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ABSTRACT

Objective: The use of fetal hemoglobin (HbF) inducer drugs is considered as a novel approach in treatment of
B-hemoglobinopathies, especially B- thalassemia and sickle cell disease. HbF inducers including hydroxyurea,
histone deacetylase (HDAC) inhibitor agents such as sodium butyrate, azacitidine, decitabine and new
immunomodulator drugs like pomalidomide, lenalidomide and thalidomide can reduce a-globin chain
production in erythroid progenitors and improve a: B chain imbalance, the most crucial complication of B-
thalassemia.

Materials and Methods: In this article, we reviewed more than 40 articles published from 1979 to 2012 in
the field of fetal hemoglobin augmentation.

Results: Recent studies suggest the synergistic effect of drug combinations in efficient induction of fetal
hemoglobin and gene over-expression.

Conclusion: It seems that drugs which act with different molecular and epigenetic mechanisms have proper
synergistic effects in fetal hemoglobin induction and gene over-expression.
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INTRODUCTION regions.” ? B-thalassemia is the result of defective

B- hemoglobinopathies are among in the hemoglobin production due to reduced or absent
monogenic  blood disorders with autosomal expression of B- globin gene. This phenomenon is
recessive inheritance and a high mortality due to a wide range of point mutations and some
worldwide. B-thalassemia and sickle cell disease deletions in this gene, causing impaired production
(SCD) are considered the most common B- of B- globin chain. So far, more than 200 point
hemoglobinopathies. PB-thalassemia has a high mutations causing B-thalassemia have been
prevalence in regions bordering the Mediterranean reported.” * Based on studies, IVS-IIl-1 mutation is
Sea, Middle East, Central Asia, India, south China, considered as the most common type of B-
Far East, northern Africa and South America. thalassemia mutation in the Iranian population.’
According to investigations, the highest prevalence Following mutation in B-globin gene, polypeptide
of B-thalassemia carriers has been reported in chains of a-globin are not able to participate in the
Cyprus (14 %), Sardinia (10.3%) and Southeast Asian structure of hemoglobin, and they precipitate in
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erythroid precursors resulting in ineffective
erythropoiesis. In fact, lack of balance between a-
globin and B-globin chains is the major factor in the
pathology of PB- thalassemia.®™ In  SCD,
polymerization of hemoglobin S (HbS) due to lack of
oxygen causes disorders such as ischemia, vascular
occlusion, tissue scarring and other acute and
chronic complications in patients.”* The cause of
SCD is a point mutation of B-globin gene in amino
acid at position 6, giving rise to defective B-globin
chain and formation of HbS."

Currently, the main focal point of therapy in B-
thalassemia patients is a regular blood transfusion
schedule and use of iron chelating agents.
Allogeneic transplantation of hematopoietic stem
cell is of course the only basic therapy available for
thalassemia. In Class 1 and Class 2 thalassemic
patients who are younger than 17 years of age, BMT
(Bone Marrow Transplantation) from a donor with
compatible HLA has cured the disease in most
patients. BMT is associated with a number of
problems including finding the donor with
compatible HLA and requiring long-term use of
immunosuppressive drugs to prevent or treat GVHD
(Graft Versus Host Disease).'®

Due to these limitations and severe therapeutic
complications of routine therapeutic strategies,
novel therapeutic methods for treatment of B-
thalassemia seem to be necessary. In recent years,
the use of fetal hemoglobin (HbF) inducing drugs is
regarded as the appropriate therapy for
hemoglobinopathies. HbF expression in B-
thalassemia will decrease the accumulation and
precipitation of a-globin chains, and thus reduces
the ineffective erythropoiesis. The high level of HbF
has a direct relationship with acute clinical status in
SCD including pain crises, acute chest syndrome and
death. Therefore, HbF expression induction is an
important therapeutic strategy in reducing the
clinical morbidity and mortality in patients with -
thalassemia and SCD.> Y The use of
pharmacological agents inducing expression of y-
globin gene can be important in treatment of B-
globin disorders, and can be a subject for more
extensive review. The origin of this idea is the
observation that high levels of HbF at birth are
associated with milder clinical symptoms in patients
with B-globin disorders. With this interpretation,
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following induction of HbF in such patients, partial
compensation for the oxygen deficiency problem
due to lack of HbF is expected along with reduced
side effects resulting from the accumulation of a
chains.”"’

Switching in B- Globin Gene Family

B-globin like gene family is located on
chromosome 11, and includes five coding regions
from 5' to 3’ comprising €, yG, vA, 6 and B genes,
respectively. The placement of genes from 5' to 3’
direction is based on the evolution of gene
expression in fetus with predominant expression of
€ gene in yolk sac blood islands, yG and yA genes
during embryonic period in the liver as well as § and
B genes in the bone marrow in postnatal period."®
Following switching of y-globin gene expression to
B-globin after birth, complications of B-thalassemia
and SCD are manifested. Thus, the use of drugs
affecting the silencing of y-globin gene or
preventing it can be regarded as an effective
therapeutic approach. Several studies indicate the
important role of epigenetic changes in changing
expression pattern of various genes including B-
globin like genes. The change in methylation
pattern in DNA level especially in CpG islands along
with lysine residue acetylation in N-terminal
Histone regions is among the therapeutic
approaches to change the pattern of gene
expression. Using medications that decrease the
methylation in DNA level and increase Histone
acetylation in y- globin gene especially in promoter
region can induce y- globin gene expression and
thus increase HbF level in patients with B-
thalassemia and SCD.*®

Fetal Hemoglobin Gene Inducing Agents

Hydroxyurea (HU) is considered as an inducer of
HbF production. Since HU has the potential to
induce y-globin gene and reduce the expression of
B-globin gene and because of its anti-sickling effect,
prescription of HU is indicated in SCD treatment. In
addition, HU reduces the number of white blood
cells and prevents their activation, and thereby
inhibits vascular occlusion in these patients. The
effect of HU in treating patients with B-thalassemia
major and intermedia has been very disappointing,
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and it has not made any significant improvement in
the anemia either. In fact, this drug results in
regeneration of erythroid series through its
cytotoxic effects, and releases nitric oxide (NO)
through metabolic effects.”®? The NO induced HbF
via recruitment of P38 Mitogen-activated protein
kinase (p38 MAPK) pathway.”!

Histone deacetylase (HDAC) inhibitors including
butyrate derivatives, azacitidine, decitabine (5-aza
2-deoxycytidine) and trichostatin-A play a role in y-
globin gene induction by changing the epigenetic
patterns of PB-globin cluster such as increasing
histone H3 acetylation and decreasing methylation
in y- globin gene promoter. Azacitidine is
considered an inducer drug with a high potential to
increase production of fetal hemoglobin. Azacitidine
and decitabine act as HDAC and DNA methyl
transferase (DNMT) inhibitors that result in
increased HbF.”**’ Decitabine, the analogous drug
of azacitidine, has a higher potential in DNMT
enzyme inhibition compared with azacitidine, as

Fetal Hemoglobin Inducer Drugs and 3-Hemoglobinopathy

well as in activation of tumor suppressor genes.
(Figure 1) This drug has had proper therapeutic
effects in patients with sickle cell anemia, even in
patients resistant to HU.'® *® In addition, butyrate
derivative drugs such as sodium butyrate and
arginine butyrate have been considered low risk
and highly effective in treatment of sickle cell
anemia and thalassemia. The studies have shown
that the level of HbF is increased by the same rate
following intermittent and continuous
administration of butyrate, and therefore the effect
of butyrate in induction of y-gene expression
appears to be heritable. Butyrate has also been
capable of increasing the expression of B-globin
gene, while azacitidine has no effect on B-globin
gene expression. In addition, butyrate can increase
histone acetylation in &€ gene, but there is no
increase in expression of € gene following this
phenomenon. This is due to other factors such as
specific transcription factors and epigenetic changes
in LCR.ZG' 28,29

Figurel. Drugs and their induction mechanism of y-globin gene. For details refer to text

Abbreviation: EPO, erythropoietin; HU, hydroxyurea; SCF, stem cell factor; NO, nitric oxide; ROS, reactive oxygen species; P38 MAPK, p38 mitogen
activation protein kinase; CH3, methyl group; HAT, histone acetyl transferase; HDAC, histone deacetylase; DNMT, DNA methyl transferase; AC, acetyl
group; SAHA, suberoylanilide hydroxaminc acid.
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There is another compound called hemin, which
has a similar function as butyrate in changing the
pattern of gene expression but in a lower extent.
This compound is an inducer of erythropoiesis with
contradictory effects on a- globin gene expression,
just like butyrate. Studies have shown that these
two compounds increase the level of a- globin gene
mMRNA in B-thalassemia patients while reducing its
level in SCD patients. Therefore, promising effects
of increased HbF level following treatment with
these two compounds is accounted for as a result of
their effect in disrupting the a: balance in patients
with B- thalassemia. However, some studies show
that using these two drugs has reduced the globin
imbalance in a number of B-thalassemia patients.*

Nicotinic acid and its derivatives have been
assessed as HbF inducers. These compounds can
stimulate erythroid differentiation in K562 cell line
similar to butyrate and hemin, but as they reduce
glycophorin A (GphA) expression, they seem to have
a mechanism different than the mentioned
compounds in inducing erythroid differentiation.*

Compared with HU, Pomalidomide is a stronger
inducer of HbF production. It has been
demonstrated that the epigenetic mechanisms of
this drug in increasing HbF expression is related to
acetylation of H3K9 and H3K14 at LCR region of y-
globin gene. It has been also shown that this
epigenetic pattern is locus specific without any
global changes in H3 acetylation pattern. In
addition, pomalidomide has a synergistic effect with
HU in the induction of HbF.>*3* In this drug family,
thalidomide used for multiple myeloma treatment
has appropriate effects in HbF induction with similar
mechanism of action with other
immunomodulatory agents. The exact mechanism
of the therapeutic effect of this factor is still
unknown.

However, the effects of thalidomide may be due
to suppression of NF-KB induction by inflammatory
cytokines such as Tumor Necrosis Factor (TNF- a),
Vascular Endothelial Growth Factor (VEGF) and
prostaglandin E2 synthesis (PG-E2) associated with
increased release of reactive oxygen species (ROS).
ROS can launch P38 MAPK, which results in
increased HbF levels.(Figure 1) Teratogenic property
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of thalidomide is still debatable, although it has
been speculated that the teratogenic properties of
thalidomide may be due to ROS damage.***® In a
case report published in 2010, appropriate
treatment of a patient with B- thalassemia major
using thalidomide has been reported.*® In addition,
recent studies indicate a synergistic effect of
different concentrations of sodium butyrate and
thalidomide in induction of B- and y-globin genes in
erythroid cells derived from CD133+ cells in cord
blood. Other findings also indicate a high potential
of this drug combination in inducing the production
of erythroid precursors compared with single-drug
treatments. Comparison of the effects of sodium
butyrate and thalidomide in gene expression
induction suggests higher capacity of the latter in
increasing production of B- and y-globin genes.>*
4942 Epigenetic studies in this field show that as
H3K27 methylation is regarded as an index of
heterochromatin and reduced gene expression,
combining thalidomide and sodium butyrate has
less effect in reduction of histone methylation than
thalidomide. Therefore, since these two drugs have
a synergistic effect in induction of globin gene
expression, the combination drug thalidomide and
sodium butyrate exerts this synergistic effect in
inducing gene expression through another
epigenetic mechanism.”® Azacitidine and Decitabine
are also known as DNMT inhibitors.*

In other studies, cytokines like stem cell factor (SCF)
and transforming growth factor-beta (TGF-B) have
been shown to have HbF induction potential. It is
seen that MAPK signaling pathway is associated
with fetal hemoglobin induction using SCF.” This
signaling pathway affects the regulatory region in 3-
globin gene cluster through increased expression of
NF-E2 transcription factor. TGF-B also induces the
expression of this gene through activation of fetal
Krippel-like transcription factor (FKLF) through
recognition of its direct effect in y-globin gene
expression. Another study reports the synergistic
effect of SCF, TGF-B and erythropoietin (EPO) in
fetal hemoglobin expression induction in erythroid
progenitor cells in vitro.* Table 1 shows molecular
and/or epigenetic mechanisms of some other drugs
in HbF induction, which have been recently studied.
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Table 1. Molecular and/or Epigenetic Mechanisms of some HbF Inducer Drugs

Drug Molecular mechanism Epigenetic mechanism Reference

Trichostatin-A Activation of P38 MAPK signaling pathway HDAC inhibitor (46)

adipicin Activation of P38 MAPK signaling pathway HDAC inhibitor 47)

Valproic acid Activation of P38 MAPK signaling pathway HDAC inhibitor (48, 49)

SDMB e HDAC inhibitor (50)

Scriptaid Activation of P38 MAPK signaling pathway HDAC inhibitor (51)

EPO Activation of STATS5, Src family kinase =~ —--mmmmmmmmmeme e (52)
and ERK-1/ERK-2 MAPK signaling pathways

Fructus trichosanthis Activation of ERK and P38 MAPK signaling -------------------mmmmm- (53)
pathway

SAHA e HDAC inhibitor (54)

Abbreviations: SDMB, Sodium 2,2 dimethyl butyrate; EPO, erythropoietin; SAHA, suberoylanilide hydroxaminc acid; HDAC, histone deacetylase; MAPK,
P38 mitogen activation protein kinase.

DISCUSSION

The use of drugs with a high potential to stimulate
erythropoiesis appears to induce HbF expression by
increasing proliferation of erythroid precursors.
Thus, activation of signaling pathways involved in
erythroid differentiation may play an important role
in increased expression of y-globin gene. In
addition, in different investigations in recent years
on epigenetic induction of fetal hemoglobin
expression in clinical and laboratory conditions,
various combinations have been used for this
purpose. Thalidomide increases HbF via P38 MAPK
and is a strong HbF inducer. However, despite a
high HbF induction capacity, it has limited
application due to teratogenic effects and some
neurological complications. In view of reduced
dosage, it is a very important drug in diseases in
which exploiting its induction effect in increasing
production of HbF is desired.**” Butyrate increases
the level of a- globin gene mMRNA in B-thalassemia
patients while reducing its level in SCD patients.
Therefore, favorable effects of increased HbF level
following treatment with this drug are completely
covered as a result of its effect in disrupting the a: B
balance in patients with B- thalassemia. However,
some studies show that using this drug has reduced
the globin imbalance in a number of B-thalassemia
patients.28 Moreover, its use is limited because of
suppressive effect on erythropoiesis,® >® and so it
has limited capacity for HbF induction.”’ DNMT
inhibitors such as azacitidine and decitabine are
potent HbF inducers and are used in SCD patients
resistant to HU*. These drugs are useful for patient
with severe SCD and B-thalassemia.’® *° DNMTs
have been administered to these patients with good
results, but their use is limited because of concerns

about potential carcinogenic effects.” *® HU has the
potential of y-globin gene induction as well as
reduction of the expression of B- globin gene and
has anti-sickling effects, but it is effective in
approximately 50% of SCD, and is less effective in
increasing HbF for B-thalassemia patients.®®®* All
these HbF inducers have mutagenic and
carcinogenic effects and cause clinical toxicity,
among which only HU has been useful for long term
clinical treatment. In a prospective view, recent
studies suggest new approaches for HbF induction
such as targeting BCL11A®® and ELKF** (transcription
factors involved in Hb switching). Other researches
focus on miRNAs (for example, miR 144 that targets
a-globin to prevent its precipitation) as therapeutic
goals with less side effects.®
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