect of different chemother-
apeutic agents. Indeed, our results reveal that niclosamide
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