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Abstract. Derivatives of distamycin A modified at the C-
terminal amidine moiety and tethered to bis-epoxyethyl
moieties at the N-terminal position were tested for their ability
to induce erythroid differentiation in the human erythro-
leukemic cell line K562. None of the compounds without
bis-epoxyethyl moiety were active. A comparison of the
biological activity of diepoxy compounds containing different
non-basic amidine-modified moieties, showed low activity of
amidoxime, carbamoyl and N-methyl carbamoyl derivatives
as differentiation agents. In contrast, a cyanamidine derivative,
compound 3, was able to induce erythroid differentiation of
K562 cells. In addition, the cyanamidine derivative 3 was able
to induce HbF accumulation following treatment of cultures of
erythroid precursor cells isolated from the peripheral blood of
normal subjects.

Introduction

The identification and characterization of potential thera-
peutic agents for the treatment of B-thalassemia and sickle
cell anemia is based on the pharmacologically mediated
regulation of the expression of human y-globin genes (1-8).
It is well established that an increased production of fetal
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hemoglobin (HbF, a,y,) leads to a significant improvement
of the clinical status of the patients (4,5,7). Therefore, many
published experiments were designed to find hormones,
cytotoxic agents, hemopoietic cytokines and short fatty acids
as agents able to increase HbF levels in humans (1-3,9-11).

In this respect, DNA-binding drugs are very interesting,
since we reported that mithramycin, cis-platinum and talli-
mustine analogs are potent inducers of erythroid differentiation
(12-14). The same compounds have been demonstrated to
increase HbF production in human erythroid precursor cells
obtained from peripheral blood of normal subjects and
thalassemic patients (9). In particular, we found that the
distamycin analog tallimustine and some related compounds
are powerful inducers of differentiation and y-globin mRNA
accumulation in normal human erythroid progenitors (10).

In this study, we report on the biological characterization
of potential HbF inducers of the hybrid molecules 3-6 that
include the amidine-modified tripeptide tris-N-methyl-pyrrole-
carboxamide distamycin A, which contains two electrophile
epoxydic functions on the amino end. In the bis-epoxyethyl-
distamycin A hybrids, the amidino moiety has been replaced
by various non-basic groups of a different electronic nature,
lipophilicity and bulk, such as cyanamidine (compound 3),
amidoxime (compound 4), carbamoyl (compound §) and N-
methyl carbamoyl (compound 6).

As was previously reported, the synthesis of amidino-
modified analogs provides a number of advantages (15-18).
First, they are not hygroscopic and are easy to handle.
Moreover, these derivatives are uncharged. Thus, products and
intermediates can be readily purified by column chromato-
graphy and recrystallized.

These compounds were investigated for potential erythro-
differentiation ability, in order to verify whether some of them
were able to increase y-globin gene expression. We initially
analysed erythroid differentiation by benzidine/H,O, assay
and Northern blotting using the human leukemia K562 cell
line as a cellular model (19,20). We then analyzed HbF
production after in vitro treatment with the most potent
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compound in erythroid precursor cells using the two-phase
liquid culture procedure (21,22). This methodology can be
used to identify compounds stimulating HbF accumulation in
erythroid progenitors obtained from normal donors as well as
subjects with hematological disorders (9).

Materials and methods

Chemistry. Reactions were carried out under an inert
atmosphere of dry nitrogen, unless otherwise described.
Standard hypodermic syringe techniques were applied for
transferring dry solvents. Starting materials were purchased
from Fluka and were used without purification. Reaction
courses and product mixtures were routinely monitored by
TLC on silica gel (precoated F,s, Macherey-Nagel plates)
and visualized with aqueous KMnQO,. Chemical shifts () are
given in the ppm upfield from tetramethylsilane. Melting points
(mp) were determined on a Biichi B540 apparatus and are
not corrected. The products reported showed 'H-NMR spectra
in agreement with the assigned structures. 'H-NMR was
determined in CDCl;/DMSO solution with a Bruker AC200
spectrometer. Organic solutions were dried over anhydrous
Na,SO,. Dry DMF was distilled from calcium chloride and
stored over molecular sieves (3 A). Reaction solvents,
recrystallization and work-up solvents were used as received.
The synthesis of compounds studied herein has been described
in detail elsewhere. The compounds included 3: N-[5-({[5-
({[(3-amino-3-(cyanoimino)propyl]amino}carbonyl)-1-
methyl-1H-pyrrol-3-ylJamino}carbonyl)-1-methyl-1H-
pyrrol-3-yl]-4-bis(oxiranyl)amino-1-methyl-1H-pyrrole-2-
carboxamide; 4: N-[5-({[5-({[(3-amino-3-(hydroxyimino)
propyl]amino}carbonyl)-1-methyl-1H-pyrrol-3-yl]
amino}carbonyl)-1-methyl-1H-pyrrol-3-yl]-4-bis(oxiranyl)
amino-1-methyl-1H-pyrrole-2-carboxamide; 5: N-[5-({[5-
({[(3-amino-3-(carbamoyl)ethylJamino }carbonyl)- I-methyl-
1H-pyrrol-3-yl]lamino}carbonyl)- 1-methyl-1H-pyrrol-3-yl]-
4-bis(oxiranyl)amino- I-methyl-1H-pyrrole-2-carboxamide;
and 6: N-[5-({[5-({[(3-amino-3-(N-methylcarbamoyl)ethyl]
amino }carbonyl)-1-methyl-1H-pyrrol-3-ylJamino }carbonyl)-
1-methyl-1H-pyrrol-3-yl]-4-bis(oxiranyl)amino-1-methyl-
1H-pyrrole-2-carboxamide.

Molecules used in the biological assays. Distamycin A,
compounds 3-6 and 11-14 were dissolved in dimethyl sulfoxide
(DMSO) at 1 mg/ml, aliquoted and stored in the dark at -20°C.
The bis-epoxyethyl-distamycin A derivatives were diluted in
medium immediately before use. Tallimustine was purchased
from Sigma/Aldrich (Milwaukee, WI, USA). Known inducers
of K562 differentiation (hydroxyurea, mithramycin, butyric
acid, tallimustine and cisplatin) were employed as positive
control compounds (9,13,23). These molecules were purchased
from Sigma/Aldrich.

K562 cells and cell culture conditions. The human chronic
myelogenous K562 cell line (19) was obtained from the
American Type Culture Collection (ATCC, Rockville, MD)
and grown in vitro in RPMI-1640 medium (Sigma/Aldrich),
supplemented with 10% fetal bovine serum (FBS) (Celbio,
Milan, Italy), 2 mM L-glutamine (Sigma/Aldrich), a solution of
50 U/ml penicillin and 50 ug/ml streptomycin (Sigma/
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Aldrich) in a humidified atmosphere of 5% CO,/air at 37°C
(20). K562 cells were usually seeded at 30,000 cells/ml and
then treatment with bis-epoxyethyl-distamycin A derivatives
was carried out by adding the appropriate drug concentrations
at the beginning of the cultures. The medium was not
changed during the induction period. To determine the
antiproliferative activity of these compounds, exponentially
growing cells were continuously exposed to various
concentrations of drugs for 72 h and cell growth was studied
by determining the cell number/ml using a ZF Coulter Counter
(Coulter Electronics, Hialeah, FL, USA) (14). Results were
expressed as ICs, (dose causing 50% inhibition of cell growth
in treated cultures relative to untreated controls). Experiments
were repeated at least twice. For each drug concentration,
duplicate cultures were used. Vehicle or solvent controls
were run with each experiment. To determine the effects of
distamycin A, tallimustine and hybrid compounds 3-6 erythroid
differentiation was calculated after 4-6 days of cellular culture
by counting the proportion of benzidine-positive cells with a
solution containing 0.2% benzidine in 5 M glacial acetic acid
and 10% H,0,, as described elsewhere (24).

RNA isolation and Northern blotting. Total RNA was
phenol-chloroform-extracted from the cytoplasm of treated
and untreated K562 cells as described elsewhere (25).
Solutions were made in diethylpyrocarbonate (DEPC)-treated
water. The extracted RNA was aliquoted, precipitated in 2
volumes of absolute ethanol and stored at -80°C, washed once
with cold 75% ethanol, dried and dissolved in DEPC-treated
water before use. Total RNA (10 pg) was loaded onto 1%
agarose gel, electrophoresed, transferred to a nylon membrane
(Gene Screen Plus) and hybridized using a 3?P-labelled JW151
plasmid probe containing human y-globin coding gene (26).
The B-actin probe was produced by RT-PCR (reverse
transcriptase polymerase chain reaction). K562 cells were
treated with tallimustine at the final concentration of 50 and
100 nM and with compound 3 at the final concentration of
25 and 50 yM. The y-globin mRNA expression was evaluated
after 5 days of cell growth and compared to the untreated
K562 cells on the same day of culture as the seeding.

Human erythroid cell cultures from normal donors. The two-
phase liquid culture procedure was employed as previously
described (9,21,22). Mononuclear cells were isolated from
the peripheral blood samples of normal donors by the Ficoll-
Hypaque density gradient centrifugation and seeded in a-
minimal essential medium supplemented with 10% FBS
(Celbio), 1 pg/ml cyclosporine A (Sandoz, Basel, Switzerland),
and 10% conditioned medium from the 5637 bladder carci-
noma cell line (27). The cultures were incubated at 37°C, in
an atmosphere of 5% CO, in air, with extra humidity. After a
7-day incubation in this phase I culture, the non-adherent
cells were harvested, washed, and cultured in fresh medium
composed of a-medium, 30% FBS, 1% deionized bovine
serum albumin (BSA), 10> M B-mercaptoethanol, 1.5 mM L-
glutamine, 10-° M dexamethasone, and 1 U/ml human recom-
binant Erythropoietin (EPO) (Inalco, Milan, Italy). This part
of the culture is referred to as phase II (21).

Compounds were added on days 4-5 of phase II. Cell
samples were analyzed on days 12 or 13 of phase II. Hemo-
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Figure 1. Chemical structure and synthesis of the molecules employed in this study. The reagents are: a) NH,CN, NaH, DMF, 1t (for the synthesis of 7);
NH,OH, TEA, DMF, 70°C (for the synthesis of 8); CH;NH,, DMF, 80°C (for the synthesis of 9 and 10); b) HCI in EtOH, rt and c) epibromohydrin, TEA,

DMF, rt.

globin-containing erythroid precursor cells were counted
following staining by the benzidine/H,0O, procedure (24).
The proportion of HbF out of the total Hb (% of Hb) was
determined by high-performance liquid chromatography
(HPLC) as described elsewhere (21,22).

High-performance liquid chromatography. Before HPLC
analysis, cell samples were washed twice with sodium phos-
phate buffer, shaken and left for 30 min in ice. The cellular
membrane was broken by centrifugation at 14,000 rpm and
the supernatant was recovered. The HPLC analysis of
hemoglobins was performed using Pharmacia LKB Gradient
PUMP 2249, LKB VWM 2141 instrumentation at 415 nm and
an ionic exchange column (Synchropak CM300 250x4.6 mm,
Synchron Inc., Lafayette, IN). The flow ratio of samples was
0.8 ml/min in a mix of the two buffers [A) CH;COONa 0.3 M,
Bis-Tris 30 mM, KCN 1.5 mM in water solution and B) Bis-
Tris 30 mM, KCN 1.5 mM in water solution] using a gradient
elution. The standard curve was obtained by injection of
different dilutions of commercial HbA purchased from
Sigma/Aldrich and the HbF concentration of samples was
calculated using a Spectra-Physics SP4600 integrator.

Results

Synthesis of bis-epoxyethyl distamycin hybrids. The synthesis
of the bis-epoxyethyl distamycin hybrids 3-6 is summarized
in Fig. 1. The starting material used for the synthesis of the
cited compounds was distamycin A (1) (28). Cyanoamidine 7
was prepared from distamycin A with 3 equivalents of
NH,CN sodium salt, obtained in situ with NaH (50%
suspension in mineral oil) in DMF. Amidoxime 8 was prepared
from 1 and 3 equivalents of NH,OH-free base, obtained in situ
from NH,OH HCI and TEA, in DMF at 70°C. Carbamoyl and
N-methyl carbamoyl derivatives 9 and 10, respectively, were

prepared by reacting distamycin A (1), dissolved in DMF, with
3 equivalents of aqueous CH;NH, at 80°C. The stallimycin-
modified derivatives 7-10 were then transformed in the
corresponding desformyl derivatives 11-14. The condensation
of the amidino-modified deformyl distamycin A derivatives
11-14 with 1-bromo-2,3-epoxypropane (epibromohydrin) in
DMF as solvent, in the presence of three equivalents of TEA
as base, gave the bis-oxiranyl derivatives 3-6.

Evaluation of erythroid differentiation effects on K562 cell
line after treatment with bis-epoxyethyl distamycin hybrids.
The antiproliferative effects of the compounds employed in
this study have been reported elsewhere (29). None of the
compounds without bis-epoxyethyl moiety were active in
inhibiting the proliferation of human K562 and murine L1210
leukemia cells. A comparison of the biological activity related
to the diepoxy compounds 3-6 with different non-basic
amidine-modified moieties, showed low activity for the
carbamoyl and N-methyl carbamoyl derivatives (compounds
5 and 6, respectively), moderate activity for the amidoxime
analog 4 and good activity for the cyanamidine derivative 3.

To determine the effects on erythroid differentiation,
K562 cells were treated with increasing concentrations of
distamycin A (as a reference compound) and compounds 3-6
and erythroid differentiation were determined after 4-6 days
of cellular culture by counting the proportion of benzidine-
positive cells (24).

The results obtained and reported in Table I demonstrate
that compound 3 displayed the highest effects on the induction
of erythroid differentiation of K562 cells. Compounds 11-14,
which lack the bis-epoxyethyl function, were unable to induce
erythroid differentiation (data not shown). The ability of
compound 3 to induce erythroid differentiation of the human
leukemic K562 cells was compared to other differentiation
agents. Notably, compound 3 is very active, and the level of
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Table I. Effects of distamycin A and hybrid compounds 3-6 on
erythroid differentiation of human erythroleukemic K562
cells.
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Table II. Effects of compound 3 on erythroid differentiation
of human erythroleukemic K562 cells compared to powerful
differentiation agents.?

Erythroid differentiation
(% of benzidine-positive cells + SD)

Compound Day 4 Day 6

Distamycin A 8.0+1.2 20.0+2.2
3 46.3+7.1 65.3+6.2
4 11.0£2.1 13.0£3.5
5 15.0+4 4 16.0+4.8
6 12.0+3.1 15.0+4.6

#K562 cells were treated with concentrations of distamycin A and
compounds 3-6 causing 50% inhibition of cell proliferation. The
proportion of benzidine-positive (hemoglobin-containing) cells was
determined after 4 and 6 days of cell culture.

differentiation approaches that of the most potent erythroid
inducers, such as cytosine arabinoside (ara-C) (250 uM) (13),
mithramycin (10 nM) (12), tallimustine (10 nM) (10) and
cisplatin (8 yM) (13). Compound 3 (50 gM) is more active
than butyric acid (1.5 mM) and hydroxyurea (HU) (120 M)
in increasing the proportion of benzidine-positive K562 cells.
These data are summarized in Table II. The compounds were
used at the indicated concentrations, which led to 50%
inhibition of cell growth as reported elsewhere (10,12,13).

Accumulation of y-globin mRNA in human leukemic K562
cells treated with compound 3. In order to determine whether
the induction of erythroid differentiation of K562 cells is
associated with a specific increase of y-globin mRNA
accumulation, total RNA was extracted from untreated K562
cells or K562 cells treated with tallimustine at the final
concentrations of 50 and 100 nM (14) or compound 3 at 25
and 50 #M (experimental conditions close to the concentrations
were found to cause 50% inhibition of cell proliferation).
Tallimustine was used at concentrations much lower than
those employed with compound 3, due to its strong anti-
proliferative and cytotoxic activity at the mM range (14).
Northern blotting is shown in Fig. 2. As expected from
previously published observations and from the data shown
in Table I, distamycin was unable to induce an increase of
y-globin mRNA content, while tallimustine was able to stimu-
late the accumulation of y-globin mRNA to an extent similar
to ara-C (Fig. 2A). The results shown in Fig. 2B clearly
indicate that erythroid differentiation induced by compound 3
after 5 days of treatment is associated with a sharp increase of
y-globin mRNA accumulation. The expression of B-actin
mRNA was taken as an internal control and the ratio of
specific y-globin mRNA with respect to this reference
sequence was calculated and shown in Fig. 2C. The data
suggest that compound 3 induces an increase of y-globin
mRNA accumulation in a specific manner and at a level
similar to tallimustine induction. Fig. 2D and E shows an
additional analysis performed using K562 cells after 3, 5 and

Erythroid differentiation

Compound (% of benzidine-positive cells)
3 68.2+4.1

Cytosine arabinoside 75.6+5.8

Mithramycin 72.9+1.9

Butyric acid 36.7£6.5

Hydroxyurea 28.2+3.7

Tallimustine 85.4+7.1

Cisplatin 75.4+6.6

1K 562 cells were treated with concentrations of compound 3 causing
50% inhibition of cell proliferation. The results were compared to
those obtained with the administration of optimal concentrations of
potent inducers of erythroid differentiation. The proportion of
benzidine-positive (hemoglobin-containing) cells was determined
after 6 days of cell culture.

7 days of treatment with compound 3. The increase of y-
globin mRNA accumulation (Fig. 2E) is consistent with the
results obtained after quantification of the proportion of
benzidine-positive cells (Fig. 2D). The decrease of proportion
of benzidine-positive cells after the 7-day induction is
expected, due to a decrease of cell division efficiency of
differentiated (benzidine-positive) versus non-differentiating
(benzidine-negative) cells (10-14).

HDF production by administration of compound 3 on erythroid
progenitor cells from peripheral blood. To study the effects
of compound 3 on differentiation of the human erythroid
progenitor cells we employed the two-phase liquid culture
system as described elsewhere (21,22). In this procedure, early
erythroid committed progenitors (BFUe) derived from the
peripheral blood proliferate and differentiate during phase I (in
the absence of EPO) into late progenitors (CFUe). In phase II,
in the presence of EPO, the latter cells continue their
proliferation and mature into Hb-containing orthochromatic
normoblasts. Compound 3 was added at 200 uM (a concen-
tration found to cause 50% inhibition of cell growth) on days
4-5 of phase II for 7 days. The finding that the concentration
of compound 3 needed to obtain optimal biological effects on
erythroid precursor cells is higher than that employed on K562
cells is expected, as reported for other inducers of K562
erythroid differentiation and HbF production in erythroid
progenitor cells. As a positive control, we used cultures
treated with HU (100 #M), cisplatin (50 M) and mithramycin
(20 nM). To be consistent with the expected approach
followed using K562 cells, the data obtained were compared
with results obtained using tallimustine and distamycin.

The HPLC analysis of the cellular Hb content in the above
cultures shows that HbF increases in cultures treated with
compound 3 (Fig. 3) with respect to untreated cultures or
cultures treated with distamycin. The amount of HbF in
control cultures was 1.4+0.6%. It increased to 4.8+0.9%



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 23:

A

untreated
ara-C
distamycin
tallimustine

y-globin —p

-

P
B-actin —» H

B 2
g g
E compound 3 E
S %

y-globin —»

B-actin— |

10 25 50
uM

105-111, 2009 109
C % 14 compound 3
1
E
&
g
o 0.54
=
ﬁ 0.25
o
-
10 25 50 uM
D o 1009
5
&€
L w
53
N
s 254
L
T T T
E :
=
gﬁ‘.
52
=
£ 025
T T I
3 5 7 days

Figure 2. Northern blotting. (A-C) Total RNA was extracted from untreated K562 cells or K562 cells treated with ara-C (250 yM), tallimustine (100 nM) or
compound 3 at 10-50 M, as indicated. Total RNA (10 pg) was loaded onto 1% agarose gel, electrophoresed, transferred to a nylon membrane (Gene Screen
Plus) and hybridized using **P-labelled y-globin and B-actin probes. The arrows in panels A and B show specific hybridizations. In panel C the scanning of the
autoradiogram shown in panel B is reported. The black histograms on the left and on the right side represent data relative to untreated (left) and tallimustine-
treated (right) cells. Data represent average + SD of different exposure of the autoradiographic film. (D and E) Increase of the proportion of benzidine positive
cells (panel D) and y-globin/B-actin mRNA ratios in K562 cells after treatment for different days in the absence of inducers (solid squares) or in the presence
of 10 nM tallimustine (closed circles) or 50 xM compound 3 (open circles). Data represent average + SD of three determinations.
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Figure 3. HbF production by human erythroid precursor cells derived from
peripheral blood and cultured in the absence of untreated cells or in the
absence of hydroxyurea (100 #M), mithramycin (20 nM), cisplatin (50 uM),
tallimustine (0.5 M), distamycin (0.5 M) and compound 3 (200 M), as
indicated. The concentrations of the HbF inducers employed were as
previously published (9-11). Data represent % of HbF (average + SD of
three experiments).

and 6.6+1.1% in HU- and mithramycin-treated cultures,
respectively, 3.5+0.5% in cisplatin-treated cultures, 2.5+0.4 in
tallimustine-treated cultures and to 3.68+0.6% in cells treated
with compound 3 (average + SD of three experiments).

Discussion

HDbF inducers may be of great interest as a type of therapy for
B-thalassemia and sickle cell anemia (1-8), since an increase of
HDF is able to ameliorate the symptoms of these diseases. We
report in this study that the epoxyethyl-distamycin hybrid
(compound 3) is a potent inducer of erythroid differentiation
of K562 cells. Differentiation was found to be associated
with a sharp increase in the production of y-globin mRNA.
The K562 cell line has been proposed as a useful in vitro
model for studying the molecular mechanism(s) regulating the
expression of embryonic and fetal human globin genes (30),
as well as for screening for potential new differentiation-
inducing compounds (9,12,13). This cell line, which was
isolated and characterized in 1975 by Lozzio et al from a
patient with chronic myelogenous leukemia in blast crisis,
exhibits a low proportion of Hb-synthesizing cells under
standard culture conditions, but is capable of undergoing
erythroid differentiation when treated with a variety of
compounds including hemin (30), cytosine arabinoside (ara-C)
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(12), 5-azacytidine (20), chromomycin and mithramycin (12),
tallimustine (10,14), cisplatin and cisplatin analogs (13).
Following the erythroid induction of K562 cells, Hb Portland
(Cyy,) and Hb Gower 1 (C,¢,) accumulate, due to an increase in
the expression of human C-, e- and y-globin genes (20). In vitro
studies demonstrated that known inducers of erythroid
differentiation in K562 cells such as HU, butyrates and 5-
azacytidine, are also capable of inducing HbF production
when administered individually or in combination with normal
erythroid cells (1). Butyric acid, HU and 5-azacytidine have
been the subject of studies on the treatment of B-thalassemia
patients (2,3,31,32).

Another important conclusion of this study is related to
the evaluation of the effects of compound 3 on the production
of HbF in human erythroid precursors grown in the two-stage
liquid culture system. We demonstrated that compound 3
stimulates an increase of HbF production, which is similar to
that obtained by HU, a potent inducer of HbF production
in vitro and in vivo (1,33,34). The results presented herein
may have a practical impact, since it is well known that an
increase in HbF production ameliorates the clinical status of
patients with B-thalassemia and sickle cell anemia (4,5,7).

Further experiments employing quantitative RT-PCR
analysis are necessary to determine whether - and a-globin
gene expression is modified. This issue is critical in order to
verify the potential interest of the molecules studied herein
the field of experimental therapy of a highly heterogeneous
group of hematological pathologies such as those comprising
of B°-thalassemia, B*-thalassemia and sickle cell anemia. In
all cases, an induction of the a-globin gene should be avoided
(35,36), as only in a few cases would the increase of 3-globin
mRNA accumulation be beneficial (36). In conclusion, the
identification of novel HbF inducers is of relevance as
hydroxyurea is toxic and long-term treatment may lead to
unwanted side effects (34), and that increasing evidence
clearly shows that several B-thalassemia patients are non-
responsive to hydroxyurea treatment (37).
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