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Despite a high remission rate after therapy, only 40−50% of acute myeloid leukemia

(AML) patients survive 5 years after diagnosis. The main cause of treatment failure is

thought to be insufficient eradication of CD34+CD38¡ AML cells. In order to induce

preferential cell death in CD34+CD38¡ AML cells, two separate events may be neces-

sary: (1) inhibition of survival signals such as nuclear factor kappa-beta (NF-kB) and

(2) induction of stress responses such as the oxidative stress response. Therefore, regi-

mens that mediate both effects may be favorable. Deferasirox is a rationally designed

oral iron chelator mainly used to reduce chronic iron overload in patients who receive

long-term blood transfusions. Our study revealed that clinically relevant concentrations

of deferasirox are cytotoxic in vitro to AML progenitor cells, but even more potent

against the more primitive CD34+CD38¡ cell population. In addition, we found that

deferasirox exerts its effect, at least in part, by inhibiting the NF-kB/hypoxia-induced

factor 1-alpha (HIF1a) pathway and by elevating reactive oxygen species levels. We

believe that, pending further characterization, deferasirox can be considered as a

potential therapeutic agent for eradicating CD34+CD38¡ AML cells. © 2018 ISEH –

Society for Hematology and Stem Cells. Published by Elsevier Inc. All rights reserved.
Acute myelogenous leukemia (AML) is a clonal malig-

nancy that is thought to be initiated at a stage as early

as hematopoietic stem/progenitor cells [1]. The cure

rates are less than 10% for older AML patients and the

median survival is less than 1 year for these patients

[2]. Although 70−80% of younger patients achieve com-

plete remission, most will eventually relapse and overall

survival is only 40−50% at 5 years [3,4]. Drug resis-

tance and relapse are major causes for treatment failure.

Current treatments for AML such as nucleoside analogs

(e.g., cytosine arabinoside [ARA-C]) and anthracyclines

[e.g., idarubicin, daunorubicin]) interfere with DNA rep-

lication and induce apoptosis primarily in replicating

cells [4,5]. Because AML CD34+CD38−cells are mostly
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quiescent [6] and maintain drug resistance capabilities

[7], it is likely that at least some of these cells are

refractory to these treatments and may thereby contrib-

ute to relapse [8−11].

It has been shown that AML patients with a greater

number of CD34+CD38− cells at diagnosis have infe-

rior clinical outcomes compared with those who had

fewer CD34+CD38− cells [12−15]. A different study

showed that CD34+CD38− cells are only minimally

affected by conventional chemotherapy and minimal

residual disease (MRD) was found to be enriched with

these cells [16]. Due to the likelihood that the MRD

population contains CD34+CD38− cells [17−19], it is

reasonable to assume that treatment regimens that func-

tion by eliminating CD34+CD38− cells will reduce

MRD and improve outcome for AML patients. There-

fore, identifying the “Achilles heel” of CD34+CD38−

cells and determining how they differ from normal

hematopoietic stem cells is required for the
by Elsevier Inc. All rights reserved.
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development of effective targeted and curative thera-

pies. These data also imply that the CD34+CD38− cell

fraction is a clinically relevant fraction in the propaga-

tion of AML and may hold a key role in the mecha-

nism of relapsed AML and that eliminating this

therapy-resistant fraction represents a possible path

toward achieving longer remissions.

Identifying the molecular mechanisms that underlie the

enhanced survival and drug resistance qualities of

CD34+CD38− cells is critical for targeting this difficult to

eradicate population [20,21]. Nuclear factor kappa-beta

(NF-kB) is activated in the more primitive leukemic cells

of AML, but not in normal hematopoietic stem cells

[9,22,23], and NF-kB-associated pathways are thus known

to be related to tumor formation and maintenance [24].

Therefore, finding agents that inhibit NF-kB may represent

a beneficial approach to more durable AML therapy.

Indeed, inhibition of NF-kB signaling via parthenolide

derivatives [10], proteasome inhibitors [25], and direct

inhibition of inhibitor of NF-kB kinase [26] has been

shown to induce apoptosis in AML blasts. In addition,

NF-kB regulates the expression of the hypoxia-induced

factor 1-alpha (HIF1a) transcription factor [27]. Recent

studies have shown that HIF1a plays a key role in the

maintenance of chronic myeloid leukemia-initiating cells

and targeting HIF1a eliminates cancer stem cells in hema-

tological malignancies [28,29]. However, data have shown

that the sole inhibition of NF-kB is not sufficient to induce

adequate CD34+CD38−-specific apoptosis [25,26].

Studies have demonstrated that increased oxidative load

is a prevalent component of the AML cell death process

and that primitive AML cells may be more sensitive to

changes in oxidative state than the more mature leukemic

blasts [10]. Collectively, these data suggest that two sepa-

rate events may be necessary to induce preferential cell

death in primitive leukemic cells: (1) inhibition of survival

signals such as NF-kB and (2) induction of stress responses

such as the oxidative stress response. Therefore, regimens

that mediate both effects may be favorable. Deferasirox is

a rationally designed oral iron chelator mainly used to

reduce chronic iron overload in patients who receive long-

term blood transfusions [30]. It is also a powerful NF-kB

inhibitor in myelodysplastic cells and in leukemia cell lines

[31]. Additionally, deferasirox has been shown to induce

reactive oxygen species (ROS) generation in hematopoietic

stem cells, myelodysplastic hematopoietic progenitor cells,

and other leukemic cell lines [32−34].
To date, the effect of deferasirox on CD34+CD38−

cells has not been examined. This work shows that

clinically relevant concentrations of deferasirox

decreased CD34+CD38− cell viability via the induction

of apoptosis and inhibition of proliferation. Apoptosis

induction was associated with an elevation in ROS lev-

els, inhibition of NF-kB translocation to the nucleus,
and the subsequent downregulation of HIF1a, a known

key factor in CD34+CD38− cell maintenance.
Methods

Cell isolation and culture

Primary AML cells were obtained, with written informed

consent, from bone marrow of newly diagnosed patients at

the Division of Hematology, Davidoff Center, Rabin Medical

Center, Israel, and at the Division of Hematology, Sheba

Medical Center, Israel. This research was approved by the

Rabin Medical Center and the Sheba Medical Center institu-

tional review boards and ethics committees. The human

AML cell line KG-1a (kindly provided by Prof. Tsvee Lapi-

dot, Weizmann Institute of Science) was also used. For

mononuclear cell and CD34+CD38-/CD34+CD38+ separa-

tions, see the Supplementary Methods (online only, available

at www.exphem.org).
Apoptosis

Apoptosis was assessed using an Annexin V/phycoerythrin stain-

ing kit (Abcam, Cambridge, UK) according to the manufacturer’s

instructions and 7-amino-actinomycin D (7-AAD) staining

(Thermo Fisher Scientific, Waltham, MA, USA). Analysis was

performed on a Gallios flow cytometer and data were processed

by Kaluza (Beckman Coulter, Indianapolis, IN, USA) software.

The total number of events collected was 25,000.
Cell cycle

Cells (1£ 106) were fixed with 100% ice-cold methanol,

washed with cold phosphate-buffered saline (PBS), and then

stained with PBS containing 50 mg/mL propidium iodide (PI)

(Sigma-Aldrich, Rehovot, Israel), 100 mg/mL RNase A

(Sigma-Aldrich), and 0.1% Triton X-100 (Sigma-Aldrich).

Samples were incubated in the dark for 30 minutes. Bromo-

deoxyuridine (BrdU) incorporation was measured using the

fluorescein isothiocyanate (FITC) BrdU flow kit (BD Phar-

mingen, San Jose, CA, USA) according to the manufacturer’s

protocol. All analyses were measured by a Gallios flow

cytometer. Data were analyzed using Kaluza software.
Colony-forming assay

Cells (1£ 104) were incubated at 37˚C in complete methyl-

cellulose medium with recombinant cytokines (MethoCult

H4434; STEMCELL Technologies, Vancouver, Canada). Col-

onies were counted after 10 days with an inverted micro-

scope (Olympus, Hamburg, Germany). Colonies were defined

as clusters containing >20 cells. For representative enlarged

images of the colonies, see the Supplementary Methods

(online only, available at www.exphem.org).
Cell fractionations

Nuclear and cytoplasmic proteins were isolated using NE-PER

nuclear and cytoplasmic extraction reagents (Thermo Fisher Scien-

tific) according to the manufacturer’s instructions. Fractionation

efficiency was determined by Histon H4 (nuclear protein) and

b-tubulin (cytoplasmic protein) antibodies.

http://www.exphem.org
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Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed with the

Magna-CHIP chromatin immunoprecipitation kit (Millipore, Bur-

lington, MA, USA) according to the manufacturer’s instructions.

For detailed methods, see the Supplementary Methods (online

only, available at www.exphem.org).
Intracellular ROS measurement

Intracellular ROS levels were determined by 20,70-dichlorodihy-
drofluorescein-diacetate (H2DCFDA) cellular ROS detection

assay kit (Abcam). Detection of free thiol groups was performed

using monochlorobimane (mBCl) staining. Mitochondrial ROS

level was determined using the MitoSOXRed Mitochondrial

Superoxide Indicator (Thermo Fisher Scientific). Detailed proto-

col is provided in the Supplementary Methods (online only,

available at www.exphem.org).
Hypoxia induction

Sorted KG-1a cells were treated with relevant concentrations

of deferasirox and immediately placed in a “hypoxia tank”

(STEMCELL Technologies) containing a 1% O2 gas mixture

for 48 hours. Cells were then lysed and protein extracts were

analyzed by Western blot.
Western blot

Proteins were separated on Mini-PROTEAN precast gels

(Bio-Rad, Hercules, CA, USA), transferred to a nitrocellulose

Trance-Blot Turbo Transfer Pack membrane (Bio-Rad), and

then blotted with the antibodies listed in the Supplementary

Methods (online only, available at www.exphem.org).
Small interfering RNA transfection

Cells were electroporated with small interfering RNAs

(siRNAs) using the Amaxa Cell Line Nucleofector Kit L

(Lonza, Basel, Switzerland) according to the manufacturer’s

protocol. Electroporation parameters were set according to

the Amaxa Kit L protocol for KG-1a cells. Cells were ana-

lyzed 24 hours after transfection. HIF-1a siRNA sense was:

50-CCUCAGUGUGGGUAUAAGAtt-30; antisense was: 50-
UCUUAUACCCACACUGAGGtt-30 (Applied Biosystems,

Foster City, CA, USA).
Real-time polymerase chain reaction

RNA was isolated using the RNeasy Plus Mini Kit (Qiagen,

Hilden, Germany) and reverse transcribed using the high-

capacity cDNA RT kit (Applied Biosystems). Real-time poly-

merase chain reaction (PCR) was performed using the Eco

Real-Time PCR (Illumina, San Diego, CA, USA). Amplifica-

tion conditions are listed in the Supplementary Methods

(online only, available at www.exphem.org).
Statistics

Unless differently indicated, Student t test was used. Statistical

significance was given at p < 0.05. One-way analysis of variance

(ANOVA) followed by Bonferroni’s post hoc test and two-way

ANOVA were performed using IBM SPSS 24 software. Syner-

gism was calculated by Chou.T.C combination index using Com-

boSyn software (www.combosyn.com).
Results

Deferasirox selectively eradicates KG-1a

CD34+CD38− cells and exhibits a synergistic effect

with ARA-C

Deferasirox inhibits NF-kB [31]. Given the critical role

of NF-kB in CD34+CD38¡ AML cells [9] and the key

role of iron in hematopoietic stem cell cellular metabo-

lism, we were intrigued by the possibility that AML

CD34+CD38− cells can be selectively targeted by

deferasirox.

Because AML CD34+CD38− cells are only mini-

mally affected by conventional chemotherapy and

MRD was found to be enriched within these cells, they

are potentially clinically relevant [16]. We therefore

used the CD34+CD38− fraction for all experiments.

CD34+CD38− cells sorted from the KG-1a cell line

have been shown to be morphologically, cytochemi-

cally, and functionally primitive. These cells also pos-

sess stem cell characteristics and were therefore chosen

as model cells [35]. CD34+CD38− KG-1a cells exhib-

ited increased sensitivity to deferasirox with a half-

maximal inhibitory concentration of 1.3 mmol/L com-

pared with 8.9 mmol/L calculated for the more mature

CD34+CD38+ cells (Figure 1A). The CD34+CD38−

KG-1a cells were less sensitive to ARA-C compared

with CD34+CD38+ cells (Figure 1B). Combination

index indicated a synergistic effect between deferasirox

and ARA-C, most prominently with the lower doses of

these two drugs both in the primitive and in the more

mature populations (Figures 1C−1F).

Deferasirox induces growth arrest of the CD34+CD38−

KG-1a cells, the AML patient CD34+CD38−CD123+

cell population, and the corresponding progenitor cells

Previous studies have shown that exposing lymphoma

cell lines to deferasirox results in G1/S arrest [36]. We

therefore assessed whether the cytotoxic effect of

deferasirox on the KG-1a cells was due to growth

arrest. Cell fractions were cultured in 5 mmol/L or

20 mmol/L deferasirox, which are clinically relevant

concentrations of the drug [37], or in the presence of

dimethylsulfoxide (DMSO) as a control. Following

48 hours of exposure to 20 mmol/L deferasirox, a sig-

nificant number of S-phase cells were detected both in

the KG-1a CD34+CD38− cells (control: 15§2.5%, 20

mmol/L deferasirox: 26.4 § 2.2%, p < 0.05) and in the

KG-1a CD34+CD38+ progenitor cells (control: 25.1§
2.3%, 20 mmol/L deferasirox: 32.6 § 1.4%, p < 0.05)

(Figure 2A). In a colony-forming assay, the number of

colonies formed by both primitive and mature cell frac-

tions was reduced following exposure to deferasirox in

a dose-dependent manner (Figure 2B). Deferasirox also

reduced the number of colonies formed by AML

patients’ CD34+CD38−CD123+ fraction and progenitor

http://www.exphem.org
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Figure 1. Deferasirox selectively eradicates KG-1a CD34+CD38− cells. KG-1a CD34+CD38− and CD34+CD38+ fractions were exposed to defer-

asirox (A) and ARA-C (B) separately and combined (C,D) for 72 hours. Values represent a mean of three experiments § SD (n = 3). Two-way

ANOVA was performed. Presented are simple main effects comparing each deferasirox concentration between the two cell types (A,B) and

main effects comparing the overall effect of deferasirox on viability averaging across the different concentrations of ARA-C to the untreated

control (C,D). *p < 0.05, **p < 0.01, ***p < 0.001. Cell proliferation was analyzed by WST-1. Synergism was calculated by Chou.T.C combi-

nation index (E,F).
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cell fractions. The 20 mmol/L concentration reduced

colony formation by over 93% in all groups (p < 0.01)

(Figure 2B). The vast majority of the colonies appeared

abnormal and exhibited blast-like or monocytic features

with the exception of several granulocyte/macrophage

colonies. In addition, we tracked cell division by stain-

ing KG-1a CD34+CD38− and CD34+CD38+ cells with

eFluor proliferation dye for 96 hours. As shown in

Figure 2C, deferasirox inhibited cell division in both
cell fractions. At a high deferasirox concentration

(20 mmol/L), the percentage of nondividing

CD34+CD38− and CD34+CD38+ KG-1a cells was

71.8% and 66.2%, respectively, compared with the

respective 6.9% and 10.2% in the untreated cells. Both

the colony-forming assay and the proliferation dye

experiment pointed to a substantial inhibition of prolif-

eration by deferasirox. This inhibition cannot be

explained by the mild S-phase arrest that was observed

https://doi.org/10.1016/j.exphem.2018.10.010


Figure 2. Deferasirox induces growth arrest. KG-1a cells were separated into CD34+CD38− and CD34+CD38+ fractions (A−D).

CD34+CD38−CD123+ and CD34+CD38+CD123+ cells were isolated from newly diagnosed AML patients (n = 3) (B). (A) KG-1a CD34+CD38−

and CD34+CD38+ samples were cultured with 5 mmol/L and 20 mmol/L deferasirox for 48 hours. Cell cycle was evaluated by PI staining. Values

represent a mean of three experiments § SEM supplemented with histograms of one representative experiment. (B) Following a 48 hour incuba-

tion of KG-1a CD34+CD38− and CD34+CD38+ cells and AML CD34+CD38−CD123+ and CD34+CD38+CD123+ cells with deferasirox, the cells

were seeded in complete methylcellulose medium with recombinant cytokines for 10 days. Samples were screened for colonies using an inverted

microscope. Values represent a mean of three experiments carried out on samples from three different patients (patient samples: AML11,

AML15, and AML22) § SEM accompanied by inverted microscope images from one representative experiment (AML15). *p < 0.05, **p <
0.01. CFU = colony-forming units. (C) KG-1a CD34+CD38− and CD34+CD38+ fractions were staining with an eFluor proliferation dye, incu-

bated for 96 hours, and analyzed by flow cytometry. Percentages of undivided cells are presented § SEM (n = 3), supplemented by a histogram

of one representative experiment. (D) CD34+CD38− KG-1a cells were treated with 20 mmol/L deferasirox for 1, 3, and 5 hours and then the cells

were pulsed with BrdU for 45 min followed by anti-BrdU FITC and 7-AAD staining and flow cytometry. The percentage of S-phase gated cells

are presented, accompanied by dot plots from one representative experiment. Values represent a mean of three experiments § SEM. **p < 0.01.
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following deferasirox treatment (Figure 2A). We there-

fore performed a more sensitive assay. We monitored

DNA synthesis in deferasirox-treated KG-1a

CD34+CD38− cells using BrdU and 7-AAD staining

(Figure 2D). Interestingly, even after a short 1 hour

exposure to 20 mmol/L deferasirox, we observed a sig-

nificant reduction in BrdU incorporation, suggesting a

decrease in DNA transcription. Following 1, 3, and

5 hours of exposure to deferasirox, the S-phase-gated,

BrdU-positive CD34+CD38− KG-1a cells percentages

decreased by 26 § 7.5%, 39 § 6.3%, and 88 § 2.4%,

respectively (Figure 2D). Together, these data suggest

that deferasirox leads to a statistically significant

reduction in the proliferation of the CD34+CD38− and

CD34+CD38+ KG-1a cell populations and in AML

patient primary cells.
Deferasirox induces apoptosis in KG-1a CD34+CD38−

cells and in the AML patient CD34+CD38−CD123+

cell population

We next examined the apoptotic effect of deferasirox

on CD34+CD38− and CD34+CD38+ KG1a cell frac-

tions. To this end, the cell fractions were cultured in

5 mmol/L or 20 mmol/L deferasirox for 24−72 hours or

in DMSO as control and stained with Annexin V and

the plasma membrane permeability marker 7-AAD.

Deferasirox showed a significant time- and dose-depen-

dent induction of apoptosis in the CD34+CD38− cells.

The percent of apoptotic cells was 21.9 § 2.8%, 39.7

§ 4.9%, and 73.95 § 6.1% following a 24, 48, and

72 hour exposure to 20 mmol/L deferasirox and 32 §
6.2% and 73.95 § 6.1% following exposure to 5 mmol/

L and 20 mmol/L deferasirox (72 hours), respectively

(Figures 3A−3F). Our data show that deferasirox (par-

ticularly at 20 mmol/L) is more than twofold more effi-

cient in inducing apoptosis in the CD34+CD38− cells

than in the CD34+CD38+ cells (Figures 3E and 3F).

These results suggest that CD34+CD38− KG-1a cells

are significantly more sensitive to deferasirox in terms

of apoptosis compared with CD34+CD38+ cells.

In addition, deferasirox treatment led to an increase in

cleaved caspase-3 and even more prominently in

cleaved PARP (a downstream target of caspase-3)
Figure 3. Deferasirox induces apoptosis. Apoptosis of KG-1a CD34+CD38

Annexin V and 7-AAD. Percentages of apoptotic cells (Annexin V+) an

72 hours (E,F) of exposure to deferasirox are presented. Values represent

Quantitative analysis of PARP, cleaved PARP, and cleaved caspase-3 prote

48 hours, accompanied by a representative Western blot. (H) CD34+CD38

nosed AML patients (patient samples: AML8, AML9, AML10, and AML

0.05 mmol/L ARA-C. Apoptosis was evaluated following 72 hours by flow

V+) are presented. Values represent a mean of four AML patient samples

were used to compere the different treatments within each cell type. Due to

analysis of the differences between the cell types. *p < 0.05, **p < 0.01,

0.05, ##p < 0.01, ###p < 0.001.
(Figure 3G), indicating that this deferasirox-induced

apoptosis is most likely caspase dependent.

As shown with the cell line, a 72 hour exposure to

deferasirox induced apoptosis in a dose-dependent manner

in AML patients’ CD34+CD38−CD123+ cells (5 mmol/L

deferasirox d between treated and control = 32.5 § 3.6%,

p < 0.01; 20 mmol/L deferasirox d = 41 § 4.5%, p <
0.001) (Figure 3H). Furthermore, the increment in apopto-

sis of CD34+CD38−CD123+ cells exposed to deferasirox

(particularly with 20 mmol/L deferasirox) was more than

twofold higher (p < 0.05) compared with that of the

CD34+CD38+CD123+ progenitor cells (Figure 3H). These

data indicate that deferasirox is highly cytotoxic to AML

cells; however, it is significantly more specific to the

AML CD34+CD38−CD123+ cells. Interestingly, our data

also show that the CD34+CD38+CD123+ cells exhibited

higher sensitivity to ARA-C treatment compared with the

more primitive CD34+CD38−CD123+ cells (Figure 3H).

These data are consistent with studies showing that

CD34+CD38−CD123+ cells may be resistant to chemother-

apy [6−15]. However, the combination of deferasirox and

ARA-C induced high levels of apoptosis in both the

CD34+CD38−CD123+ and the CD34+CD38+CD123+ popu-

lations, suggesting a synergistic effect between deferasirox

and ARA-C (Figure 3H).
Deferasirox exposure increases ROS levels in KG-1a

CD34+CD38− cells and in the AML patient

CD34+CD38−CD123+ cell population

Primitive AML cells are more sensitive to changes in oxi-

dative state than the more differentiated counterparts and

increased ROS contributes to AML-specific cell death

[10]. Deferasirox has been reported to induce ROS genera-

tion [32−34], so it could have a major impact on the leu-

kemic CD34+CD38−CD123+ cell population through this

effect. We therefore examined ROS levels in KG-1a

CD34+CD38− primitive cells and CD34+CD38+ cells

and in AML patient CD34+CD38−CD123+ and

CD34+CD38+CD123+ progenitor cells following exposure

to 5 mmol/L and 20 mmol/L deferasirox for 3 hours using

H2DCFDA. Relative ROS levels were calculated as the

fold change of median fluorescence intensity over unstained

control. As seen in Figures 4A and 4B, a progressive
− and CD34+CD38+ fractions was evaluated by flow cytometry using

d representative dot plots for 24 hours (A,B), 48 hours (C,D), and

a mean of three experiments § SEM. *p < 0.05, **p < 0.01. (G)

in levels from CD34+CD38− KG-1a cells exposed to deferasirox for
−CD123+ and CD34+CD38+CD123+ cells isolated from newly diag-

27) were cultured with 5 mmol/L and 20 mmol/L deferasirox and/or

cytometry using Annexin V. Percentages of apoptotic cells (Annexin

§ SEM. One-way ANOVA followed by Bonferroni’s post hoc test

the patients’ heterogeneity, paired t tests were used for the statistical

***p < 0.001. #Statistical significance compared with control; #p <

https://doi.org/10.1016/j.exphem.2018.10.010


Figure 4. Deferasirox exposure increases ROS levels. KG-1a cells were separated into CD34+CD38− and CD34+CD38+ fractions (A−G).

CD34+CD38−CD123+ and CD34+CD38+CD123+ cells were isolated from newly diagnosed AML patients (n = 3) (A−D). All fractions were cul-

tured with 5 mmol/L or 20 mmol/L deferasirox for the indicated times. (A) Representative flow cytometric analysis of ROS production using

H2DCFDA staining in KG-1a and AML patient (specimen AML053) cell fractions exposed to deferasirox for 3 hours. (B) Relative ROS levels

calculated as fold change of median fluorescence intensity over unstained control § SEM (n = 3, patient samples: AML33, AML51, and

AML53). (C) Representative flow cytometric overlays for mBCl fluorescence from KG-1a and AML patient (specimen AML057) cell fractions

exposed to 5 mmol/L or 20 mmol/L deferasirox for 30 min or to 3 hours of 800 mmol/L NAC pretreatment + 30 min of 20 mmol/L deferasirox.

(D) Relative free thiol groups levels as the fold change of median mBCl fluorescence intensity over unstained control § SEM (n = 3, patient

samples: AML54, AML56, and AML57). (E) Representative flow cytometric overlays for MitoSOX fluorescence of CD34+CD38− and

CD34+CD38+ KG-1a cells exposed to 5 mmol/L or 20 mmol/L deferasirox for 30 min. Exposure to 1−10 mmol/L doxorubicin for 18 hours was

used as a positive control. (F) Relative superoxide levels as the fold change of median MitoSox fluorescence intensity over unstained control §
SEM (n = 3). (G) CD34+CD38− and CD34+CD38+ KG-1a cells were exposed to 20 mmol/L deferasirox for 48 hours or pretreated with 400

mmol/L or 800 mmol/L NAC for 1 hour, then washed and treated with 20 mmol/L deferasirox for 48 hours or exposed to 50-100 mmol/L BSO

for 48 hours. Apoptosis was evaluated by flow cytometry using Annexin V and 7-AAD. Percentages of apoptotic cells (Annexin V+) are pre-

sented § SEM (n = 3). One-way ANOVA followed by Bonferroni’s post hoc test were used to compare the different treatments. *p < 0.05,

**p < 0.01.
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increase in ROS levels was seen in the cell line as well as

in the AML patients’ more primitive cells, in contrast to a

more modest increase in ROS levels observed in the more

differentiated KG-1a and AML patients cells. ROS levels

increased significantly in the CD34+CD38− KG-1a cells
from the basal level of 18.1 § 3.4 to 26.3 § 2.8 and 93.3

§ 16.5 and in the AML patients CD34+CD38−CD123+

cells from 22.3 § 4.3 to 29.4 § 5.6 and 56.3 § 7.2 fol-

lowing treatment with 5 mmol/L and 20 mmol/L defera-

sirox, respectively. In contrast to deferasirox, ARA-C did
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not significantly affect ROS levels in the different KG-1a

cell populations (data not shown).

Next, we labeled the cells with mBCl, which detects

free thiol groups. Reduced labeling intensity signifies

loss of free thiols, indicating increased oxidative stress.

A reduction in mBCl labeling was evident in the KG-

1a CD34+CD38− cells and in the AML patients’

CD34+CD38−CD123+ cells as early as 30 minutes

after exposure to deferasirox (Figures 4C and 4D). The

reduction in mBCl labeling in the KG-1a

CD34+CD38− cells supports our KG1a H2DCFDA

staining results. Additionally, we stained the cells with

the mitochondrial superoxide indicator MitoSOX red

which is oxidized by mitochondrial superoxide but not

by non-mitochondrial ROS. Doxorubicin, an inducer of

mitochondrial ROS, was used as positive control [38].

As seen in Figures 4E and 4F, no significant change

was detected in the superoxide level of the different

cells following exposure to deferasirox for 3 hours.

These results imply that there is no mitochondrial

involvement in the early deferasirox-induced elevation

in ROS levels in these cells.

To determine whether the cytotoxic effect of defera-

sirox is dependent on its ability to increase ROS gener-

ation, we pretreated the cells with 400 mmol/L or 800

mmol/L N-acetyl-cysteine (NAC), a potent antioxidant.

The cells were then washed and cultured with 20

mmol/L deferasirox for an additional 48 hours. NAC

effectively reduced deferasirox-induced apoptosis

(Figure 4G). Moreover, NAC reversed the reduction in

mBCl labeling that was seen with deferasirox treatment

alone and even intensified it over the control

(Figure 4C). To study whether the mere increase in

ROS levels is responsible for the apoptotic effect seen

after deferasirox treatment, KG-1a cells were exposed

to 50 mmol/L and 100 mmol/L L-buthionine sulphoxi-

mine (BSO) (induces ROS overproduction). The

CD34+CD38− KG-1a cells were found to be signifi-

cantly more sensitive to BSO treatment compared with

the CD34+CD38+ cells in terms of apoptosis

(CD34+CD38−: 50 mmol/L BSO 26.3 § 4.9%, 100

mmol/L BSO 32 § 6.3%, CD34+CD38+: 50 mmol/L

BSO 15.8 § 2.3%, 100 mmol/L BSO 17.3 § 4.2%)

(Figure 4G). These data suggest that elevated ROS pro-

duction by deferasirox could be at least partially

responsible for the cytotoxicity that this agent displays

against CD34+CD38− KG-1a cells.

Deferasirox inhibits NF-kB translocation to the nucleus

and downregulates HIF1a expression

NF-kB is activated in primitive AML cells, but not in nor-

mal hematopoietic stem cells [9,22,23]. Furthermore, the

inhibition of NF-kB signaling induces apoptosis in AML

blasts [10,25,26]. Considering that deferasirox is a powerful
NF-kB inhibitor [31], it is possible that deferasirox exerts

its effect through NF-kB inhibition. We studied the effect

of deferasirox on the nuclear localization of NF-kB.

CD34+CD38− KG-1a cells were exposed to 5 mmol/L and

20 mmol/L deferasirox, 100 mmol/L BSO each for 48 hours,

or pretreated with NAC for 1 hour and then washed and

exposed to 20 mmol/L deferasirox for 48 hours. Our data

revealed a substantial decrease of > 80% (p < 0.01) in p65

nuclear levels following 20 mmol/L deferasirox exposure

(Figures 5A and 5B). Pretreating the cells with NAC did

not reverse the reduction in p65 nuclear levels seen follow-

ing deferasirox treatment. In addition, treating the cells

with BSO slightly increased p65 nuclear and cytoplasmic

levels. These data signify that deferasirox exposure leads to

a decrease in p65 nuclear expression that is not mediated

through deferasirox-induced ROS production. NF-kB regu-

lates the expression of HIF1a [27] and the downregulation

of HIF1a has been shown to lead to the elimination of

CD34+CD38− cells [29]. As seen in Figure 5C, exposure

of CD34+CD38− KG-1a cells to 20 mmol/L deferasirox for

48 hours significantly reduced the binding of NF-kB to the

HIF1a promoter as detected by ChIP assay. In addition,

HIF1a mRNA expression was reduced by 40% (p < 0.01)

(Figure 5D). A similar trend was observed in

CD34+CD38−CD123+ cells acquired from AML patients

with a 55% reduction in HIF1a mRNA expression (p <
0.01) (Figure 5E). Additionally, because the hypoxic niches

in bone marrow are enriched with leukemic CD34+CD38−

cells [6] and the HIF1a protein is stabilized under hypoxic

conditions, we investigated the effect of hypoxia on KG-1a

CD34+CD38− and CD34+CD38+ cells. We observed a sig-

nificant 70% and 74% decrease in HIF1a protein levels in

the KG-1a CD34+CD38− cell fraction following a 48 hour

exposure to 20 mmol/L deferasirox under normoxic and

hypoxic conditions, respectively (Figures 5F and 5G). Inter-

estingly, we did not observe any significant decrease in

HIF1a mRNA or protein levels in the more mature

CD34+CD38+ KG-1a cells (Figures 5D, 5F, and 5G) or in

the CD34+CD38+CD123+ AML patient progenitor cells

(Figure 5E). Moreover, under these conditions, we observed

a 57% reduction of GLUT1 mRNA expression (transcrip-

tionally regulated by HIF1a [39]) in the KG-1a

CD34+CD38− cells (p < 0.01) (Figure 5H). Basal HIF1a

mRNA and protein levels were significantly higher in the

CD34+CD38- cell fraction (of both the cell line and

patient samples) compared with the CD34+CD38+ cells

(Figures 5D−5G). These data, combined with previous

reports that the more mature leukemic cells are less sensi-

tive to HIF1a downregulation [28,29], may suggest that

HIF1a expression is more crucial for the maintenance of

CD34+CD38−CD123+ cells compared with the more

mature cells and that deferasirox exerts its effect on the

CD34+CD38−CD123+ cells at least in part through this

pathway.
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Figure 5. Deferasirox downregulates HIF1a expression. CD34+CD38− and CD34+CD38+ KG-1a fractions were exposed to 5 mmol/L and

20 mmol/L deferasirox or exposed to 100 mmol/L BSO for 48 hours or pretreated with 800 mmol/L NAC for 1 hour, then washed and treated

with 20 mmol/L deferasirox for 48 hours. Nuclear and cytoplasmic fractions were analyzed using anti-p65. Anti-b-tubulin and anti-histone-H4

were used to assess fractionation efficiency. (A) Representative Western blots. (B) Quantification of p65 expression. Values represent the mean

of three experiments § SEM. One-way ANOVA followed by Bonferroni’s post hoc test were used to compare the different treatments. *p <
0.01. (C) CD34+CD38− KG-1a cells were treated with deferasirox for 48 hours and recruitment of NF-kB to the HIF1a proximal promoter was

evaluated by ChIP. Anti-p65 antibody was used for immunoprecipitation. PCR was performed with primers spanning the HIF1a proximal pro-

moter. Shown is a representative PCR experiment. (D) Real-time PCR of HIF1a in CD34+CD38− and CD34+CD38+ KG-1a cells. (E) Real-time

PCR of HIF1a in CD34+CD38−CD123+ and CD34+CD38+CD123+ cells isolated from newly diagnosed AML patients (n = 3, patient samples:

AML27, AML51, and AML58). (F) KG-1a CD34+CD38− and CD34+CD38+ cell fractions were treated with deferasirox and subjected to hyp-

oxic/normoxic conditions for 48 hours. Representative Western blot of HIF1a in KG-1a cells is shown. (G) Quantitative analysis of HIF1a pro-

tein levels. Values represent a mean of three experiments § SEM. *p < 0.05**p < 0.01. (H) Real-time PCR of GLUT1 in KG-1a cells. Values

represent a mean of three experiments § SEM.*p < 0.01.
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HIF1a downregulation in combination with ROS

induction and iron chelation is required for apoptosis

induction in KG-1a CD34+CD38− cells

At this point, we were interested in determining whether the

combined ability of deferasirox to chelate iron, increase

ROS production (Figure 4), and reduce HIF1a expression

(Figure 5) is responsible for the selective apoptosis seen in

the KG-1a CD34+CD38− cells. We therefore tested the
ability of these three properties separately and combined to

induce apoptosis in CD34+CD38− KG-1a cells and in the

CD34+CD38+ KG-1a cells. We used BSO to induce ROS

overproduction, si-HIF1a to reduce HIF1a levels, and the

chelator deferiprone (known to chelate iron but not to

reduce NF-kB expression [31]) to reduce iron levels. si-

HIF1a-transfected KG-1a CD34+CD38− cells showed an

»60% reduction in HIF1a mRNA expression (Figure 6A),
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Figure 6. HIF1a downregulation in combination with ROS production and iron chelation induces apoptosis in KG-1a CD34+CD38− cells.

CD34+CD38− and CD34+CD38+ fractions were treated with si-HIF1a, scrambled siRNA, BSO, deferiprone (DEF), or DMSO. (A) Real-time

PCR of HIF1a 24 hours after si-HIF1a transfection. (B) Twenty-four hours after si-transfections, the cells were treated with 170 mmol/L DEF

and/or with 100 mmol/L BSO for 48 hours. Apoptosis was evaluated by Annexin V. Percentages of apoptotic cells (Annexin V+) are presented.

One-way ANOVA followed by Bonferroni’s post hoc test were used to compere the different treatments. *p < 0.05, **p < 0.01, ***p < 0.001.

#Statistical significance compared with control; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001.
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which is similar to the effect that deferasirox had on HIF1a

mRNA expression in these cells (Figure 5A). Transfection

of si-HIF1a slightly increased the apoptotic population of

the CD34+CD38− KG-1a cells and did not alter the apopto-

tic population of the CD34+CD38+ cells. Exposing the cells

to 170 mmol/L deferiprone also did not have a statistically

significant apoptotic effect on the CD34+CD38− KG-1a

cells or on the CD34+CD38+ cells. Similarly, exposing the

cells to BSO did not culminate in significant apoptosis

(Figure 6B). si-HIF1a-transfected cells exposed to deferi-

prone or to BSO displayed a significant apoptotic response

only in the CD34+CD38− fraction. However, exposure to

BSO and deferiprone together resulted in a significant apo-

ptotic response in both the CD34+CD38− and CD34+CD38+

KG-1a cells. Interestingly, treating si-HIF1a-transfected
cells with BSO and deferiprone led to an apoptotic response

in the CD34+CD38− cells that was significantly greater than

that seen in the CD34+CD38+ cells. Moreover, the apoptotic

response of the si-HIF1a-transfected CD34+CD38+ cells

treated with BSO and deferiprone was similar to that of the

scrambled transfected CD34+CD38+ cells treated with BSO

and deferiprone (Figure 6B). These data imply that the par-

ticular combined ability of deferasirox to chelate iron,

induce ROS production, and reduce HIF1a expression facil-

itates its ability to induce apoptosis specifically in the

CD34+CD38− cell fraction.
Discussion

The AML CD34+CD38¡ cell population is highly resis-

tant to conventional chemotherapies and this resistance

may contribute to AML treatment failure. Guzman et

al. [40] proposed that two types of events are necessary

to induce preferential CD34+CD38−CD123+ cell death:

(1) inhibition of survival signals (such as NF-kB) and

(2) activation of stress responses (such as oxidative

stress response). We showed that clinically relevant

concentrations of deferasirox, a Food and Drug Admin-

istration-approved iron chelator, specifically targets the

leukemic CD34+CD38−CD123+ cell fraction by inhibit-

ing NF-kB and HIF1a and by increasing ROS levels.

We also showed that these events are not directly

linked to each other because NF-kB nuclear localiza-

tion, and thus activation, was not reduced following

exposure of the cells to BSO. In addition, the genera-

tion of ROS was observed within minutes following

exposure to deferasirox and thus is probably not medi-

ated by a slow, NF-kB-dependent transcriptional acti-

vation response.

It is important to mention that, throughout our experi-

ments, the KG-1a cells behaved in a similar manner to the

AML samples. The AML patient CD34+CD38−CD123+

cells and the CD34+CD38− KG-1a cells were more sensi-

tive to deferasirox in terms of apoptosis, NF-kB, and
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HIF1a downregulation and increment of ROS compared

with the progenitor leukemic cells.

A surprising result was that, even though deferasirox

displayed an apoptotic effect primarily on primitive KG-1a

and AML cells, its anti-proliferative effect was detected on

both the primitive and more mature cells. BrdU pulse assay

showed that DNA transcription decreased rather quickly.

This immediate response may indicate the existence of an

additional, yet to be established mechanisms by which

deferasirox exerts this specific effect. Importantly, studies

have shown that deferasirox, at concentrations equal to

those we used or even at higher ones, has no effect on nor-

mal hematopoietic stem cell’s viability [32,33]. Moreover,

clinical studies that tested the effect of deferasirox treat-

ment on aplastic anemia, myelodysplastic syndromes

(MDS), and post-bone marrow transplantation patients

showed a favorable hematological response to deferasirox

treatment, with positive blood counts, which suggests that

hematopoietic stem cells are unaffected by this treatment

[41−43].
We believe that deferasirox exerts its cytotoxic

effect at least in part by downregulating HIF1a levels

in the CD34+CD38−CD123+ population via inhibiting

the translocation of NF-kB to the nucleus. Generally,

high HIF1a expression is correlated with tumor growth,

therapy resistance, and relapse [44,45]. Therefore, sus-

tained expression of HIF1a can be considered a marker

for poor prognosis in AML and other hematological

malignancies [46−50]. Furthermore, several studies

have shown that the inhibition of HIF1a results in the

failure of malignant primary cells to form in vitro colo-

nies and even significantly increases disease-free sur-

vival in vivo [28,29,48,51,52]. However, the specific

role of HIFs in hematological malignancies seems to

be controversial and contradictory data have been pub-

lished. Several studies have reported that HIF1a
expression may induce cell differentiation in AML and

low levels of HIF1a may correlate with reduced sur-

vival [53−55]. This discrepancy may be explained by

the use of different models (mouse vs. human) and

short hairpin RNA-inhibiting drugs compared with

knock-out models. Interestingly, the mere downregula-

tion of HIF1a did not induce a significant apoptotic

response in the KG-1a CD34+CD38− cells, which is

contradictory to previous studies showing that targeting

HIF1a eliminates cancer stem cells in hematological

malignancies [28,29]. This discrepancy may emanate

from the fact that, in the previous studies [28,29],

HIF1a expression was severely reduced to levels sub-

stantially lower than those in our experiments. In our

studies, we ensured an accurate HIF1a expression level

obtained following exposure to clinically relevant con-

centration of deferasirox, which was 50−60% of the

normal expression level. We found that this amount of

downregulation is sufficient to induce apoptosis in the
CD34+CD38− cells only when combined with the iron

chelator deferiprone, which does not have an effect on

NF-kB, and with BSO. We therefore believe that defer-

asirox utilizes a combination of HIF1a downregulation,

ROS induction, and iron chelation to induce apoptosis

in these cells.

An additional interesting finding was that defera-

sirox induced ROS generation in the KG-1a and AML

patients’ CD34+CD38− cells and exposure to NAC sub-

stantially diminished deferasirox-mediated cell death.

In addition, the CD34+CD38− KG-1a cells were much

more sensitive to BSO treatment compared with the

more mature cells. These data indicate that increased

ROS contributes to CD34+CD38− specific cell death

triggered by deferasirox and that the observed cell

death may even be dependent on this specific charac-

teristic of deferasirox. mBcl staining revealed a rapid

decrease in free thiol groups following exposure to

deferasirox, which indicates a very prompt induction in

ROS levels. This immediate effect is most likely not a

result of the activation of complicated and time-con-

suming molecular pathways, but rather is a direct

effect. An immediate and direct effect of iron chelators

have been described previously, such as seen with di-

2-pyridylketone isonicotinoyl hydrazone, which gener-

ates ROS in a mitochondria-independent process by

enhancing Fenton chemistry, thus promoting the pro-

duction of Fenton-derived radicals [56].

Iron participates in the Fenton reaction, which gen-

erates hydroxyl radicals. Deferasirox would therefore

be expected to lower intracellular ROS levels. Consis-

tent with this hypothesis, a clinical trial showed

reduced ROS levels in red blood cells of MDS patients

after 3 months of deferasirox therapy [57,58]. How-

ever, several studies of variable in vitro effects of

deferasirox on cellular ROS levels in MDS/AML have

been published [32−34,59]. In these studies, whenever

the cells were exposed to deferasirox for very short

periods (30 minutes), an increase in ROS levels was

detected [32,34]. In cases in which the cells were

exposed to deferasirox for longer periods (24−72

hours), ROS levels were decreased [59]. Based on

these studies, iron chelators seem to initiate pro-oxi-

dant and anti-oxidant effects. One possible explanation

for this phenomenon is that iron chelators will always

induce an initial increase in ROS levels. In some cells,

this will trigger antioxidant response pathways that

will ultimately lead to a decrease in ROS levels. In

other cells, such as our CD34+CD38− cells, these path-

ways may be inhibited and the increase in ROS will

eventually activate an apoptotic response.

Interestingly, many chemotherapeutic agents are known

to increase ROS, but such agents also typically upregulate

NF-kB activity. NF-kB is a key component in the cells’

adjustment to high oxidative stress [60]. Because
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deferasirox elevates ROS levels and inhibits NF-kB activ-

ity, deferasirox may sensitize the CD34+CD38− cells to

the increase in ROS. If this assumption is accurate, then it

might explain the chemosensitizing effect that we

observed when combining deferasirox with ARA-C. More-

over, this sort of interaction might occur with other com-

mon anti-leukemia drugs [26,61] and this unique

inhibition in NF-kB activity could explain the inability of

these CD34+CD38− cells to properly activate antioxidant

pathways in response to high ROS levels.

Over the past decade, several studies have demon-

strated the promising yet limited cytotoxic potential of

deferasirox against leukemic cell lines [31,34,59]. In

the clinical setting, retrospective studies in MDS

patients suggested that iron chelators may increase life

expectancy and decrease the risk of transformation into

AML [62,63]. In another study, AML patients failing

hypomethylating agents were treated with deferasirox

and vitamin D. Their overall survival significantly

increased compared with matched patients receiving

best supportive care only [64]. Additionally, a 2011

case study described a patient with chemotherapy-resis-

tant AML, who achieved complete remission after

being treated only with deferasirox [65]. The molecular

mechanism in all of these cases remains unknown.

We describe a novel anti-CD34+CD38− property of

deferasirox. We found clinically relevant concentra-

tions of deferasirox to be cytotoxic in vitro to AML

progenitor cells, but even more potent against the

CD34+CD38−CD123+ cell population. We believe that

deferasirox exerts its cytotoxic effect at least in part by

downregulating HIF1a levels in the leukemic

CD34+CD38−CD123+ population and by increasing

ROS levels. Pending further characterization, defera-

sirox can be considered as a potential therapeutic agent

for eradicating CD34+CD38−CD123+ cells.
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Supplementary methods for:

Deferasirox induces cell death in leukemic stem cells

through iron chelation, induction of ROS and inhibition

of HIF1a expression
Cell isolation and culture. Primary AML cells were

obtained, after a written informed consent was granted,

from the bone marrow of newly diagnosed AML

patients at the Davidoff Center, Rabin Medical Center,

Israel and at the Division of Hematology, Sheba Medi-

cal Center, Tel Hashomer, Israel. This research was

approved by the Rabin Medical Center and the Sheba

Medical Center Institutional Review Boards and Ethics

Committees and was performed according to the Decla-

ration of Helsinki of 1975 as revised in 1996. The

characteristics of the patient samples are summarized

in Table 1. Bone marrow samples were separated by

Lymphoprep density gradient (Axis-shield, Dundee,

Scotland) in order to isolate the mononuclear blood

cell compartment. At this point cells were either fur-

ther separated (see below) or cryopreserved in freezing

medium consisting of Iscove’s Modified Dulbecco

Medium (IMDM) (Sigma Aldrich), 40% fetal bovine

serum (FBS), and 10% dimethylsulfoxide (DMSO)

(Sigma Aldrich). The human AML cell line KG-1a

(kindly provided by Prof. Tsvee Lapidot, Weizmann

Institute of Science) was maintained in suspension cul-

ture with IMDM supplemented with 20% FBS. For

CD34+CD38¡/CD34+CD38+ cell separation (from the

cell line and from patient samples), the CD34 Multi

Sort kit (Miltenyi Biotec, Bergisch Gladbach, Ger-

many) applied on a midiMACS immunoaffinity device

(Miltenyi Biotec) was used according to the manufac-

turer’s instructions. The purity of the resulting frac-

tions was determined by staining with a-CD34-PE,

a-CD38-FITC (Miltenyi Biotec), a-CD123-APC and
Table 1. Characteristics of the patient samples

Specimen ID Sex Age Cytogenetics

AML008 M 58 Trisomy 8

AML009 M 77 CK

AML010 F 26 del7(7q22/7q3

AML011 M 66 NK

AML015 F 65 t(8;21), ¡7

AML022 F 39 NK

AML027 F 76 NK

AML033 F 38 Trisomy 8

AML051 M 32 NK

AML053 M 77 Trisomy 8, t(9

AML054 F 49 CK

AML056 F 37 NA*

AML057 F 35 Trisomy 8

AML058 F 72 t(3;9;22)(p21;

F: female; M: male; NK: normal karyotype; CK: complex karyotype; WBC

*Due to lack of mitosis karyotype analysis was not performed.
a-CD38-PE-Cy5 (Thermo-Fisher Scientific, Waltham,

MA, USA) and flow cytometric evaluation on a Gallios

flow cytometer (Beckman Coulter, Indianapolis, IN,

USA). All patient samples were > 85% CD123+ (see

Figure 1 for one representative cell isolation experi-

ment). The sorted AML cells were cultured at a start-

ing density of 2£ 105 cells/ml at 37˚C, 5% CO2, in a

humidified incubator for 3-4 days in serum-free media

consisting of IMDM supplemented with 20% BIT 9500

serum substitute (containing bovine serum albumin

(BSA), insulin, and transferrin (BIT)) (Stem Cell Tech-

nologies, Vancouver, Canada). The following cytokines

were added: 100ng/ml SCF 100ng/ml granulocyte-col-

ony stimulating factor (G-CSF), 20ng/ml FLT-3 ligand,

20ng/ml IL-3, and 20ng/ml IL-6 (PeproTech, Rehovot,

Israel). The KG-1a sorted cells were cultured at a start-

ing density of 2£ 105 cells/ml in IMDM supplemented

with 20% FBS. Compounds used for cells treatment

were: deferasirox, deferipron (Selleckchem, Munich,

Germany), N-acetyl-l-cysteine (NAC), ARA-C, Buthio-

nine sulfoximine (BSO) (Sigma Aldrich).
Chromatin immunoprecipitation

Measurement of chromatin immunoprecipitation (ChIP)

following incubation of KG-1a cells with deferasirox was

performed by Magna-CHIP chromatin immunoprecipitation

kit (Millipore, Burlington, MA, USA) according to the man-

ufacturer’s instructions. Briefly, cells were grown and

treated with formaldehyde in order to crosslink proteins to

DNA to ensure co-precipitation. Cross-linking reactions

were quenched with glycine, cells were then lysed, and

chromatin was sonicated to shear the chromatin to a man-

ageable size of 200−1000bp. The average fragment size

was confirmed empirically by gel electrophoresis. Following

centrifugation, the chromatin was adequately diluted and

pre-cleared with protein G-agarose beads. Pre-cleared chro-

matin was incubated overnight at 4˚C with an antibody
BM blasts (%) WBC (103/L)

50 4.72

80 1.50

1), t(11q23) 100 250.0

40 37.0

70 13.60

100 3.70

100 8.90

70 3.07

50 97.13

;11)(p22;q23) 50 22.07

24 6.15

50 77.02

50 12.08

q34;q11.2) 25 160.00

: white blood count; NA: not applicable.
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Figure 1. Purification and phenotypic analysis of the CD34+CD38¡CD123+/CD34+CD38+CD123+ populations from AML samples. CD34+

cells were isolated from an AML patient’s bone marrow sample (AML8). These cells were further sorted into CD34+CD38+ and CD34+CD38¡

fractions. Representative dot plots of the two cell fractions are shown: A. forward scatter (FS) and side scatter (SSC) characteristics of the iso-

lated cells. B. CD34-PE, CD38-PE-Cy5 and unstained control. C. CD34-PE, CD38-FITC and bone marrow mononuclear cells (BMMCs). D.

CD34-PE, CD123-APC and unstained control.
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Figure 2. CD34+CD38¡CD123+ cells give rise to blast-like/monocytic colonies. Repr�esentative images of a colony forming assay that was per-

formed on sorted CD34+CD38¡CD123+ obtained from 2 AML patients: A. patient AML15. B. patient AML22. Images were taken using an

inverted light microscope.
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recognizing p65 or with normal mouse IgG (as a negative

control), followed by standard protein immunoprecipitation.

DNA−protein crosslinks were reversed by incubating at 65˚

C with 0.2M NaCl. The recovered DNA was used in a

PCR reaction. PCR was performed with primers for the

HIF-1a promoter flanking the NF-kB-binding site (¡197/

188bp) (forward: 50-GAACAGAGAGCCCAGCAGAG-30
and reverse: 50-CCTGAGGTGGAGGCGGGTTC-30) at 64˚

C annealing and 72˚C extension for 32 cycles. This primer

set spans from ¡536 to ¡137bp from the transcription start

site. The HIF-1a control primer set was 50-TGCTCAT-
CAGTTGCCACTTC-30 (forward) and 50-AAAACATTGC-
GACCACCTTC-30 (reverse). This primer set is located in

the gene itself, 24937bp away from the transcription start

site [22]. DNA samples (input) before immunoprecipitation,

corresponding to 1% of chromatin samples, were PCR

amplified as loading controls.

Intracellular ROS measurement

Intracellular ROS levels were determined by 20,70-
dichlorodihydrofluorescein diacetate (H2DCFDA) cellu-

lar ROS detection assay kit (Abcam, Cambridge, UK).

Sorted AML and KG-1a cells were cultured in 24-well

plates (5£ 105 cells/well) in the presence of
deferasirox for 3 hours. The cells were then overlaid

with 40mM H2DCFDA diluted in IMDM to a final con-

centration of 20mM H2DCFDA and incubated for

30minutes at 37˚C and then analyzed. Detection of

free thiol groups was performed using Monochlorobi-

mane (mBCl) (Thermo-Fisher Scientific) staining.

Sorted AML and KG-1a cells were exposed to defera-

sirox for 30 minutes followed by staining with 25mM
mBCl diluted in IMDM for 15 minutes at room tem-

perature. Mitochondrial ROS detection was determined

using the MitoSOXTM Red Mitochondrial Superoxide

Indicator (Thermo-Fisher Scientific) according to proto-

col. Exposure to 1 and 10mM doxorubicin (DOX) (Sell-

eckchem) for 18 hours was used as positive control.

The analyses were performed on a Gallios flow cytom-

eter and the data were processed by Kaluza software

(Beckman Coulter).

Western blot analysis

Protein samples were separated on 4-20% Mini-PRO-

TEAN precast gels (Bio-Rad, Hercules, CA, USA), the

gels were transferred to a nitrocellulose Trance-Blot

Turbo Transfer Pack membrane (Bio-Rad) and blotted

with the antibodies detailed below. Non-specific
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Colony-forming assay
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binding was avoided by blocking the nitrocellulose

membrane with 3% skimmed milk in tris-buffered

saline and Tween 20 (TBS-T) for 1 hour. Antibodies

were diluted in TBS-T with 5% BSA or 5% nonfat dry

milk. The following antibodies were used: a-caspase-3,

rabbit polyclonal, 1:1000, (Cell Signaling, Danvers,

MA USA); a-PARP, rabbit polyclonal, 1:1000, (Cell

Signaling); a-HIF-1a, rabbit polyclonal, 1:1000 (Cell

Signaling); a-NFkB (p65), rabbit polyclonal 1:1000

(Santa Cruz, Santa Cruz, CA, USA); a-Histon H4, rab-

bit polyclonal, 1:1000, (Abcam); a-tubulin, polyclonal

1:10000 (Sigma Aldrich) and IRDye 800CW/680RD

secondary antibodies, 1:7500 (LI-COR, Lincoln, NE,

USA). The membranes were incubated with the pri-

mary antibodies overnight at 4 ˚C and with the loading

control antibody and secondary antibody for 1 hour at

room temperature. The signals were detected using the

Odyssey Imaging System (LI-COR).

Real-time PCR

RNA was isolated from the different KG-1a and

from the different AML patient cell fractions using
the RNeasy Plus Mini Kit (Qaigen, Hilden, Ger-

many). RNA was reverse transcribed using the high

capacity cDNA RT kit (Applied Biosystems, Foster

City, CA, USA). Real-time PCR was then performed

using the Eco Real-Time PCR (Illumina, San Diego,

CA, USA) in a 20ml reaction containing 10ng RNA,

10ml TaqMan Fast Advanced master mix (Applied

Biosystems), 1ml of target gene or GUSB RNA con-

trol primers and a FAM dye-labeled TaqMan probe

(Applied Biosystems). Amplification conditions were:

50˚C for 2 minutes, followed by 95˚C for 10

minutes, then 40 cycles of 95˚C for 15 seconds and

60˚C for 1 minute. The DDCt method was used to

calculate relative expression levels.
AML patients’ CD34 CD38 CD123 cells were exposed to

deferasirox and colony assay was performed. Representative
+ ¡ +

enlarged images of the colonies are shown in Figure 2. The

colonies are mostly abnormal and exhibit blast-like or

monocytic features with the exception of several granulo-

cyte/macrophage (CFU-GM) colonies.
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