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ABSTRACT

Background

Usefulness of iron chelation therapy in myelodysplastic patients is still under debate but many
authors suggest its possible role in improving survival of low-risk myelodysplastic patients.
Several reports have described an unexpected effect of iron chelators, such as an improvement
in hemoglobin levels, in patients affected by myelodysplastic syndromes. Furthermore, the
novel chelator deferasirox induces a similar improvement more rapidly. Nuclear factor-kB is a
key regulator of many cellular processes and its impaired activity has been described in differ-
ent myeloid malignancies including myelodysplastic syndromes.

Design and Methods
We evaluated deferasirox activity on nuclear factor-kB in myelodysplastic syndromes as a pos-
sible mechanism involved in hemoglobin improvement during i vivo treatment. Forty periph-

eral blood samples collected from myelodysplastic syndrome patients were incubated with 50
uM deferasirox for 18h.

Results

Nuclear factor-kB activity dramatically decreased in samples showing high basal activity as
well as in cell lines, whereas no similar behavior was observed with other iron chelators despite
a similar reduction in reactive oxygen species levels. Additionally, ferric hydroxyquinoline incu-
bation did not decrease deferasirox activity in K562 cells suggesting the mechanism of action
of the drug is independent from cell iron deprivation by chelation. Finally, incubation with both
etoposide and deferasirox induced an increase in K562 apoptotic rate.

Conclusions
Nuclear factor-kB inhibition by deferasirox is not seen from other chelators and is iron and
reactive oxygen species scavenging independent. This could explain the hemoglobin improve-
ment after in vivo treatment, such that our hypothesis needs to be validated in further prospec-
tive studies.
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Introduction

Myelodysplastic syndromes are a heterogeneous cluster of
bone marrow disorders in which different grades of periph-
eral cytopenias are associated with bone marrow dysplasia’
and a percentage of bone marrow (BM) blasts of up to 20%.
The International Prognostic Scoring System (IPSS), based
on BM blast levels, the number of peripheral cytopenias, and
cytogenetic abnormalities, allows clinicians to perform a
prognostic stratification of patients.”> More recently, transfu-
sion dependence has been added to the previous prognostic
factors.** Low- and intermediate-risk patients have a sub-
stantially longer life expectancy and often become transfu-
sion-dependent. As such, these patients often develop sec-
ondary organ failure due to high iron intake.’ In order to
avoid secondary iron overload, MDS patients are treated
with iron chelation therapy (ICT) according to the MDS
Foundation’s guidelines.” Moreover, several studies have
demonstrated an overall higher survival in MDS patients
treated with ICT.”” Very recently, data on safety and effica-
cy in MDS patients of a once daily oral chelator (deferasirox)
were published by Porter ez al.® In spite of this, the real use-
fulness of iron chelation therapy in MDS, and also which
kind of patient can benefit more from the therapy, is still
under debate’™ and prospective studies are needed to
address this. Several reports and our own experience have
demonstrated an unexpected effect of deferasirox therapy
on hemoglobin improvement and reductions in transfusion
requirement even after only a few months of ICT.”" The
effect seems to be shared by different diseases, including
both MDS and primary myelofibrosis, but has never been
observed in thalassemia patients. There are very few reports
of similar effects with other iron chelators:"' In 1996,
Jensen et al. described a hemoglobin improvement, but in
some cases there were even trilinear responses in 11 MDS
patients treated with deferioxamine for up to 60 months." It
has also been reported that myelofibrotic patients have a
similar response to deferiprone.” In all of these reports, the
hematologic response is strictly associated with both a sharp
decrease in iron burden and a fairly long lasting therapy of at
least one year.

Nuclear factor-kB is a transcriptional nuclear factor
involved in the regulation of several fundamental cellular
processes such as apoptosis, proliferation, differentiation
and tumor migration.” It consists of a small group of pro-
teins that, if associated with the inhibitory complex IKK,
maintains an inactive state of the p65 subunit and a cyto-
plasmic localization.”” After proteasomal degradation of this
negative regulatory protein, NF-kB is able to enter the nucle-
us and regulate transcription of over 150 genes belonging to
different pathways, essentially regulating proliferation and
cell survival. NE-kB involvement in suppressing apoptosis
gives it an undoubted role in the pathogenesis of various
types of cancer’” and in hematologic malignancies. In 2001,
Guzman et al. demonstrated that p65 nuclear localization
and transcriptional activity occur in acute myeloid leukemia
(AML) blasts but not in normal erythroid precursors.”® More
recently, NF-kB activation in myelodysplastic patients has
been reported.” Increased activity is strictly related to the
clonal population in the bone marrow, such that the IPSS
risk is increased with increased percentages of nuclear p65-
positive cells. The NF-kB pathway can be activated by a
broad variety of different stimuli,” one of the most impor-
tant being the tumor necrosis factor (TNF) receptor signaling
pathway, in which the involvement of the serine/threonine
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kinase RIP1 is crucial.**” However, TNF signaling in cells
results in a subtle balance between survival and death. In
fact, NF-xB activation mediated by TNF leads to an anti-
apoptotic effect through both caspase and JNK (Jun N-termi-
nal Kinase) cascade inhibition, while reactive oxygen species
accumulation induced by the same stimulus leads to cell
death through JNK activation.®** Moreover, NF-kB is a
redox-sensitive transcription factor, and its activation is
mediated by NIK (NF-kB-inducing kinase) in many cellular
subsets,”* including different cancer cells.

In polytransfused MDS patients, NF-kB activation can be
due to an increase in the amount of iron intake which leads
to reactive oxygen species generation. But the fact that NF-
KB activation can also be observed in non-transfused
patients must be taken into account. Indeed, it is well
known that free radical generation is not only a collateral
event of a long transfusional history, but that reactive oxy-
gen species are involved in the pathogenesis of the disease,
as demonstrated by Padua et al. in a mouse model,” and also
play a crucial role in disease progression in myeloid malig-
nancies® and in MDS.

We aimed to investigate the activity of the oral chelator
deferasirox as an NE-kB inhibitor. We tested the drug in two
types of leukemia cell line (K562 and HL60) characterized by
high basal NF-kB activity. We then tested NF-kB activity in
40 peripheral blood (PB) samples of MDS and AML second-
ary to MDS (sAML) patients. In 28 of 40 peripheral blood
samples with high basal NF-kB activity, deferasirox incuba-
tion induced a significant inhibition of NF-kB activity and a
cytoplasmic sequestration of its active subunit p65 in an
inactive form Finally, we investigated if other commercially
available oral chelators share the same effect: neither
deferiprone nor deferioxamine incubation with either the
HL60 or K562 cell lines reduced NF-kB activation despite a
similar reactive oxygen species clearance. Furthermore, no
reduction on NF-kB inhibition has been observed after addi-
tion of a permeant iron carrier (ferric hydroxyquinoline) to
K562 cells thus suggesting the mechanism of action of the
drug is independent from cell iron deprivation by chelation.
Our in vitro data could provide an explanation for the hemo-
globin improvement observed i vivo in MDS patients treat-
ed with deferasirox.

Design and Methods

After written informed consent was obtained, 40 peripheral
blood samples were collected from MDS patients (Table 1). The
subtypes according to the WHO classification were as follows: 14
refractory anemia (RA), 2 refractory cytopenia with multilineage
dysplasia (RCMD), 2 MDS unclassified (MDS-U), 14 refractory
anemia with blast excess (RAEB) and 8 SAML. In 22 of 40 patients,
serum ferritin levels were higher than 500 ng/mL and 12 present-
ed a documented iron overload measured by SQUID (biomagnet-
ic liver susceptometry). Fourteen samples were collected from
untransfused patients. Twenty healthy volunteers were included
in the study as controls.

Mononuclear cells collected from MDS patients and healthy
subjects were cultured in RPMI supplemented with 5% fetal
bovine serum and incubated with 50 uM deferasirox for 18h. The
K562 and HL60 cell lines were used as controls and incubated with
50 uM deferasirox for 18h. Incubations with both deferioxamine
and deferiprone were performed at 0.5 mM for 30 min as previ-
ously described.” Deferiprone was also used at 100 uM for 18h. In
order to better compare the different compounds in conditions
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mimicking the therapeutical concentrations reached in vivo during  Incubated and control cells were both evaluated for NF-kB activi-
ICT, we also performed the same experiments using both deferi-  ty. Unless stated otherwise, all the experiments were carried out
oxamine and deferiprone at 50 uM for 18h obtaining similar  independently three times.

results. FHQ (ferric hydroxyquinoline, Sigma-Aldrich) was added Western blot was performed using 70 ug of both nuclear and
to the medium at either 2.5 uM or 5 uM as previously described.””  cytoplasmic extracts. A p65 polyclonal antibody (Santa Cruz
The NF- B inhibitor PS 1145 (Millenium, Cambridge, MA, USA)  Biotechnology, Santa Cruz, CA, USA) was used at a 1:1000 dilu-
was added to the medium at 20 uM as previously described.”  tion. Antibodies against the unrelated proteins B-actin (Sigma

Table 1. Clinical features of the patients enrolled in the study.
Sex  Age Diagnosis Date of Cytogenetic Blasts  IPSS HB WBC PLTS  Ferritin  Transfusion NF-xB MNC

(years) diagnosis (%) (g/dl) (10°/L) (10°/L) (mg/dL) rate (RBC  activity ROS levels
units/month) (%)  (fold increase
respect to
normal control)
1 F 80 RA 27/01/2004 X 3 0 79 4.690 520 90 4 2.7 1.70
2 F 85 RA 15122004  NK 1 0 8 4.000 194 150 4 1.3 0.90
3 F 82 RA 20/0122008  NK 1 0,5 83 2.090 459 W 2 14 1.90
4 F 78 RA 06/02/2005 NK 2 0 8.5 3.100 458 3500 2 2.6 040
5 F 54 RA 10072007  NK 1 0 12.8 2.080 430 95 0 0.6 0.30
6 M 92 RA 02/0522004  NK 4 0 7 2.750 350 1200 4 23 2.70
T F 87 RA 06/06/2005 NK 3 0 105 3.500 420 90 0 2.2 2.60
8§ F 81 RA 01/02/2005  Del(5q) 1 0 9 3.500 125 1675 2 1.2 0.50
9 F 8 RA 06/03/2006 NK 1 0 75 4350 456 4200 4 0.7 0.80
10 F 75 RA 03/062004  NK 1 0 12 4500 125 150 0 1.3 0.55
11 F 74 RA 08/09/2006 NK 1 0 122 4.000 186 81 0 0.9 0.60
12 F 80 RA 09112007  NK 5 0 105 13200 38 152 2 28 2.10
13 M 83 RA 05/102004  NK 2 0 9.7 2.300 165 779 0 2 1.50
14 F 8 RA 02/01/2005 NK 1 0 8.3 4300 156 43 2 1 0.50
15 F 66 RCMD 05072007  NK 2 0 103 1.740 258 217 0 0.8 1.00
16 M 71 RCMD  02/0722002 Del (10) 5 1.5 83 6.630 15 4325 6 2.8 1.90
17 M 51 MDS-U 06062007  NK 3 0 138 3.040 152 174 0 1.1 0.40
18 M 73 MDS-U 06082007  NK 4 0 12.7 4.060 141 273 0 2.5 2.00
19 M 77 RAEB-1  20/03/2006 NK 10 0.5 108 1.250 270 326 0 3 2.30
20 M 78  RAEB-1 017122006  NK 12 1 73 2.750 98 1253 4 33 2.60
21 M 64  RAEB-1  09/08/2006 -11 14 1 11 0.660 130 800 0 1 0.40
2 F 78  RAEB-1  06/06/2004 Del(5q) 12 0.5 75 3.090 276 1500 2 3.2 2.20
2 M 76 RAEB-1  28/03/2008 -8 11 15 85 1.000 43 1286 4 3.1 240
24 M 74 RAEB-1  07/06/2005 NK 14 1 75 1.200 40 2776 4 3.9 3.00
25 F 81  RAEB-1 081122008  NK 12 0.5 78 3.500 100 980 2 3 1.80
26 M 74 RAEB-1 020122008  NK 8 0.5 143 10.000 43 123 0 0.8 0.50
21 F 65  RAEB-2 10082004  NK 16 2 84 2.280 181 108 0 4 2.10
28 M 74  RAEB-2 20092007 Del(7q) 15 3 75 1.510 30 1600 4 3.6 240
29 F 78  RAEB-2 020052008  NK 16 2 8.2 1.200 45 2000 4 4 3.00
30 M 52 RAEB-2  20/06/2007 -7 11 3 75 2300 19 667 4 3 2.30
31 F 5  RAEB-2  09/05/2007 CK 13 3 8.6 2400 16 2900 4 35 2.50
2 F 63  RAEB-2 05022008  NK 12 2 12.9 2.300 91 97 0 3.2 2.00
3 F 85 sAML 06072008  NK 95 78 15.000 34 650 4 6 3.00
M M 71 sAML 05042008  NK 25 8.1 0.900 45 890 4 5 2.20
3B M 76 SAML  09/052008  NK 29 10.1 1.200 13 650 2 5 240
% F 71 SAML 10/11/2007 CK 58 7.6 56.000 25 1500 4 6 2.60
3 M 82 sAML  09/012008  NK 30 10.8 2.000 54 190 0 5 3.10
38 F 79  sAML 12/06/2007 CK 85 75 72.000 14 2300 4 6 3.00
39 F 80 SAML  20/08/2008 CK 36 8.8 2.300 36 170 2 5 2.10
40 F 75 sAML 10022008  NK 76 - 8.6 1.400 32 670 2 58 2.80

F: female; M: male; RA: refractory anemia; RCMD: refractory cytopenia with multilineage dysplasia; MDS-U: myelodysplastic syndrome unclassified; RAEB-1: refractory anemia with excess
blasts-1; RAEB-2: refractory anemia with excess blasts-2; SAML: secondary acute myeloid leukemia; NK: normal karyotype; CK: complex karyotype; IPSS: international prognostic scoring
system; Hb: hemoglobin; WBC: white blood cells; PLTS: platelets; RBC: red blood cells.
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Aldrich, St Louis, MO, USA) or lamin (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) were used both at 1:1000 dilutions as
controls.*

Immunofluorescence assay was performed using a p65 poly-
clonal primary antibody (Santa Cruz Biotechnology) according to
standard procedures. The signal was detected using a goat anti-
rabbit Alexa Fluor 568 (FITC) secondary antibody (Molecular
Probes) and propidium iodide to stain the nucleus. Images were
analyzed with a confocal scanning microscope (LSM 5110; Carl
Zeiss Microlmaging, Inc.) and captured using 100x objectives.

First 40 ug of nuclear extracts were incubated with a radioactive
32y ATP-labeled oligonucleotide probe containing the DNA specif-
ic recognition sequence for p65 (5-GGGACTTTCC-3). The bind-
ing reaction and sample run were performed according to standard
procedures. Gels were later dried and exposed to autoradiograph-
ic film at -70°C with enhancer foils.*

The DNA binding activity of NF-kB was determined according
to the protocol of the TRANS AM ELISA Kit. Nuclear extracts (20
ug) were added to a 96-well plate coated with the DNA binding
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motif of NF-kB (5-GGGACTTTCC-3"). For this, an HRP-conju-
gated secondary antibody provides a sensitive colorimetric reac-
tion, which is quantified by spectrophotometry. Absorbances
were read at 450 nm with a reference wave length of 655 nm.

2’-7’-dichlorofluorescin diacetate (DCF; Sigma) was added to
K562 cells to a final concentration of 0.1 mM as previously
described.® Cells were incubated at 37°C for 15 min in a humidi-
fied atmosphere of 5% CO: and were subsequently washed and
resuspended in PBS. Samples were analyzed using a flow cytome-
ter (FACS Calibur; Becton-Dickinson, Immunofluorometry
Systems, Mountain View, CA, USA) with an argon laser beam of
488 nm. Mean fluorescence intensity (MFI) was calculated using
CELLQUEST software (Becton-Dickinson).

Apoptosis was evaluated by flow cytometry for the detection of
annexin V-positive cells. Cells incubated as previously described,
as well as control cells, were labeled with annexin V conjugated
with fluorescein isothiocyanate and propidium iodide. Briefly,
cells were washed once in phosphate buffered saline and once in
1x-binding buffer, after which 5 uL of annexin V-fluorescein-S-iso-

Figure 1. Deferasirox inhibits NF-kB activity
in K562 cells whereas deferioxamine and
deferiprone do not. (A) Immunofluorescence
assay using p65 antibody in control cells (a)
and after incubation with deferasirox 50
mM for 18 h (b-c). Nuclei are stained in red,
the green signal represents p65 subunit. In
control cells the NF-xB subunit is mainly
localized in the nucleus as indicated by the
yellow signal whereas, after incubation with
the drug, p65 subunit is localized in the
cytoplasm in the inactive form as indicated

by the green signal in the cytoplasm and the
absence of yellow signal in the nucleus. The
graph represents the signal intensity quan-
tification in both the cellular compartments.
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Nuclear signal intensity is significantly dif-
ferent in control and incubated cells
(P<0.001). (B) Western blotting using p65
antibody for the detection of proteins in
either nuclear (N) or cytoplasmic (C)
extracts in K562 cells. The upper line indi-
cates the p65 antibody, while both the lower
lines represent the internal controls for
either cytoplasmic (actin antibody) or
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B
18 h incubation 2
control  deferiox amine deferiprone deferasirox
50 uM 50 uM 50 uM 215
N C N C N C N C 2
= [}
=1
p65 — =
i ] & 05
lamin . e e——,
— 0
actin — — —
deferioxamine deferioxamine
control 50 mM 30 min 50 uM 18 h >‘200
.“é
2150
£
[
S0
deferiprone deferiprone -
50 mM 30 min 50 uM 18 h % 50
=
0

deferioxamine 30 min

nuclear extracts (lamin antibody). p65
nuclear localization is decreased only after
deferasirox incubation but neither deferiox-
amine nor deferiprone incubation. The
graph shows the quantification of the signal
intensity detected by Western blotting. (C)
Immunofluorescence assay using p65 anti-
body in K562 cells before and after incuba-
tion with deferioxamine and deferiprone
either at 0.5 mM for 30 min or 50 mM for
18 h. After all the different conditions of
incubation, p65 remains localized in the
nucleus in the active form as in control
cells. The graph illustrates NF-xB signal
intensity in all the different conditions of
incubation. No statistically significant differ-
ences have been found between control val-
ues and K562 treated cells with both the
drugs. (D) Western blotting using p65 anti-

1mM0O5SmMM -

1mM 05mM -

g

body for the detection of proteins in either
cytoplasmic or nuclear extracts in K562
cells. The upper line indicates the p65 anti-
body, while the lower line represents an
internal control for either cytoplasmic (actin
antibody) or nuclear extracts (lamin anti-
body). p65 nuclear localization is not
decreased after deferioxamine incubation
for 30 min.
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tyocianate (FITC) was added to the cells. Subsequently, 300 uL of
1x-binding buffer was added to the samples after a 15 min incuba-
tion at room temperature. The cells were then analyzed using
flow cytometry, and the apoptotic fraction was defined as either
annexin V-positive or propidium iodide-negative population.

K562 cells cultured in RPMI supplemented with 5% fetal bovine
serum were incubated with 10 uM etoposide for 72h alone or pre-
ceded by either deferasirox, deferioxamine and deferiprone 50 uM
for 18h or deferioxamine and deferiprone 0.5 mM for 30 min.
Subsequently cells were analyzed by flow cytometry to assess
annexin V expression.

Results

Two leukemia cell lines (K562 and HL60) were incubated
with 50 uM deferasirox for 18h and were subsequently eval-
uated for NF-xB activity and p65 localization. Immuno-
fluorescence assays (Figure 1A) using a p65 antibody (green
fluorescence) show both a cytoplasmic and nuclear localiza-
tion of the active NF-kB subunit in basal conditions where-
as, after drug incubation, p65 localization was mainly cyto-
plasmic (inactive form). Western blotting (Figure 1B) shows
a significant decrease in the amount of p65 in nuclear
extracts after deferasirox incubation. In addition, we per-
formed an EMSA assay to evaluate the subunit’s activity,
such that a reduction in DNA binding activity could be
detected after deferasirox incubation (Figure 2A).

We investigated whether NF-kB inhibition is a particular
effect of deferasirox or if this is a shared feature of other
chelators. K562and HL60 cell lines were incubated with
deferasirox, deferiprone, deferioxamine and subsequently
analyzed by Western blot and EMSA assays. An antioxidant
compound (DTT, dithiothreitol) was used as a control. We
observed that only deferasirox is able to reduce NF-KkB activ-
ity as shown by immunofluorescence (Figure 1A and C),
Western blot (Figure 1B and D) and EMSA assays (Figure 2A
and B) with respect to the other chelators.

Mononuclear peripheral blood samples from 20 healthy
subjects and 40 myelodysplastic patients were tested for NF-
KB activity using ELISAs. We found an increase in activity in
6 of 14 RA, one of 2 RCMD, one of 2 MDS-U, 12 of 14
RAEB, and in all the cases of s-AML but not in healthy sub-
jects.

No significant difference was detected in NF-kB activity
comparing patients with or without iron overload (P=0.5).
The levels of NF-xB activity increased during disease pro-
gression, being higher in RAEB and s-AML as compared to
RA (P<0.001). A positive correlation was found between NE-
KB activity and both blast percentage (r=0.75, P<0.0001))
and reactive oxygen species levels in mononuclear cells (r=
0.82, P<0.0001), but not between NF-kB and serum ferritin
amount (r=0.12, P=0.42).

Among patients with increased basal NF-kB activity
(n=28), the incubation with deferasirox induced a significant
NEF-xB inhibition (P=0.0002) as shown in Figure 3A and B
(EMSA and ELISA assays, respectively), and confirmed by
immunofluorescence images (Figure 3C). This effect has
been observed both in patients with or without iron over-
load. A significant inhibition of NF-kB was also detected
after in vivo deferasirox treatment for iron overload in a
patient who experienced hemoglobin improvement during
ICT (data not shown).

We investigated whether the action of deferasirox on NF-
kB could be related to a different reactive oxygen species
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scavenging activity of the chelator. We, therefore, tested our
samples for reactive oxygen species levels before and after
the different conditions of incubation previously described,
adding DCF to a final concentration of 0.1 mM. As shown in
Figure 4A, incubation with the three different compounds
leads to a statistically significant reduction in reactive oxy-
gen species concentration (expressed as MFI) with respect to
the value obtained in basal conditions, but no statistically
significant difference can be shown when comparing MFI
after deferasirox incubation with respect to the values after
deferiprone or deferioxamine treatment. Our data strongly
support the conclusion that NF-kB inhibition by deferasirox
is independent of its reactive oxygen species scavenging
activity, and could be due to a different mechanism.

In order to test whether deferasirox inhibition of NF-kB
activity is dependent or not on cell iron deprivation by chela-
tion, we added the highly membrane-permeant iron carrier
FHQ" to the cells. K562 cells were incubated with
deferasirox 50 uM alone or in combination with FHQ either
2.5 uM or 5uM. After 18h of incubation, the samples were
tested for NF-kB activity by ELISA assay. No statistically sig-
nificant difference in the reduction in NF-kB activity has
been observed in cells incubated with both deferasirox and
FHQ with respect to cells treated by deferasirox alone
(Figure 4B) thus suggesting the action of the drug is inde-
pendent from cell iron deprivation.

We performed a chemosensitivity assay in order to
demonstrate that NF-«B inhibition by deferasirox enhances
the activity of chemotherapeutic agents. First, no increase in
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Figure 2. (A) NF-xB DNA binding activity (EMSA assay) in K562 cells
treated either by deferasirox 50 mM for 18 h or by deferioxamine
and deferiprone both at 0.5 mM for 30 min. Only after deferasirox
incubation is the DNA binding activity of p65 subunit decreased. The
first two lanes represent K562 cells incubated with the NF-xB
inhibitor PS 1145 as negative control. The black arrow indicates
specific binding to the consensus sequence. The graph on the right
represents densitometry data. (B) EMSA assay for NF-xB DNA bind-
ing activity in K562 cells in basal conditions and after incubation
with deferoxamine and deferiprone 50 mM both for 18 h. The DNA
binding activity (indicated by the black arrow) is not decreased in
both the different conditions of incubation with respect to the one
detected in control cells. The graph on the right represents densito-
metry data.
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the apoptotic rate of K562 cells could be detected by annex-
in V FACS analysis after incubation with deferioxamine,
deferiprone or deferasirox alone (Figure 5A). Subsequently,
K562 cells were incubated with either 10 uM etoposide
alone or preceded by deferasirox 50 uM for 18h and ana-
lyzed by FACS for annexin V expression. As shown in Figure
5B, the percentage of apoptotic cells increased in a statistical-
ly significant manner in the sample incubated simultaneous-
ly with both drugs (P=0.003). No increase in the apoptotic
rate has been observed in cells preincubated with deferiox-
amine whereas a slight increase has been induced by incu-
bation with deferiprone.

A deferasirox incubaion 18 h
- 50 uM

NkB—s
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control deferasirox
50 uM 18 h
C
control deferasirox

50 uM 18 h

Figure 3. Deferasirox inhibits NF-kB activity in MDS patients. (A) NF-
kB DNA binding activity (EMSA assay) in a MDS patient: NF-xB activ-
ity can be detected in control cells and its amount decreases after
18 h of deferasirox incubation in vitro at 50 mM. The black arrow
indicates specific binding to the consensus sequence. The second
lane of each condition was loaded with an unspecific cold probe as
negative control. (B) Inhibition of NF-kB activity after in vitro incuba-
tion with 50 mM deferasirox of mononuclear PB cells of MDS
patients for 18 h, as measured by ELISA assay. In all patients with
high basal NF-xB activity (28 patients out of 40 tested), it is possi-
ble to detect transcription factor (TF) inhibition after drug incuba-
tion. (C) Immunofluorescence assay of PB cells from an MDS
patient. At basal conditions on the left, p65 is completely localized
in the nucleus, but after deferasirox incubation, the subunit is large-
ly located in the cytoplasm, as demonstrated by the presence of the
green signal.
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Discussion

Iron chelation therapy in myelodysplastic syndromes is
still controversial™! and there is a lack of evidence linking
tissue iron overload to reduced survival. In spite of this, sev-
eral international guidelines® based on expert panel agree-
ments strongly support iron chelation therapy for myelodys-
plastic patients undergoing chronic transfusional therapy
with a sufficiently long life expectancy in order to improve
patient survival and clinical conditions. Some reports in
recent years have described a hematopoiesis improvement
under highly effective chelation therapy almost exclusively
with deferioxamine.'®” More recently, a similar effect was
observed also during deferasirox treatment within only a
few months of therapy.” In the present work, we investigat-
ed if this particular effect could be due to a specific action of
deferasirox on the malignant clone. Our attention was
focused on the NF-«B pathway based on the important role
of the transcription factor in the pathogenesis of MDS as

Nf-kB activity

Figure 4. Deferasirox inhibits NF-kB activity independently from cell
iron deprivation by chelation and reactive oxygen species scaveng-
ing. (A) ROS assay by DCF staining in K562 cells before and after
incubation with three chelators at the conditions previously
described. Mean fluorescence intensities (MFI) of K562 untreated
cells and after incubation with deferioxamine, deferiprone and
deferasirox are shown in the two graphs. There is a statistically sig-
nificant difference comparing MFI samples before and after incuba-
tion with the three different drugs. Conversely, no statistically signif-
icant difference can be detected comparing MFI after deferasirox
incubation with respect to either deferioxamine or deferiprone incu-
bation. (B) The graph shows NF-kB activity measured by ELISA assay
in K562 cells incubated respectively with deferasirox 50 mM alone,
ferric hydroxyquinoline (FHQ) at 2.5 mM and 5 mM and with both
deferasirox and FHQ. No statistically significant difference in NF-xB
activity reduction has been detected in samples incubated by both
deferasirox and FHQ with respect to those treated by deferasirox
alone, suggesting a mechanism of action of the drug whch is inde-
pendent from cell iron deprivation by chelation.
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demonstrated in different studies®** and on the observation

that the efficacy of chemotherapeutic agents in AML cells is
magnified adding specific NE-kB inhibitors in the in vitro
model." Moreover, the transcription factor activation is a
particular characteristic of the blast cells, so the various
compounds with NF-kB inhibitory activity are selectively
targeted on the neoplastic clone. Due to such a selective
property, inhibiting NF-kB, indeed, has no consequence in
normal cells; thus, the pathway is not hyperactivated. This
is consistent with an absence of normal cell suppression
induced by different NE-xB inhibitors tested in vivo. We
investigated whether deferasirox acts as a specific NF-xB
inhibitor in leukemic cell lines and in mononuclear cells of
MDS patients. Our data demonstrate that deferasirox acts
in vitro as a NF-kB inhibitor both in cell lines and in patients’
cells. In order to explore whether this effect is unique to this
drug, we also tested NF-kB activity after incubation with
other commercially available chelators. In our study, no
other drugs showed similar inhibition of the transcription
factor. It is well known that NF-kB can be activated by a
broad range of stimuli and that one of these is mediated by
reactive oxygen species. These compounds are present in
polytransfused patients at a very high level and could be
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responsible for NF-kB activation. But this is only one of the
different pathways that triggers its activation considering
that in AML blast cells a high basal NF-«B activity can be
detected despite normal iron parameters. We demonstrated
that reactive oxygen species scavenging activity is not the
crucial mechanism by which deferasirox induces p65 delo-
calization, considering that all drugs tested showed compa-
rable reactive oxygen species reduction in our i vitro model.
Furthermore, we excluded the possibility that the different
iron chelators could induce an increase in apoptosis in the
cells incubated and tested for annexin V expression by flow
cytometry. We also ruled out the possibility that deferasirox
activity is dependent on cell iron deprivation by chelation,
as demonstrated by the persistence of the drug activity also
after addition of a permeant iron-organic complex (FHQ) to
the medium. Our data suggest that the deferasirox effect is
not due to an intracellular iron chelation per se (all the chela-
tors act in this way) but could be related to a specific abil-
ity of the drug to sequester iron in a particular target not
accessible to deferioxamine and deferiprone. A recent study
by Ruddell er al.® demonstrates that in hepatic stellate cells,
tissue ferritin and both H- and L-ferritin subsets are able to
activate NF-kB signaling in an iron-independent mechanism

Figure 5. Apoptosis evaluated by fluo-
rescence-activated cell sorting for the
detection of annexin V-positive K562
cells after incubation with the three
chelators and with etoposide and
deferasirox. The apoptotic rate, repre-
sented by the percentage of cells both
positive for Annexin V and negative for
propidium iodide by FACS is indicated
in each graph and represented on the
right. (A) The apoptotic rate is not
increased with respect to basal condi-
tions after incubation with deferioxam-
ine and deferiprone 0.5 mM for 30 min
and deferasirox 50 mM for 18 h. The
same results have been obtained after
deferioxamine 50 mM incubation and
deferiprone 50 and 100 mM incubation
for 18 h. (B) Apoptosis assay of K562
cells in control cells and after etoposide
10 mM for 72 h alone or preceded by
50 mM deferasirox incubation for 18 h.
After etoposide 10 mM for 72 h incuba-
tion an increase in the apoptotic cells
amount can be detected (mean value
4.68%+0.46) and this is even higher if
etoposide is preceded by deferasirox 50
mM for 18 h incubation (mean value
9.1310.2). K562 cells were also incu-
bated with etoposide preceeded by
deferioxamine and deferiprone 50 mM
for 18 h and 0,5 mM for 30 min with-
out any statistically significant increase
in the apoptotic rate as shown also by
the graph on the right. No changes in
apoaptotic rate can be detected after
deferioxamine incubation (mean
5.1+0.64 at 50 mM and 4.310.49 at
50 mM), whereas deferiprone induces a
slight increase in apoptotic rate (mean
6.7+0.45 at 0.5 mM and 6.8+0.7 at 50
mM).
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involving PI-3 kinase, PKC-C and p44/p42-mitogen activat-
ed protein kinase, suggesting a cytokine-like effect of fer-
ritin. Our data are in agreement with these findings provid-
ing evidence that NF-kB is activated in an iron independent
manner, although the specific target of deferasirox is still
under investigation. We cannot rule out the possibility that,
also in our setting, PI-3 kinase could be responsible for the
activation of this pathway as already demonstrated by Follo
et al®

The data regarding hematopoiesis improvement in
patients treated with deferasirox in vivo are currently mainly
based on case reports collected in a retrospective manner, so
it is unknown which mechanism could be responsible for or
which kind of patient would develop such a response during
iron chelation therapy. Our hypothesis is that deferasirox
acts in vivo as a specific inhibitor of blast cells because it
selectively targets the NF-«kB pathway when hyperactivated
only in this cell population, inducing highly specific apopto-
sis. This effect in low-risk MDS patients leads to a reduction
in ineffective erythropoiesis induced by a malignant clone,
while in SAML or high-risk MDS, the drug reduces the per-
centage of blast cells through an increase in apoptosis.
Otherwise, we cannot exclude a direct effect of the drug on
erythroid precursors similar to the one seen in inherited
sideroblastic anemia presenting GLRX5 deficiency, as previ-
ously described by Camaschella e al.* in which after remov-
ing red cell precursors, the iron excess could re-establish a
more effective erythropoiesis. Moreover, due to its specific
NEF-kB inhibitory properties, deferasirox is able to increase
the antineoplastic activity of a chemotherapeutic agent, such
as etoposide, in our i vitro model. A similar effect has been

Deferasirox inhibits NF-kB in MDS and AML cells e

demonstrated previously with other NF-«B inhibitors in dif-
ferent in vitro models.**

In summary, in our study, deferasirox acts as a potent NE-
kB inhibitor, so we can hypothesize that it could act direct-
ly on the malignant clone also during i vivo therapy, induc-
ing a hematopoietic improvement in many patients. NF-kB
inhibition is a particular and iron independent effect of
deferasirox, not shared by other chelators and not relying on
the reactive oxygen species scavenging properties of the
drug. This observation offers new insights into iron chela-
tion therapy in myelodysplastic patients, which is not only
essential for secondary hemosiderosis prevention, but also
acts as a targeted therapy on malignant clones. This could be
associated with other therapeutic options.
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