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Abstract

Beta thalassemia (β-thalassemia) is an autosomal recessive genetic disease with many
genes involved. It is a heterogeneous disorder caused by variations in the inactivation
mechanism of the Beta-globin (β-globin) genes. Despite seemingly similar genotypes,
the patients with Beta-thalassemia have a remarkable variability in anaemia, growth
development, and hepatospleenomegaly and transfusion requirements. The genetic
factors may differ in each race or ethnic group for therapy and prevention. Despite re‐
markable successes in the treatment of Beta-thalassemia in the past decades, it is still
the leading cause of death and premature disability in developed and developing
countries. Possible factors that influence the severity of anaemia in thalassemia may
be inherited or non-inherited. The inherited factors include the type of β-thalassemia,
coinheritance of alpha thalassemia (α-thalassemia) and factors that stimulate fetal he‐
moglobin (HbF) production. In this chapter, respective contributions of known modi‐
fiers and also the pharmaceutical agents currently in use and under clinical trials for
regulating the globin gene expression will be discussed.

Keywords: Hemoglobinopathies, gamma globin, fetal hemoglobin, modifier genes,
drug discovery

1. Introduction

1.1. General introduction

The thalassemias are the commonest monogenic disorders in the world, and globally it is
estimated that there are 270 million carriers, of which 80 million are carriers of β-thalassemia.
β-thalassemia is widespread in the Mediterranean, Southeast Asian, African, and Middle East
populations. The mean prevalence of this disease in India is 3.3%. It has become much more
common recently in northern and central Europe, including Germany, due to immigration [1–
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3]. The thalassemias refer to a diverse group of hemoglobin disorders characterized by a
reduced synthesis of one or more of the globin chains (α, β, γ, δβ, γδβ, δ, and εγδβ). β-
thalassemia occurs when there is a deficiency of β-globin, which is typically caused by a direct
down-regulation in the synthesis of structurally normal b chains. However, a thalassemia
phenotype can also arise from structural b chain variants if they are synthesized at a reduced
rate. The most severe form of thalassemias is characterized by the complete absence of HbA
(α2β2) which results from the inheritance of two homozygous β-thalassemia alleles. This
normally presents as a life-threatening anemia requiring blood transfusions from infancy.
Inheritance of single β-thalassemia alleles is presented by a clinically asymptomatic condition,
but may show a mild anemia [4].

More than 200 mutations of the β-globin gene which can lead to β-thalassemia major have been
characterized worldwide [5–8]. Deletion mutations are rare; the majority of mutations are point
mutations in important functional regions of the β-globin gene [9]. Splice mutations and those
that occur in the promoter region tend to cause a reduction, rather than a complete absence of
β-globin chains, and thus result in milder disease. Nonsense mutations and frameshift
mutations tend not to produce any β-globin chains leading to severe disease (loss of function).
The severity of anemia caused by β-thalassemia depends on which mutations are present and
on whether they decrease beta-globin production (called beta+ thalassemia) or there is complete
elimination (called beta0 thalassemia). A subset of common mutations is present in each ethnic
group in which the disease is prevalent.

2. Clinical heterogenity in β-thalassemia

Clinical manifestations of β-thalassemia are extremely variable, ranging from nearly asymp‐
tomatic to severe and transfusion-dependant [10]. However, the marked variability of the
clinical manifestations is not well-understood till date. The clinical picture in some patients
may be a devastating course of acute and chronic events, resulting in severe organ damage. In
other patients, the disease may be present with relatively mild clinical phenotype and minimal
morbidity [11].

3. Factors influencing clinical severity

Various factors have been found to modulate the beta-thalassemia phenotype. These include
the presence of alpha-thalassemia, elevated HbF levels, haplotypes that are linked to the beta-
globin gene and chromosomal sites different from chromosome 11 [12]. Co-inheritance of a
single alpha-globin (α-globin) gene deletion with β-thalassemia may have a milder phenotype,
whereas deletion of both α-globin genes is typically associated with thalassemia intermedia
[13]. Fetal hemoglobin is one of the most common and major modifiers of the disease severity
in individuals with β-thalassemia. Because the severity of homozygous β-thalassemia is
directly related to the imbalance between α- and β-globin chains, even the low levels of γ-
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globin in F cells reduce the relative excess of α-globin and provide a selective survival of cells
making HbF at the time of ineffective erythropoiesis, in the most severe forms of β-thalassemia.
Any factor that can reduce the degree of imbalance (by reducing α or increasing β and/or γ
globin chains) may ameliorate the clinical phenotype [14]. Therefore, this selective survival
might account for elevated levels of HbF in homozygous β-thalassemia. The presence of
genetic variants that sustained fetal hemoglobin production have a strong impact on amelio‐
rating the clinical phenotype.

4. Elevated levels of fetal hemoglobin (HbF)

HbF (α2γ2) accounts for up to 90% of the total hemoglobin at birth. Its synthesis starts to decline
during the third trimester, and over the first year of life, it is gradually replaced by adult Hb
(α2β2). An elevated level of HbF in an adult may result from a genetic disorder of hemoglobin
production or from various acquired hematological conditions (such as placental insufficiency)
in newborn infants of diabetic mothers, such as severe anemia, bronchopulmonary dysplasia
(BPD), and congenital cyanotic heart (CCHD) [15–18]. Erythropoietic stress and hypoxemia
has also been shown to increase the production of HbF [19–21]. Additional γ-globin chains
bind with the excess of α-chains and decrease the imbalance between α- and β-globin chains
caused because of absence of beta-globin chains, decreasing the deleterious effect of intracel‐
lular precipitation of unbound β-chains [22–23]. This reduces ineffective erythropoiesis and
some functional HbF is produced in the red cell precursors which help red blood cells survive
longer duration in the circulation. Induction of fetal haemoglobin expression in erythroid cells
is an important therapeutic approach in patients with haemoglobin disease [24-25].

5. Genetic modifiers of γ-globin gene expression

To understand the clinical or molecular relationships, it is important to remember that the
main pathophysiological determinant of the severity of beta-thalassemia is more than that of
alpha/non-alpha-globin chain imbalance. Therefore, any factor capable of reducing the alpha/
non-alpha-globin chain imbalance may have an ameliorating effect on the clinical picture [7].
Certain mutations within the β-globin promoter region are associated with increased γ-chain
expression from the same chromosome [7]. These are known as primary modifiers. Recently,
genetic variants that modulate HbF levels, but fall outside of the Hb genes (Secondary
modifiers) have also been identified [26]. These modifiers, known as secondary modifiers,
primarily act directly to alter the known pathophysiology of the disease.

5.1. Primary modifiers

Primary modifiers have been identified as different mutations within the β-globin gene
resulting in varying severity. Severity of β-thalassemia ranges from the mutations (β0) causing
complete absence of β-globin production to those in which β-globin is produced but to a small
extent (β+). Inheritance of two β+ genes such as -28 ATA box (A →  G) codon 19 (A →  G); -90

Modifiers of γ-Globin Gene Expression and Treatment of β-Thalassemia
http://dx.doi.org/10.5772/61441

105



C →  T, -88 C →  A; -88 C →  T, -87 C →  A; -87 C →  G, -87 C →  T; -86 C →  G, 31 A →  G results
in a milder disease [27].

Some β-thalassemia mutations are completely silent and have been shown to cause a milder
form of the disease. The most common is the -101 (C →  T) mutation which interacts with
different severe β-thalassemia alleles to produce a mild form of the disease [28]. Co-inheritance
of severe β-thalassemia allele (β0) with hemoglobin E (HbE) allele also results in variability of
the phenotype. Alternative to the splicing of HbE globin pre-mRNA, the amount of mRNA
spliced may also play a role in the phenotypic variability.

5.2. Secondary modifiers

Secondary genetic modifiers affect the clinical severity of the disease by reducing the globin
chain imbalance, therefore resulting in a milder form of the disease phenotype [29]. Genome-
wide studies (GWAS) have shown the association of genetic polymorphisms in three major
loci Xmn1-HBG2, HBS1L-MYB intergenic region (HMIP) on chromosome 6q23, and BCL11A
on chromosome 2p16, accountable for a relatively large proportion of the phenotypic variation
in HbF levels. The gene encoding for zinc fingers and homeobox 2 (ZHX2) transcription factor
located on 8q24 has emerged as a potential candidate gene for γ-globin regulation.

• Xmn-1 (Xanthomonas maniholis-1) Restriction Site

The presence of one polymorphism Xmn-1 restriction site at -158 position of the Gγ gene has
been co-related with the increased production of HbF in adults under haematopoietic stress.
A specific (C →  T) mutation at the -158 position in the promoter region of the Gγ gene creates
a restriction site for the Xmn-1 endonuclease. Higher expression of the fetal hemoglobin (HbF)
in adulthood has been indicated to ameliorate the morbidity and mortality in sickle cell disease
(SCD). Nemati et al. have studied the frequency of Xmn1 polymorphic sites in β-thalassemia
major patients from Western Iran. The study revealed that the presence of this polymorphic
site caused a positive influence on HbF production and the G-γ percent, which could improve
the clinical symptoms of β-thalassemia patients [30]. In another study carried out by Pandey
et al., the phenotypes of Indian sickle cell patients were found to be greatly influenced by
Xmn1polymorphism [31].

In a recent study, we have evaluated the association of Xmn1 polymorphism with mild,
moderate, and severe groups of β-thalassemia as well as sickle cell anemia (SCA). A significant
association of TT genotype and T allele was observed with milder disease phenotype. In
addition, we also evaluated the association of Xmn1 polymorphism with HbF levels to estimate
whether this variant modifies the phenotype of homozygous β-thalassemia as well as SCA by
modulating the HbF levels. A significant difference in the high and low percentage of HbF in
CC, CT, and TT bearing individuals (P<0.01) were observed. This study confirms that increased
γG-globin expression, associated with the Xmn1 polymorphism ameliorates the clinical
severity in β-thalassemia as well as SCA in the study population [32].

• Zinc-fingers and homeoboxes 2 (ZHX2) gene

The gene coding for ZHX2 or KIAA0854 in human is located on chromosome 8q24.13 in the
position 123863082-124055936. Four exons code for 837 amino acid protein of approximately
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92 kDa. The ZHX2 mRNA is expressed among various tissues. ZHX2 is a transcriptional
repressor [33] and has been identified as a factor which is involved in postnatal repression of
fetal expressing genes [34]. Therefore, ZHX2 is a novel candidate gene for globin regulation in
erythroid cells [35]. In 2005, Perencheri et al. indicated that overexpression of a ZHX2 transgene
restores H19 repression on a BALB/cj background, confirming that this gene is responsible for
hereditary persistence of the α-fetoprotein (Afp) and H19 which are transcribed at high levels
in the mammalian fetal liver but are rapidly repressed postnatally [36]. Down-regulation of
ZHX2 was recently demonstrated in two HPFH-2 subjects by real-time PCR [35].

ZHX2 gene coincides on the quantitative trait loci (QTL) on chromosome 8q that has been
reported to influence the absolute fetalhemoglobin levels [37]. Taken together, ZHX2 is a good
candidate gene for regulating γ-globin gene expression. Aussara Panya et al. demonstrated
the effect of ZHX2 overexpression and the down-regulation of γ-globin expression in K562
cells [38]. Further, their study supported that ZHX2 is involved in the repression of the γ-globin
gene, but also provides evidence that ZHX2 has a direct effect on the γ-globin expression level
and might participate in the globin gene regulation [38]. In another study, de Andrade et al.
reported the marked down-regulation of ZHX2 in CD34+ cells cultured in a high fetalhemo‐
globin-enriched condition [39].

• B-cell lymphoma/leukemia 11A (BCL11A) Gene

The BCL11A gene is essential for normal lymphoid development [40] and has been associated
with hematologic malignancies [41]. The BCL11A gene was initially identified from aberrant
chromosomal translocations involving the immunoglobulin-heavy chain locus detected in B-
cell non-Hodgkin lymphomas [42]. It encodes a kruppel-link zinc finger protein containing 3
C2H2 zinc finger motifs, a proline-rich region, and an acidic domain. BCL11A gene located on
chromosome 2p16.1 is expressed predominantly in the brain, spleen, and testis.

A study has demonstrated that an intronic SNP in BCL11A, rs11886868 strongly co-relates with
HbF levels in a large cohort of sickle cell patients [43], this indicates that BCL11A variants, by
modulating HbF levels, act as an important ameliorating factor of the SCA and it is likely they
could help ameliorate other hemoglobin disorders. Genotyping of two other SNPs rs4671393
and rs7557939 in the Brazil Sickle cell disease cohorts have shown that these SNPs were more
strongly associated with HbF level variation than rs11886868 [44].

In a recent study, we evaluated the association of rs11886868 of the BCL11A gene with mild,
moderate, and severe groups of β-thalassemia and SCA. A significant association of CC
genotype and C allele was observed with milder disease phenotype in β-thalassemia as well
as SCA [45].

• Friend of Protein (FOP)

Friend of protein arginine methyltransferase I (FOP) has been reported to be one of the targets
of protein arginine methyltransferase 1 (PRMT1), which stably interacts with chromatin [46].
Initially this protein was studied for its role in estrogen-dependent gene activation and in
hemoglobin switching [46]. Studies have shown that knockdown of FOP in murine fetal liver
cells transgenic for the β-globin locus significantly increased expression of both the mouse
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embryonic and human adult peripheral blood erythroid progenitors resulting in up-regulation
of γ-globe and increased production of HbF [46]. As a result of this, HbF levels were reported
to increase from background levels of 6% to 7% to an average of approximately 27%. It was
observed that BCL11A levels were not altered interestingly, but levels of Sex determining
region Y-box 6 (SOX6) protein appeared to be reduced. Therefore, there is a possibility that
FOP depletion increases globin expression via reduction of SOX6.

• Sex determining region X-box 6 (SOX6 -SRY)

SOX6 plays an important role in the silencing of the embryonic globin genes. This gene encodes
a member of the D subfamily of sex determining region y-related transcription factors. It is
characterized by a conserved DNA-binding domain termed the high mobility group box and
has the ability to bind the minor groove of DNA. The encoded protein is a transcriptional
activator which is required for normal development of the central nervous system, chondro‐
genesis, and maintenance of cardiac and skeletal muscle cells. This protein interacts with other
family members to activate gene expression. Alternative splicing leads to multiple transcript
variants. First of all, SOX6 was observed to play a role in the silencing of the mouse embryonic
globin genes. It binds to the murine γ-globin promoter as observed by Chromatin immune‐
precipitation [47]. It was also found that SOX6 interacts with BCL11A, although SOX6 strongly
binds the globin gene promoters suggesting that the SOX6-BCL11A protein-protein interaction
may involve chromatin looping [48]. SOX6 binding to the γ-globin promoters requires
BCL11A. Studies have shown that the knockdown of SOX6 in cultured, primary human
erythroblasts led to a small up-regulation of HbF but when combined with BCL11A knock‐
down, further enhanced HbF production [48].

• KLF1

KLF1, known as Erythroid Kruppel-like factor, is a zinc finger protein which binds the CACCC
of the adult globin gene in mice as well as humans [49–50]. This protein is important for its
expression responsible for ablation in mice causing embryonic lethality due to severe anemia
[51–52]. Studies have shown that both endogenous mouse embryonic and human fetal globin
gene expression are not properly down-regulated in the Eklf−/− mice. The haemoglobin
switching role of this protein was identified in further studies [53–54]. A GWAS scan followed
by linkage analysis of a family including 27 members showed that 10 out of 27 members had
Hereditary persistence of fetalhemoglobin phenotype. In this study, a nonsense mutation in
KLF1 gene was identified, which ablated the DNA binding domain, resulting in haploinsuf‐
ficiency in the heterozygous state [53]. The HbF levels were found to vary among individual
family members, indicating the influence of other genetic and environmental factors. In
addition to the binding globin gene promoter, normal KLF1 was reported to show strong
binding to the BCL11A promoter, thereby activating its expression in cultured, primary adult
human erythroblasts. KLF1 has been found to mediate its switching effects through a dual
mechanism, acting both on the globin and BCL11A promoters. Zhou et al. also found that
reduced, but not absent, KLF1 levels in genetically altered mice resulted in markedly decreased
levels of BCL11A mRNA and protein [54]. The researchers found that there was a strong
binding of KLF1 to the Bcl11A promoter. Further, mouse embryonic and human fetal globin
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transgene expressions were found to be highly increased in the setting of reduced KLF1.
Similar to this, it was found that when KLF1 was knocked down in cultured adult human
erythroblasts, γ-globin gene expression was up-regulated [54]. Therefore, both compelling
evidence from genetic and functional data suggests that KLF1 has a significant role in the fetal
to adult switch. However, a 2- to 3-fold elevated expression in adult versus fetal cells, which
results in KLF1’s preferential association with the β-promoter in the former and the γ-
promoters in the latter, is still not clear.

• HBSL1-MYB DNA region

In a GWAS, designed to identify polymorphisms associated with the variability of HbF
expression in nonanemic humans, variants in the intergenic region between the HBSL1 and
MYB genes were identified [55]. Data suggests that the intergenic area is most highly associated
with HbF expression and consists of properties of a regulatory element [56]. The linkage to an
equilibrium block, which is most closely associated with HbF levels, is between the HBS1L
and MYB genes, which are present on opposite DNA strands. Three hypersensitive sites have
been found within that region. These sites have been recognized as the characteristic marks of
active chromatin, including histone acetylation and RNA polymerase II binding in erythroid,
but not in nonerythroid cells [56]. HBS1L is supposed to be a housekeeping gene because it is
ubiquitously expressed. Whereas MYB has more of a restrictive pattern of expression and is
crucial for erythroid development.

Studies have compared the expression profiles of 5 genes within this region, including MYB
and HBS1L, in the erythroid cultures of 12 persons with elevated and 14 persons with normal
HbF levels [57]. In this study, both MYB and HBS1L were down-regulated in persons with
elevated HbF levels, whereas the other 3 genes did not change in their level of expression.
Overexpression of MYB inhibited-globin gene expression in human erythroleukemia cells,
whereas overexpression of HBS1L was reported with no effect. The researchers speculated that
low levels of MYB result in fewer cell-cycle events early in erythropoiesis and that early
maturation of erythroblasts yields red cells containing higher levels of HbF [57]. Overall, MYB
has a critical role in erythropoiesis, and studies suggest that it acts, in part, by transactivation
of KLF1 and LMO2 expression. 84 studies involving genotyping and resequencing have found
that rare missense mutations might provide further evidence for the involvement of MYB in
modulating HbF levels [50].

• TR2/TR4 DR erythroid-definitive complex

A repressor of the human embryonic ε-globin gene, the direct repeat (DR) erythroid-definitive
complex consists of a heterodimer of 2 orphan nuclear receptors, TR2 and TR4 [58–59]. In vitro
studies have found that this dimer, along with the nuclear factor COUP TFII binds DRs in the
ε-globin gene promoter. Later, it binds to a similar repeat with the γ-globin gene promoters
[60]. Endogenous murine embryonic to adult globin gene and fetal to adult human γ-globin
transgene switching is delayed in mice which are null for TR2/TR4. In contrast to this, enforced
expression of a dominant negative TR4 results in both loss of endogenous embryonic gene
expression and human γ-globin transgene silencing. A mutation at -117 of the γ-globin
promoter was indicated to be associated with HPFH, thereby affecting a DR element and
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influencing factor binding, adding to the evidence that this heterodimer plays a role in stage-
selective repression of the human γ-globin gene [61–62].

• COUP-TFII

COUP-TFII was known as one of the 2 factors required for transcription of the chicken
ovalbumin gene [63]. COUP-TFII was later found to bind to the γ-globin promoter DR in vitro
as well [64]. Mutation of DR elements resulted in derepression of γ-globin transgene expression
in adult mice, indicating that DR sites are involved in fetal globin gene silencing. An in vitro
model of primary human erythroblast development was used to show that the cytokine stem
cell factor, through activation of the Erk1/2 and/or p38 mitogen activated protein kinase
pathways, suppresses COUP-TFII expression at the mRNA and protein level, resulting in a
large reduction in its binding to the γ-globin promoter.

• NF-E4

NF-E4 was identified as a component of the “stage selector protein,” which binds to the stage
selector element in the proximal-globin promoter in human K562 erythroleukemia cells; NF-
E4, in conjunction with the ubiquitous transcription factor CP2, facilitates transcription of the
γ-globin gene [65–66]. The stage selector element is conserved in species having γ-globin genes
and is not present in species lacking HbF. The p22 NF-E4 acts as an “activator” of γ-globin
transcription via interacting with CP2 to recruit p45 NF-E2 and subsequently RNA polymerase
II to the promoter. Further evidence supporting a role for NFE4 in HbF production is that, an
HPFH mutation at -202 creates a new binding site for the NF-E4-CP2 complex [67]. This
alternate form, p14 NF-E4, apparently generated by translational initiation from an internal
methionine, has been suggested to play a role in γ-globin gene down-regulation or silencing.
The smaller isoform is abundant in adult erythroid cells, and although it did not bind the-
globin promoter, it appears to interact with CP2 and might function to sequester NF-E2, which
prevents complexing of activating factors at the γ-globin promoter. Enforced expression of p22
NF-E4 in transgenic mice harboring the human β-globin locus delayed the switch, without
elevating the expression of HbF in the adult [67].

• GATA-1

GATA-1 is a member of zinc finger transcription factor and plays a seminal role in the
development and differentiation of many cell types, including mega karyocytes, erythrocytes,
eosinophils, and mast cells [68–69]. β-globin locus transcriptional activation can be resolved
into discrete molecular steps involving the formation of distinct GATA-1 cofactor assemblies
at the promoters and the Locus control region (LCR) [70]. Data suggest that GATA-1 can act
both as a repressor and activator of gene transcription. Interaction between GATA-1 and the
YY1 protein is involved in the silencing of the ε-globin gene in primate and non-primate species
[71]. Moreover, binding of a GATA-1–FOG-1–NuRD complex was indicated to silence
hematopoietic genes in erythroid cells [69, 72].

GATA-1 has multiple partners of proteins, including Stat3, Stat5, FOG-1, TAL-1, and Gfi-1b
among others [73–75]. GATA-1 was firstly identified as a transactivator [73], however, its
ability to mediate gene repression can be achieved through different DNA binding sequences,
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e.g. palindromic GATA-1 motifs and double GATA sites [76–77]. GATA-1 repressor activity
has been implicated in naturally occurring mutations in the γ-globin genes which are associ‐
ated with the persistent HbF synthesis after birth. These include point mutations at base -175
(T →  C) and -173 (T →  C) of the γ-globin promoter, which reduces GATA-1 binding and
produces elevated HbF levels in humans and transgenic mice respectively [78]. Likewise, the
-567 and -566 GATA-1 sites in the Gγ- and Aγ-globin promoter, respectively, have been found
to be associated with gene silencing [79–80]. Amrolia et al. defined a repressor element in the
γ-globin 5’-UTR, which was bound by a complex of two proteins, identified as GATA-1 and
a ubiquitous negative regulator [81]. In a study, it was suggested that Stat3 binds the γ-globin
5’UTR to silence γ-globin transcription while GATA-1 binds the same region to enhance γ-
promoter activity. Collectively, these studies suggest a model whereby GATA-1 acts as either
a direct repressor or interacts with factors that bind nearby canonical sites to silence gene
expression as proposed by Amrolia and co-workers [81].

In support for data provided by Harju-baker et al., a T3G mutation in the 567 GATA site of the
gamma-globin gene in an Iranian-American family was reported to be associated with an
HPFH phenotype by David Chui [80].

5.3. Induction of γ-globin gene expression

High HbF levels modulate the phenotype of the disease and ameloriate the severity of β-
thalassemia and related complications led to an idea that reactivation of γ-globin gene will be
a promising approach for the treatment of the disease [82–83]. Treatment strategies can be
based on the following factors: an understanding pathophysiology of the disease; perspective
of HbF to alter its manifestation; and that the developmental changes in γ-globin gene can be
reversed by controling cellular and molecular regulatory mechanism [21]. Different classes of
HbF inducers for clinical use have been reported.

Studies have shown that there are a number of inducers of the gamma-globin gene, like
epigenetic modifiers of HbF and HbF inducers from the natural world.

• Epigenetic modifiers

If the molecular events occurring during haemoglobin switching are better understood, HbF
expression could be more fully reactivated in adult cells and might lead to a cure for β-
thalassemia.

The expression of human β-like globin genes are tissue- and developmental stage-specific in
vivo. The mechanisms involved in the regulation of globin gene expression have been the
subject of consideration for many years. Studies have led to the identification of cis- and trans-
acting factors that regulate the expression of the β-globin gene cluster. Such studies also led
to the recognition of the important role of epigenetic modifiers of globin gene expression. DNA
methylation and histone acetylation are two of the most important epigenetic modifications
that are involved in the regulation of most of the eukaryotic genes, including the genes of the
globin family. Thus, targeting epigenetic silencing of the fetal globin genes can be a novel
therapeutic approach for patients with β-thalassemia.
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Epigenetic modifiers of HbF can be grouped in several classes, with different mechanisms of
action. Different epigenetic modifiers of γ-globin gene are namely: erythropoietin, short chain
fatty acids and cytotoxic agents, azacytidine, and hydroxycarbamide [84] (Table 1).

Many inducers inhibit histone deacethylase (HDAC) activity [85]. While most of the inducers
exhibit inhibitory effects on cell growth, very few of them trigger increased γ-globin expression
without effecting cell proliferation [86]. Erythroid precursor cells from β-thalassemia patients
may differ in their response to the same inducer. Combined use of HbF inducers exhibiting
different mechanism of action might improve the results.

• Cytotoxic agents

Observations that the use of cytotoxic agents helps to reactivate HbF synthesis during recovery
from bone marrow suppression haves given hope on the possible use of cytotoxic agents for
the treatment of serious haemoglobin disorders. Several cytotoxic agents that modify the
pattern of erythropoiesis, increasing the expression of fetal (γ)-globin genes, have been
explored over the past two decades [87–88]. Cytotoxic compounds put an end to actively
cycling progenitors and control cellular growth to trigger rapid erythroid-regeneration and
the formation of F cells. Cytotoxic drugs such as vinblastine [89], busulfan [90], cytosine
arabinoside [91], and hydroxyurea [92–94] are known inducers of HbF in humans through this
mechanism. Rapid regeneration of erythroid cells allows progenitors with an active eHbF
program to be selectively recruited for maturation.

• Short-chain fatty acids (SCFAs)

Two different studies have reported that the infants of diabetic mothers have a delayed fetal-
to-adult hemoglobin switch [95–96], while the exact underlying mechanisms are not clear, it
is known that hydroxybutyrate is elevated during pregnancy induced diabeties in women.
Perrine and colleagues observed that butyrate or other similar short chain fatty acids may act
as effective inducers of fetal hemoglobin in sheep [95].

In support to the above observation, many other studies have shown that Sodium phenylbu‐
tyrate and arginine butyrate enhance both fetal and total hemoglobin levels in patients with
sickle cell disease and beta thalassemia [97–106]. However, these SCFA derivatives also inhibit
histone deacetylases, which generally inhibit erythroid cell proliferation. Therefore, these are
not preferred as oral therapeutics that induce fetal (γ)-globin gene expression in beta hemo‐
globinopathies.

Loss of response to butyrates in long term therapy is observed which may be the result of
antiproliferative effects on the bone marrow [107]. Two cohort studies have examined the
efficacy of the oral butyrate derivative isobutyramide to induce HbF. In some studies no change
in globin chain imbalance or in markers of ineffective erythropoiesis was noted, while in other
study a drop in plasma free hemoglobin was observed. It has been suggested that the loss of
response to long term butyrate therapy in patients with β-thalassemia may be because of the
effects of these agents on other globin chains. It was shown that butyrate increases α-globin
expression in progenitor-derived erythroid cells from patients with β-thalassemia. Thus,
suggesting that the complementary effects of the butyrate-induced γ-globin expression on α/
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β-chain imbalance in β-thalassemia may be decreased as a result of the associated increase in
α-globin expression [108].

Using insilico modeling, Perrine and associates have tested several SCFA derivatives to deduce
the functional group(s) required for γ-globin reactivation [109]. Compounds such as phe‐
noxyacetic acid, and 2, 2 dimethylbutyric acid and α-methyl hydrocinnamic acid, induce Stat-5
cell signaling and the growth-related immediate early genes c-myc and cmyb to achieve HbF
induction independent of HDAC inhibition; butyrate has similar effects [101,110].

Short chain fatty acids, like Phenylbutyrate and Valproic acid, are also known to induce
HbF levels in vivo [111–112]. Animal model studies have shown that propionate, phenyl
acetic,  and phenylalkyl  acids induces HbF in baboons,  transgenic  mice,  cultures,  and in
primates [103, 113–115].

• DNA methyl transferase (DNMT) inhibitors

DNA methylation is an epigenetic method of modulating gene expression carried out by
enzyme DNA methyltransferases (DNMT) in both eukaryotes and prokaryotes [116]. These
enzymes catalyze the addition of a methyl group from a donor S-adenosylmethionine to the
5’ position of cytosine, predominantly within the CpG dinucleotide [117–118].

CpG methylation in the promoter of adult erythroid cells is known to silence γ-globin gene
expression  [119].  The  cytosine  analogues  such  as,  5-azacytidine  and  5-aza-2′-deoxycyti‐
dine  (decitabine),  are  known  to  inhibit  DNMTs  and  can  be  used  to  reactivate  γ-gene
expression [120–122].

The γ-globin genes are structurally and functionally similar in baboons and humans and are
developmentally silenced by methylation of CpG residues [123]. 5-Azacytidine was shown to
increase HbF levels in baboons and sickle cell patients, but concerns over the carcinogenic
effect of 5-azacytidine hampered its development for human treatment [124–126].

Another DNA methylation inhibitor adenosine-2 3-dialdehyde (Adox) is known to inhibit both
DNA methylation and protein methylation including histone tail methylation. It is known to
inhibit adenosylhomocysteine hydrolase activity, thereby indirectly inhibiting methyltrans‐
ferases that catalyze adenosylmethionine to adenosylhomocysteine [127]. In order to test the
effect of Adox to induce γ-globin, He et al. performed a series of studies. Firstly, they treated
K562 cells and showed a dose response effect on activation. Next, they performed a time-course
analysis of γ-globin induction by Adox. They observed that from day two, γ-globin expression
was readily detected, but after day six, induction stopped suggesting that Adox could induce
γ-globin very quick and it could also be metabolized during cell proliferation. Adox also
induced a dose-dependent inhibition of in vitro proliferation of K562 cells. They also per‐
formed bisulfite DNA sequencing experiments on globin genes. Using decitabine as a positive
control, they found that Adox significantly reduced DNA methylation. Together, these results
suggested that Adox was a potent inducer of γ-globin expression in K562 cells [128].

In their previous study, the levels of histone mark H4R3me2s on the γ-globin promoter
triggered by PRMT5 were significantly reduced in Adox-treated and decitabine-treated cells
compared to untreated cells. PRMT5 inhibition by Adox treatment followed a dose response
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that occurred over the same drug concentration range as γ-globin induction, indicating
specificity of Adox for γ-globin gene.

However, DNA hypomethylation by Adox treatment may not be a major cause of the reacti‐
vation γ-globin expression in human β-thalassemia cells. But we can’t exclude the possibility
that by Adox treatment, different erythroid specific transcription factors play roles upon γ-
globin induction. Alternatively, histone modification or repressor complex (e.g., NURD
complex) reconstitution might also contribute to the γ-globin gene reactivation [129–131].

• Histone Deacetylase (HDAC) inhibitors

Histone deacetylases (HDACs) remove the acetyl group from histones resulting in the
formation of tightly supercoiled, transcriptionally silent, “heterochromatin” structure that
exerts antagonistic epigenetic controls on gene expression through chromatin re-modeling
resulting in gene activation or repression [132–136]. HDACs are also known to deacetylase
non-histone proteins, including many regulatory genes and transcriptional factors involved
in cell signalling path and metabolism [137–138]. These observations suggest that HDACs
plays an important role as co-repressors and co-activators of gene expression [139].

Till now, 18 mammalian HDAC genes have been identified that have been classified into four
groups based on sequence homologies and catalytic mechanism [138, 140]. Class I includes
HDACs 1-3, 8 and are expressed ubiquitously and consist mainly of a deacetylase domain.
Class II includes HDACs 4-7 and 9-10, and are highly expressed in muscle, brain, and T cells
[141]. Class I, II, and IV HDACs are evolutionarily related Zn+-dependent hydrolases whereas,
Class III HDACs have homology with yeast HDAC, silent information regulator 2, and use
nicotinamide adenine dinucleotide as a co-substrate [142]. They have an extended N-terminus,
which serves as a target for post-translational modifications and protein-protein interactions,
such as phosphorylation, important for their function and governing nuclear-cytoplasmic
shuttling [143].

A study by Forsberg et al. have shown that some specific histone acetylation patterns play a
role in β-globin switch in murines, suggesting that the HDACs might participate in a complex
mechanism of γ-globin repression, hence can be used for pharmacological reactivation of γ-
globin expression [85, 144].

Shalini et al. (2010) screened Class II HDAC family members. They choose this class because
they are highly tissue-specific in expression and have nuclear localization and import signals
required for cell proliferation and differentiation [145–147]. Histone deacetylase inhibitors,
including sodium butyrate (NaB) and trichostatin A (TSA) and hemin are known to signifi‐
cantly alter the mRNA levels of HDAC7, -9, and -10 and histone deacetylase-related protein
(HDRP) at the same time activating γ-globin expression, as the result of loss in HDAC activity
at the promoter or can also be because of changes in the expression of other genes [147]. This
was verified by studying siHDAC9 in K562 cells, a dose-dependent decrease in γ-globin gene
expression was observed, where forced expression of HDAC9 reactivated the γ-globin
expression [147]. This study suggests that HDAC9 might have a positive role in regulating γ-
globin expression.
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A rapid and efficient method for detecting HbF inducers, based on a recombinant DNA
construct was developed by Skarpidi and colleagues [148]. In this method, the coding sequen‐
ces of the firefly and renilla luciferase genes were substituted for the human γ-globin and β-
globin genes, respectively. Many new HDAC inhibitors were identified in this system and
were further confirmed in human erythroid progenitor cultures [148]. With the help of the
same reporter system, Makala and Pace found a stable reporter system in human KU812 cells
[149]. The chemical analogues of HDAC inhibitor FK228 were identified as novel HbF inducers
in primary erythroid progenitors. Last two decades has seen tremendous growth to identify
other agents, systems with the help of high throughput screening techniques. Using this
approach, selective HDAC 1/2 inhibitors (e.g., ACY-957) which induced HbF were reported
[150]. Studies with ACY-957 have demonstrated elevated HbF expression in human erythroid
progenitors [151].

Inducer Mechanism of action References (a)

Peptiole nucleic acids (PNAs) Artificial promoters Wang et al. (1999)

Cisplatin and analogues DNA-binding drug Bianchi et al. (2000)

Triple-helix oligodeoxynucleotides Activation of γ-globin gene promote Xu et al. (2000)

Trichostatin HDAC inhibitors Marianna et al. (2001)

Tallimustine and analogues DNA-binding drug Bianchi et al. (2001)

Angelicin DNA-binding drug Lampronti et al. (2003)

Mithramycin DNA-binding drug Fibach et al. (2003)

Citarabine Hypomethylation of DNA Sauthararajah et al, 2003

Hydroxyurea Inhibition of DNA synthesis Fibach et al. (2003)

Apicidin HDAC inhibitors Witt et al. (2003)

Rapamycin FRAP-mTOR signal transduction
Mischiati et al. (2003)

Fibach et al. (2006)

Scriptaid HDAC inhibitors Johnson et al. (2005)

Table 1. Inducers of Fetal Hemoglobin in Erythroid Precursor Cells from Human Donors

5.4. Other novel agents under development

Usually, developing a novel agent from bench to bedside takes more than 20 years on an
average; thus, repurposing that FDA approved agents is a strategy encouraged by drug
companies and government funding agents to expand the agents available to treat β-hemo‐
globinopathies. One such agent is the FDA approved Tecfidera (dimethyl fumarate), used for
the treatment of multiple sclerosis. This agent acts via mediating immunemodulatory actions
[152] with limited side effects. Dimethyl fumarate activates NRF2 signaling involved in drug
mediated HbF induction [153–154]. Researchers have reported that dimethyl fumarate induces
γ-globin expression in KU812 and primary erythroid cells generated from sickle cell patients,
thereby supporting repurposing of Tecfidera for SCD [155].
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Another FDA approved agent pomalidomide is under development for SCD. This agent
stimulates proliferation of erythroid progenitors and HbF induction [156]. In a pre-clinical
study, pomalidomide was investigated in the SCD knockout transgenic mouse produced by
Townes and colleagues and was shown to induce HbF similar to hydroxylurea without myelo
suppression. This study led to a Phase 1 clinical trial completion [157–159].

Preclinical studies to support the repurpose of the monoamine oxidase inhibitor tranylcypro‐
mine for SCD have been completed. The nuclear receptors TR2 and TR4 repress γ-globin
expression by association with the co-repressors DNMT1 and lysine-specific demethylase 1
(LSD1) [58–59]. LSD1 removes methyl groups from mono- and dimethyl histone H3 lysine 4
producing an activating epigenetic signature [160]. The role of LSD1 in globin gene regulation
in human erythroid cells was examined by Shi and colleagues [161]. They demonstrated that
LSD1 was inhibited by tranylcypromine which mediated and enhanced HbF expression.
Subsequent pre-clinical studies using β-YAC transgenic mice treated with tranylcypromine
produced HbF induction. This served the basis for a clinical trial to test the ability of this agent
in order to induce HbF in β-hemoglobinopathy patients [16].

5.5. Clinical development of HbF inducer

Till date, the most successful HbF inducer in the pharmacological armamentarium of drugs is
Hydroxurea (HU). The first description of HU treatment in patients with SCD dates back to
the year 1984 [162]. Since then, HU was found to elevate HbF levels and decrease the clinical
complications of SCD and finally in 1998 it became the only FDA approved drug for SCD. In
a Multicenter Study of Hydroxyurea (MSH), adult subjects with SCD were randomized on HU
therapy or placebo and individuals in the HU group had ~50% reduction in vaso-occlusive
rates [163]. Patients with maximal change in HbF levels had the highest reduction in white
blood cell counts, indicating a hematologic response was associated with the clinical response
[164]. The MSH data also demonstrated that treatment with HU was not associated with
significant toxicities and was effective at reducing healthcare costs associated with complica‐
tions due to SCD [163, 165]. Long-term follow up of MSH patients up to 17.5 years reported
that there was a reduction in mortality [166]. Similar to these results, it was observed in the 17-
year open label Laikon Study of HU in Sickle Cell Syndromes [167]; the probability of 10-year
survival was 86% and 65% for HU and non-HU patients, respectively [167].

5.6. HU treatment in children

The efficacy and safety in adult trials was proved, and therefore the investigations of HU were
undertaken in children. A pilot study of HU (HUSOFT) was conducted in 28 children with
SCD where HU therapy was found to be feasible, well tolerated, and efficacious in young
children. In addition, based on liver, spleen scans, HU could possibly delay functional asplenia
[168]. Long-term follow-up data of patients in the HUSOFT extension study showed a
reduction in acute SCD complications, improved splenic function, and improved growth rates
in children taking HU therapy [169]. Based on these findings, BABY-HUG, a Phase III random‐
ized controlled trial, was conducted in children with SCD (mean age 13.6 months) [170]. The
primary endpoints of improved splenic function and renal glomerular filtration rates were not
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achieved. HU was effective at reducing the acute complications of SCD, such as pain episodes,
dactylitis, acute chest syndrome, and red blood transfusions [170]. The researchers were
interested to use HU to prevent the long-term organ damage of SCD or to avoid chronic
transfusions for children with severe phenotypes. Evidence of organ protection from HU in
the current literature led to investigations of HU in this setting [171–173]. The Stroke With
Transfusions Changing to Hydroxyurea (SWiTCH) study was a Phase III multicentred
randomized trial compared the HU or phlebotomy with transfusions and chelation for the
prevention of secondary stroke and reduction of transfusion iron overload [174–175]. There
were no subsequent strokes on the transfusions/chelation arm but (10%) on the HU/phlebot‐
omy arm. No major difference in liver iron content was found between the groups; therefore,
the study was closed early. The investigators confirmed that the transfusions and chelation
remain the standard of management of children with SCD and stroke complicated by iron
overload [174]. Moreover, the studies in children have yet to demonstrate a role of HU in the
prevention or management of chronic complications.

5.7. Natural inducers

Recently, scientists have conducted many studies to identify the natural remedies that could
possibly be applied for the treatment of β-thalassemia (Table 2) [176]. Several studies have
found that the extracts from medicinal plants for biomedical purposes [177–186] including
therapeutic strategies can be used for the treatment of a number of diseases.

In case of hemoglobinopathies, only a few examples are available. For instance, the extract of
Aegle Marmelos containing bergatene was found to activate erythroid differentiation and HbF
induction in human leukemic K562 cells [187–188]. Citropten and bergatene are the two active
ingredients in bergamot juice. They are potent inducers of Erythroid cell differentiation, Gγ-
globin gene expression and fetal hemoglobin synthesis in human erythroid cells. Thus, it is
known as a possible therapeutic approach for both β-thalassemia and Sickle cell anemia [187].

Another example of HbF inducer from the natural world is Angelicin, which can be found in
the fruit of Angelica arcangelica. There is evidence demonstrating that angelicin is a strong
inducer of Erythroid cell differentiation, improvement of the HbF synthesis, and γ-globin
mRNA accumulation of human leukemia K562 cells [84, 179]. Red wine, particularly the skin
of black grapes, contains resveratrol which mimics the HbF-inducing activity of HU. Its role
in increasing the γ-globin mRNA in human erythroid precursors has been confirmed [84].
Since β-thalassemia cells present a high level of oxidative stress resulting in short time survival
of erythroid cells in β-thalassemia patients, resveratrol which exhibits both antioxidant activity
and HbF inducing property can be a very good HbF inducer from the natural world [88].

Rapamycin, which is isolated from Streptomyces hygroscopicus, is a bacterial species found in
soil of Easter Island has the capability of increasing HbF production in cultures of erythroid
precursors from β-thalassemia patients without any cytotoxicity or growth-inhibitory effect.
Apart from Rapamycin, Mithramycin is a DNA-binding drug that is easily isolated from
Streptomyces has the potential to induce γ-globin mRNA accumulation and HbF production
in erythroid cells from healthy subjects as well as β-thalassemia patients [189].
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Inducer Source Biological effects References

Bergaptene A. marmelos Erythroid differentiation of K562 cells Lampronti et al. (2003)

Angelicin A. arcangelica HbF production Lampronti et al. (2003)

Rapamycin S. hygroscopicus HbF production Mischiati et al. (2004)

Resveratrol
Redwine, grape skin and

darakchasava
HbF production Rodrigue et al. (2001)

Mithramycn Streptomyces species HbF production Bianchi et al. (1999)

YiSui ShengXue
Granule

Erythroid survival, proliferation, and
terminaldifferentiation of K562 cells

and HbF production
Zhang and Wu (2008)

Cucurbitacn D

Ethanol extract of Fructus
trichosanthis, which is the fruit

of Trichosanthes kirilowii
MAXIM

HbF production and Erythroid
differentiation of K562cells

Liu et al. (2010); Li et al.
(2011)

Terminalia catappa
distilled water active

fraction (TCDWF)
Terminalia catappa leaves

Erythropoiesis, cell proliferation, and
transcription

Aimola et al. (2014)

Table 2. Inducers of HbF from natural sources

6. Discussion and conclusion

The Human Genome Project has improved efforts of developing gene-based therapy for β-
hemoglobinopathies alongside chemical inducers. GWAS have found certain major genetic
modifiers of γ-globin, including -158 XmnI HBG2, HBS1-MYB and BCL11A accounting for
~50% of inherited HbF variance [190–191]. Orkin and colleagues advanced the field signifi‐
cantly by defining mechanisms through which BCL11A repressed γ-globin expression and
holds the promise for the development of gene-based therapy in the future.

The occurrence of inherited mutations in KLF1 that produce HPFH suggested that this factor
is a viable target for gene therapy and might be accomplished by RNAi technology to create
a haploinsufficiency state. Promising molecular targets such as KLF1 and BCL11A for thera‐
peutic efforts aimed at HbF induction have been identified: however, additional pre-clinical
data are needed before manipulation of transcription factors can be translated into therapeutic
options at the bedside.

Agents which improve HbF synthesis represent a rational approach for the treatment of β-
thalassemia. For more than three decades, many chemical agents have been tested in tissue
culture as HbF inducers, but few have crossed the path from clinical trials and have reached
to the bedside. One major roadblock is the lack of suitable pre-clinical models to test agents in
vivo. Baboon studies led to the clinical development of HU, butyrate, decitabine, and
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HQK-1001 in SCD and β-thalassemia [93, 120–121, 124–125, 192–197]. With the establishment
of SCD mouse models, newer agents such as pomalidomide have been progressed to clinical
trials, however, the limited availability of the knockout SCD mouse model has affected
progress in this area [155]. Townes and colleagues had designed a second knockin SCD mouse
model with γ-globin and β-globin constructs [157]. However, HbF induction has not been
effectively achieved with HU therapy (Pace, unpublished data). Therefore, the knock-in mouse
may not be ideal for future pre-clinical drug screens. An alternative model, the β-YAC mouse
was used to confirm in vivo HbF induction by 5-azacytidine, scriptaid, and transcyclomide
showing the utility of this mouse for pre-clinical drug screening [161, 198–199]. Currently, very
few agents are in clinical trials targeting HbF induction and drugs aimed at other complications
of SCD, such as nitric oxide deficiency, endothelium antagonist, anti-platelet agents, anti-sickle
agents, and so forth are still under development (clinicaltrials.gov). These can be combined
with HU or other HbF inducers to produce an additive or synergistic clinic benefit [155].

Despite the success of HU in clinical trials conducted on adults and children and its proven
safety and efficacy, it remains underutilized in SCD [163–164, 166, 168–170, 173, 200–201].
Possible causes include: (1) limited access to comprehensive sickle cell medical care; 2) lack of
coordination between subspecialists and community based clinicians; 3) concern over poten‐
tial genotoxicity; and 4) lack of patient adherence with the medication regimen. Future studies
are needed to address early initiation of HU, the role of HU therapy in prevention of chronic
complications, and improved methods for HU therapy delivery to all patients with SCD. There
remains a question about the optimal age to initiate HU therapy. The Baby HUG trial estab‐
lished safety in young children, but additional clinical safety data are needed for children <6
months at the highest risk of infection and spleen and kidney dysfunction. Whether the early
HU therapy administration will prevent the γ- to β-globin switch has not been demonstrated.

Curative therapy for SCD and β-thalassemia includes hematopoietic stem cell transplantation,
however, this option is limited by the availability of suitable donors in <20% of children with
SCD [202–203]. Ongoing clinical trials exploring alternative approaches such as matched
unrelated donors and the development of new regimens using haplo-identical donors in the
future will increase the transplant option for the majority of SCD patients [204]. Another
approach to cure β-hemoglobinopathies is efforts to develop gene therapy, e.g., recently there
was a successful treatment of two β-thalassemia patients with a modified β-globin lentivirus
based vector. This progress holds promise for SCD patients [205–206].

Landmark studies have developed an excitement that fully differentiated somatic cells can be
reprogrammed to make induced pluripotent stem cells [207]. Subsequent studies demonstrat‐
ed rectification of a mouse model of SCD using this innovative approach, therefore opened
the way to the use of these cells to cure β-hemoglobinopathies beside few limitations [208].
One limitation was the inability to restore all hematopoietic lineages with induced pluripotent
stem cells which precludes using human therapy [209]. Therefore, until transplantation and
gene therapy is more widely available, chemical inducers of HbF remain the most effective
way to treat β-thalassemia and SCD.

Modifiers of γ-Globin Gene Expression and Treatment of β-Thalassemia
http://dx.doi.org/10.5772/61441

119



Author details

Anjana Munshi1*, Sneha Dadeech2, M. Sai Babu2 and Preeti Khetarpal1

*Address all correspondence to: anjanadurani@yahoo.co.in

1 Centre for Human Genetics, Central University of Punjab, Bathinda, India

2 Department of Molecular Biology, Institute of Genetics and Hospital for Genetic Diseases,
Osmania University, Hyderabad, India

References

[1] Galehdari H, Salehi B, Azmoun S, Keikhaei B, Zandian KM, Pedram M. Comprehen‐
sive spectrum of the β-Thalassemia mutations in Khuzestan, southwest Iran. Hemo‐
globin. 2010; 34(5):461-8.

[2] Kohne E. Hemoglobinopathies: clinical manifestations, diagnosis, and treatment.
Dtsch Arztebl Int. 2011; 108(31-32):532-40.

[3] Trehan A, Sharma N, Das R, Bansal D, Marwaha RK. Clinicoinvestigational and
demographic profile of children with thalassemia major. Indian J Hematol Blood
Transfus. 2015; 31(1):121-6.

[4] Thein SL. Pathophysiology of beta thalassemia—a guide to molecular therapies.
Hematology Am Soc Hematol Educ Program. 2005:31-7.

[5] Weatherall DJ. Phenotype-genotype relationships in monogenic disease: lessons from
the thalassaemias. Nat Rev Genet. 2001; 2(4):245-55.

[6] Rund D, Rachmilewitz E. Beta-thalassemia. N Engl J Med. 2005; 353(11):1135-46.

[7] Cao A, Galanello R. Beta-thalassemia. Genet Med. 2010; 12(2):61-76.

[8] Thein SL. Genetic association studies in β-hemoglobinopathies. Hematology Am Soc
Hematol Educ Program. 2013; 2013:354-61.

[9] Galanello R, Origa R. Beta-thalassemia. Orphanet J Rare Dis. 2010; 5:11.

[10] Cao A, Moi P, Galanello R. Recent advances in β-thalassemias. Pediatr Rep. 2011;
3(2):17.

[11] Nienhuis AW, Nathan DG. Pathophysiology and Clinical Manifestations of the β-
Thalassemias. Cold Spring Harb Perspect Med. 2012; 2(12):011726.

[12] Olivieri NF, Pakbaz Z, Vichinsky E. Hb E/beta-thalassaemia: a common & clinically
diverse disorder. Indian J Med Res. 2011; 134:522-31.

Inherited Hemoglobin Disorders120



[13] Premawardhena A, De Silver S, Arambepola M, Olivieri NF, Vichinsky EP, Merson L,
Muraco G, Allen A, Fisher C, Peto T, Weatherall DJ. Hemoglobin E-beta-thalassemia:
Progress report from the International Study Group. Ann N Y Acad Sci. 2005; 1054:33-9.

[14] Joly P, Pondarre C, Badens C. Beta-thalassemias: molecular, epidemiological, diagnos‐
tical and clinical aspects. Ann Biol Clin (Paris). 2014; 72(6):639-668.

[15] Bard H, Prosmanne J. Relative rates of fetal hemoglobin and adult hemoglobin synthe‐
sis in cord blood of infants of insulin-dependent diabetic mothers. Pediatrics. 1985; 75(6):
1143-7.

[16] Bard H, Prosmanne J. Elevated levels of fetal hemoglobin synthesis in infants with
bronchopulmonary dysplasia. Pediatrics. 1990; 86(2):193-6.

[17] Bard H, Lachance C, Widness JA, Gagnon C. The reactivation of fetal hemoglobin
synthesis during anemia of prematurity. Pediatr Res. 1994; 36(2):253-6.

[18] Bard H, Gagnon C, Peri KG. HbF synthesis during stress erythropoiesis as determined
by gamma-mRNA/non-alpha-mRNA quantification. Pediatr Res. 1999; 45(51):684-6.

[19] Bard H. The effect of placental insufficiency on fetal and adult hemoglobin synthesis. Am
J Obstet Gynecol. 1974; 120(1):67-72.

[20] Blau CA. Therapy for globin-chain disorders. N Engl J Med. 1993; 329(5):364.

[21] Stamatoyannopoulos G, Nienhuis AW. Therapeutic approaches to hemoglobin
switching in treatment of hemoglobinopathies. Annu Rev Med. 1992; 43:497-521.

[22] Karimi M, Haghpanah S, Taher AT, Cappellini MD. β-Thalassemia: New Therapeutic
Modalities, Genetics, Complications, and Quality of Life. Anemia. 2012; 2012:902067.

[23] Breda L, Rivella S, Zuccato C, Gambari R. Combining gene therapy and fetal hemo‐
globin induction for treatment of β-thalassemia. Expert Rev Hematol. 2013; 6(3):
255-64.

[24] Fathallah H, Atweh GF. DNA hypomethylation therapy for hemoglobin disorders:
molecular mechanisms and clinical applications. Blood Rev. 2006; 20(4):227-34.

[25] Ronzoni L, Sonzogni L, Fossati G, Modena D, Trombetta E, Porretti L, Cappellini
MD. Modulation of gamma globin genes expression by histone deacetylase inhibi‐
tors: an in vitro study. Br J Haematol. 2014; 165(5):714-21.

[26] Mtatiro SN, Makani J, Mmbando B, Thein SL, Menzel S, Cox SE. Genetic variants at
HbF-modifier loci moderate anemia and leukocytosis in sickle cell disease in Tanza‐
nia. Am J Hematol. 2015; 90(1):1-4.

[27] Svasti S, Paksua S, Nuchprayoon I, Winichagoon P, Fucharoen S. Characterization of
a novel deletion causing (deltabeta)0-thalassemia in a Thai family. Am J Hematol.
2007; 82(2):155-61.

[28] Weatherall DJ. Phenotype-genotype relationships in monogenic disease: lessons from
the thalassaemias. Nat Rev Genet. 2001; 2(4):245-55.

Modifiers of γ-Globin Gene Expression and Treatment of β-Thalassemia
http://dx.doi.org/10.5772/61441

121



[29] Galanello R, Origa R. Beta-thalassemia. Orphanet J Rare Dis. 2010; 5:11.

[30] Nemati H, Rahimi Z, Bahrami G. The Xmn1 polymorphic site 5' to the (G)gamma
gene and its correlation to the (G)gamma:(A)gamma ratio, age at first blood transfu‐
sion and clinical features in beta-thalassemia patients from Western Iran. Mol Biol
Rep. 2010; 37(1):159-64.

[31] Pandey S, Pandey S, Mishra RM, Sharma M, Saxena R. Genotypic influence of α-de‐
letions on the phenotype of Indian sickle cell anemia patients. Korean J Hematol.
2011; 46(3):192-5.

[32] Dadheech S, Jain S, Madhulatha D, Sharma V, Joseph J, Jyothy A, Munshi A. Associa‐
tion of Xmn1 -158 γG variant with severity and HbF levels in β-thalassemia major
and sickle cell anaemia. Mol Biol Rep. 2014; 41(5):3331-7.

[33] Kawata H, Yamada K, Shou Z, Mizutani T, Yazawa T, Yoshino M, Sekiguchi T, Kaji‐
tani T, Miyamoto K. Zinc-fingers and homeoboxes (ZHX) 2, a novel member of the
ZHX family, functions as a transcriptional repressor. Biochem J. 2003; 373(3):747-57.

[34] Spear BT, Jin L, Ramasamy S, Dobierzewska A. Transcriptional control in the mam‐
malian liver: liver development, perinatal repression, and zonal gene regulation. Cell
Mol Life Sci. 63(24):2922-38.

[35] de Andrade TG, Peterson KR, Cunha AF, Moreira LS, Fattori A, Saad ST, Costa FF.
Identification of novel candidate genes for globin regulation in erythroid cells con‐
taining large deletions of the human beta-globin gene cluster. Blood Cells Mol Dis.
2006; 37(2):82-90.

[36] Perincheri S, Dingle RW, Peterson ML, Spear BT. Hereditary persistence of alpha-fe‐
toprotein and H19 expression in liver of BALB/cJ mice is due to a retrovirus insertion
in the Zhx2 gene. Proc Natl Acad Sci U S A. 2005; 102(2):396-401.

[37] Garner C, Silver N, Best S, Menzel S, Martin C, Spector TD, Thein SL. Quantitative
trait locus on chromosome 8q influences the switch from fetal to adult hemoglobin.
Blood. 2004; 104(7):2184-6.

[38] Aussara Panyaa, Nunghathai Sawasdeeb, Chatchawan Srisawata, Pa-thai Yenchitso‐
manusb, Chayanon Peerapittayamongkola. Expression of zinc finger and homeobox
2 in erythroleukaemic cells and gamma-globin expression. ScienceAsia. 2010;
36:342-345.

[39] De Andrade T, Moreira L, Duarte A, Lanaro C, De Albuquerque D, Saad S, Costa F.
Expression of new red cell-related genes in erythroid differentiation. Biochem Genet.
2010; 48(1-2):164-71.

[40] Liu P, Keller JR, Ortiz M, Tessarollo L, Rachel RA, Nakamura T, Jenkins NA, Cope‐
land NG. Bcl11a is essential for normal lymphoid development. Nat. Immunol. 2003;
4:525-532.

Inherited Hemoglobin Disorders122



[41] Weniger MA, Pulford K, Gesk S, Ehrlich S, Banham AH, Lyne L, Martin-Subero JI,
Siebert R, Dyer MJ, Möller P, Barth TF. Gains of the proto-oncogene BCL11A and nu‐
clear accumulation of BCL11A(XL) protein are frequent in primary mediastinal B-cell
lymphoma. Leukemia. 2006; 20(10):1880-2.

[42] Satterwhite E, Sonoki T, Willis TG, Harder L, Nowak R, Arriola EL, Liu H, Price HP,
Gesk S, Steinemann D, Schlegelberger B, Oscier DG, Siebert R, Tucker PW, Dyer MJ.
The BCL11 gene family: involvement of BCL11A in lymphoid malignancies. Blood.
2001; 98(12):3413-20.

[43] Uda M, Galanello R, Sanna S, Lettre G, Sankaran VG, Chen W, Usala G, Busonero F,
Maschio A, Albai G, Piras MG, Sestu N, Lai S, Dei M, Mulas A, Crisponi L, Naitza S,
Asunis I, Deiana M, Nagaraja R, Perseu L, Satta S, Cipollina MD, Sollaino C, Moi P,
Hirschhorn JN, Orkin SH, Abecasis GR, Schlessinger D, Cao A. Genome-wide associ‐
ation study shows BCL11A associated with persistent fetal hemoglobin and amelio‐
ration of the phenotype of beta-thalassemia. Proc Natl Acad Sci U S A. 2008; 105(5):
1620-5.

[44] Lettre G, Sankaran VG, Bezerra MA, Araújo AS, Uda M, Sanna S, Cao A, Schlessing‐
er D, Costa FF, Hirschhorn JN, Orkin SH. DNA polymorphisms at the BCL11A,
HBS1L-MYB, and beta-globin loci associate with fetal hemoglobin levels and pain
crises in sickle cell disease. Proc Natl Acad Sci U S A. 2008; 105(33):11869-74.

[45] SnehaDadheech, D. Madhulatha D, SumanJjain, James Joseph , A Jyothy, Anjana‐
Munshi. Association of BCL11A Genetic Variant (rs11886868) with severity in β-Tha‐
lassemia Major and Sickle Cell Anemia. Indian J Med Res (2015) (Accepted for
publication in IJMR).

[46] van Dijk TB, Gillemans N, Pourfarzad F, van Lom K, von Lindern M, Grosveld F,
Philipsen S. Fetal globin expression is regulated by Friend of Prmt1. Blood. 2010;
116(20):4349-52.

[47] Yi Z, Cohen-Barak O, Hagiwara N, Kingsley PD, Fuchs DA, Erickson DT, Epner EM,
Palis J, Brilliant MH. Sox6 directly silences epsilon globin expression in definitive er‐
ythropoiesis. PLoS Genet. 2006; 2(2):14.

[48] Xu J, Sankaran VG, Ni M, Menne TF, Puram RV, Kim W, Orkin SH. Transcriptional
silencing of gamma-globin by BCL11A involves long-range interactions and coopera‐
tion with SOX6. Genes Dev. 2010; 24(8):783-798.76.

[49] Miller IJ, Bieker JJ. A novel, erythroid cell-specific murine transcription factor that
binds to the CACCC element and is related to the Kruppel family of nuclear proteins.
Mol Cell Biol. 1993; 13(5):2776-2786.

[50] Donze D, Townes TM, Bieker JJ. Role of Erythroid Kruppel-like factor in huma gam‐
ma- to beta-globin gene switching. J Biol Chem. 1995; 270(4):1955-1959.

Modifiers of γ-Globin Gene Expression and Treatment of β-Thalassemia
http://dx.doi.org/10.5772/61441

123



[51] Perkins AC, Sharpe AH, Orkin SH. Lethal betathalassaemia in mice lacking the Er‐
ythroid CACCC-transcription factor EKLF. Nature. 1995; 375(6529):318-322.

[52] Nuez B, Michalovich D, Bygrave A, Ploemacher R, Grosveld F. Defective haemato‐
poiesis in fetal liver resulting from inactivation of the EKLF gene. Nature. 1995;
375(6529):316-318.

[53] Borg J, Papadopoulos P, Georgitsi M, Gutiérrez L, Grech G, Fanis P, Phylactides M,
Verkerk AJ, van der Spek PJ, Scerri CA, Cassar W, Galdies R, van Ijcken W, Ozgür Z,
Gillemans N, Hou J, Bugeja M, Grosveld FG, von Lindern M, Felice AE, Patrinos GP,
Philipsen S. Haploinsufficiency for the erythroid transcription factor KLF1 causes he‐
reditary persistence of fetal hemoglobin. Nat Genet. 2010; 42(9):801-805.

[54] Zhou D, Liu K, Sun CW, Pawlik KM, Townes TM. KLF1 regulates BCL11A expres‐
sion and gamma- to beta-globin gene switching. Nat Genet. 2010; 42(9):742-744.

[55] Thein SL, Menzel S, Peng X, Best S, Jiang J, Close J, Silver N, Gerovasilli A, Ping C,
Yamaguchi M, Wahlberg K, Ulug P, Spector TD, Garner C, Matsuda F, Farrall M,
Lathrop M. Intergenic variants of HBS1L-MYB are responsible for a major quantita‐
tive trait locus on chromosome 6q23 influencing fetal hemoglobin levels in adults.
Proc Natl Acad Sci U S A. 2007; 104(27):11346-11351.

[56] Wahlberg K, Jiang J, Rooks H, Jawaid K, Matsuda F, Yamaguchi M, Lathrop M,
Thein SL, Best S. The HBS1LMYB intergenic interval associated with elevated HbF
levels shows characteristics of a distal regulatory region in erythroid cells. Blood.
2009; 114(6):1254-1262.

[57] Jiang J, Best S, Menzel S, Silver N, Lai MI, Surdulescu GL, Spector TD, Thein SL.
cMYB is involved in the regulation of fetal hemoglobin production in adults. Blood.
2006; 108(3):1077-1083.

[58] Tanabe O, Katsuoka F, Campbell AD, Song W, Yamamoto M, Tanimoto K, Engel JD.
An embryonic/fetal beta-type globin gene repressor contains a nuclear receptor
TR2/TR4 heterodimer. EMBO J. 2002; 21(13):3434-3442.

[59] Tanabe O, McPhee D, Kobayashi S, Shen Y, Brandt W, Jiang X, Campbell AD, Chen
YT, Chang Cs, Yamamoto M, Tanimoto K, Engel JD. Embryonic and fetal beta-globin
gene repression by the orphan nuclear receptors, TR2 and TR4.EMBO J. 2007; 26(9):
2295-2306.

[60] Omori A, Tanabe O, Engel JD, Fukamizu A, Tanimoto K. Adult stage gamma-globin
silencing is mediated by a promoter direct repeat element. Mol Cell Biol. 2005; 25(9):
3443-3451.

[61] Berry M, Grosveld F, Dillon N. A single point mutation is the cause of the Greek
form of hereditary persistence of fetal haemoglobin. Nature. 1992; 358(6386):499-502.

Inherited Hemoglobin Disorders124



[62] Collins FS, Mentherall JE, Yamakawa M, Pan J, Weissman SM, Forget BG. A point
mutation in the A gamma-globin gene promoter in Greek hereditary persistence of
fetal haemoglobin. Nature. 1985; 313(6000):325-326.

[63] Sagami I, Tsai SY, Wang H, Tsai MJ, O’Malley BW. Identification of two factors re‐
quired for transcription of the ovalbumin gene. Mol Cell Biol. 1986; 6(12):4259-4267.

[64] Filipe A, Li Q, Deveaux S, Godin I, Roméo PH, Stamatoyannopoulos G, Mignotte V.
Regulation of embryonic/fetal globin genes by nuclear hormone receptors: A novel
perspective on hemoglobin switching. EMBO J. 1999; 18(3):687-697.

[65] Jane SM, Nienhuis AW, Cunningham JM. Hemoglobin switching in man and chicken
is mediated by a heteromeric complex between the ubiquitous transcription factor
CP2 and a developmentally specific protein. EMBO J. 1995;14(1):97-105.

[66] Zhou W, Zhao Q, Sutton R, Cumming H, Wang X, Cerruti L, Hall M, Wu R, Cun‐
ningham JM, Jane SM. The role of p22 NF-E4 in human globin gene switching. J Biol
Chem. 2004; 279(25):26227-32.

[67] Jane SM, Gumucio DL, Ney PA, Cunningham JM, Nienhuis AW. Methylation-en‐
hanced binding of Sp1 to the stage selector element of the human gamma-globin
gene promoter may regulate development specificity of expression. Mol Cell Biol.
1993; 13(6):3272-3281.

[68] Wilson NK, Foster SD, Wang X, Knezevic K, Schütte J, Kaimakis P, Chilarska PM,
Kinston S, Ouwehand WH, Dzierzak E, Pimanda JE, de Bruijn MF, Göttgens B. Com‐
binatorial transcriptional control in blood stem/progenitor cells: genome-wide analy‐
sis of ten major transcriptional regulators. Cell Stem Cell. 2010; 7(4):532-44.

[69] Chakalova L, Fraser P. Organization of transcription. Cold Spring Harb Perspect Bi‐
ol. 2010; 2(9):000729.

[70] Kollias G, Wrighton N, Hurst J, Grosveld F. Regulated expression of human A gam‐
ma-, beta-, and hybrid gamma beta-globin genes in transgenic mice: manipulation of
the developmental expression patterns. Cell. 1986; 46(1):89-94.

[71] Dzierzak E. Opening act in a hematopoietic program. Blood. 2009; 114(2):229-230.

[72] Magram J, Chada K, Costantini F. Developmental regulation of a cloned adult beta-
globin gene in transgenic mice. Nature. 1985; 315(6017):338-340.

[73] Cantor AB1, Orkin SH. Transcriptional regulation of erythropoiesis: an affair involv‐
ing multiple partners. Oncogene. 2002; 21(21):3368-76.

[74] Ezoe S, Matsumura I, Gale K, Satoh Y, Ishikawa J, Mizuki M, Takahashi S, Minegishi
N, Nakajima K, Yamamoto M, Enver T, Kanakura Y. GATA transcription factors in‐
hibit cytokine-dependent growth and survival of a hematopoietic cell line through
the inhibition of STAT3 activity. J Biol Chem. 2005; 280(13):13163-70.

[75] Grosveld F1, Rodriguez P, Meier N, Krpic S, Pourfarzad F, Papadopoulos P, Kolod‐
ziej K, Patrinos GP, Hostert A, Strouboulis J. Isolation and characterization of hema‐

Modifiers of γ-Globin Gene Expression and Treatment of β-Thalassemia
http://dx.doi.org/10.5772/61441

125



topoietic transcription factor complexes by in vivo biotinylation tagging and mass
spectrometry. Ann N Y Acad Sci. 2005; 1054:55-67.

[76] Trainor CD, Omichinski JG, Vandergon TL, Gronenborn AM, Clore GM, Felsenfeld
G. A palindromic regulatory site within vertebrate GATA-1 promoters requires both
zinc fingers of the GATA-1 DNA-binding domain for high-affinity interaction. Mol
Cell Biol. 1996; 16:2238-2247.

[77] Trainor CD, Ghirlando R, Simpson MA. GATA zinc finger interactions modulate
DNA binding and transactivation. J Biol Chem. 2000; 275:28157-28166.

[78] Magis W, Martin DI. HMG-I binds to GATA motifs: implications for an HPFH syn‐
drome. Biochem Biophys Res Commun. 1995; 214:927-933.

[79] Chen Z, Luo HY, Basran RK, Hsu TH, Mang DW, Nuntakarn L, Rosenfield CG, Patri‐
nos GP, Hardison RC, Steinberg MH, Chui DH. A T-to-G transversion at nucleotide
-567 upstream of HBG2 in a GATA-1 binding motif is associated with elevated hemo‐
globin F. Mol Cell Biol. 2008; 28(13):4386-93.

[80] Harju-Baker S, Costa FC, Fedosyuk H, Neades R, Peterson KR. Silencing of Agamma-
globin gene expression during adult definitive erythropoiesis mediated by GATA-1-
FOG-1-Mi2 complex binding at the -566 GATA site. Mol Cell Biol. 2008; 28(10):
3101-13.

[81] Amrolia PJ, Cunningham JM, Ney P, Nienhuis AW, Jane SM. Identification of two
novel regulatory elements within the 5'-untranslated region of the human A gamma-
globin gene. J Biol Chem. 1995; 270(21):12892-8.

[82] Haley JD, Smith DE, Schwedes J, Brennan R, Pearce C, Moore C, Wang F, Petti F,
Grosveld F, Jane SM, Noguchi CT, Schechter AN. Identification and characterization
of mechanistically distinct inducers of gamma-globin transcription. Biochem Phar‐
macol. 2003; 66(9):1755-68.

[83] Mabaera R, Greene MR, Richardson CA, Conine SJ, Kozul CD, Lowrey CH. Neither
DNA hypomethylation nor changes in the kinetics of erythroid differentiation ex‐
plain 5-azacytidine's ability to induce human fetal hemoglobin. Blood. 2008; 111(1):
411-20.

[84] El-Beshlawy A, Hamdy M, El Ghamrawy M. Fetal globin induction in beta-thalasse‐
mia. Hemoglobin. 2009; 33(1):197-203.

[85] Cao H. Pharmacological induction of fetal hemoglobin synthesis using histone deace‐
tylase inhibitors. Hematology. 2004; 9:223-233.

[86] Gambari R, Fibach E. Medicinal chemistry of fetal hemoglobin inducers for treatment
of beta-thalassemia. Curr Med Chem. 2007; 14(2):199-212.

[87] Fathallah H, Atweh GF. Induction of fetal hemoglobin in the treatment of sickle cell
disease. Hematology Am Soc Hematol Educ Program. 2006:58-62.

Inherited Hemoglobin Disorders126



[88] Gambari R, Fibach E. Medicinal chemistry of fetal hemoglobin inducers for treatment
of beta-thalassemia. Curr Med Chem. 2007; 14(2):199-212.

[89] Veith R, Galanello R, Papayannopoulou T, Stamatoyannopoulos G. Stimulation of f-
cell production in patients with sickle-cell anemia treated with cytarabine or hydrox‐
yurea. N Engl J Med. 1985; 313(25):1571-5.

[90] Liu DP, Liang CC, Ao ZH, Jia PC, Chen SS, Wang RX, et al. Treatment of severe beta-
thalassemia (patients) with myleran. Am J Hematol. 1990; 33:50-55.

[91] Papayannopoulou T, Torrealba de Ron A, Veith R, Knitter G, Stamatoyannopoulos
G. Arabinosylcytosine induces fetal hemoglobin in baboons by perturbing erythroid
cell differentiation kinetics. Science. 1984; 224:617-619.

[92] Galanello R, Stamatoyannopoulos G, Papayannopoulou T. Mechanism of Hb F stim‐
ulation by S-stage compounds. In vitro studies with bone marrow cells exposed to 5-
azacytidine, are-C, or hydroxyurea. J Clin Invest. 1988; 81:1209-1216.

[93] Musallam KM, Taher AT, Cappellini MD, Sankaran VG. Clinical experience with fe‐
tal hemoglobin induction therapy in patients with β-thalassemia. Blood. 2013;
121(12):2199-212; quiz 2372.

[94] Bayanzay K, Khan R. Meta-analysis on effectiveness of hydroxyurea to treat transfu‐
sion-dependent beta-thalassemia. Hematology. 2014 Dec 23. [Epub ahead of print].

[95] Perrine SP, Greene MF, Faller DV. Delay in the fetal globin switch in infants of dia‐
betic mothers. N Engl J Med. 1985; 312(6):334-8.

[96] Bard H, Prosmanne J. Relative rates of fetal hemoglobin and adult hemoglobin syn‐
thesis in cord blood of infants of insulin-dependent diabetic mothers. Pediatrics.
1985; 75(6):1143-7.

[97] Perrine SP, Ginder GD, Faller DV, Dover GH, Ikuta T, Witkowska HE, Cai SP, Vi‐
chinsky EP, Olivieri NF. A short-term trial of butyrate to stimulate fetal-globin-gene
expression in the beta-globin disorders. N Engl J Med. 1993; 328(2):81-6.

[98] Little JA, Dempsey NJ, Tuchman M, Ginder GD. Metabolic persistence of fetal hemo‐
globin. Blood. 1995; 85:1712-8.

[99] Atweh GF, Sutton M, Nassif I, Boosalis V, Dover GJ, Wallenstein S, Wright E, McMa‐
hon L, Stamatoyannopoulos G, Faller DV, Perrine SP. Sustained induction of fetal he‐
moglobin by pulse butyrate therapy in sickle cell disease. Blood. 1999; 93(6):1790-7.

[100] Steinberg MH, Rodgers GP. Pathophysiology of sickle cell disease: role of cellular
and genetic modifiers. Semin Hematol. 2001; 38(4):299-306.

[101] Boosalis MS, Bandyopadhyay R, Bresnick EH, Pace BS, Van DeMark K, Zhang B,
Faller DV, Perrine SP. Short-chain fatty acid derivatives stimulate cell proliferation
and induce STAT-5 activation. Blood. 2001; 97(10):3259-67.

Modifiers of γ-Globin Gene Expression and Treatment of β-Thalassemia
http://dx.doi.org/10.5772/61441

127



[102] Pace BS, White GL, Dover GJ, Boosalis MS, Faller DV, Perrine SP. Short-chain fatty
acid derivatives induce fetal globin expression and erythropoiesis in vivo. Blood.
2002; 100:4640-4648.

[103] Perrine SP. Fetal globin induction—can it cure beta thalassemia? Hematology Am
Soc Hematol Educ Program. 2005:38-44.

[104] Perrine SP, Castaneda SA, Boosalis MS, White GL, Jones BM, Bohacek R. Induction of
fetal globin in beta-thalassemia: Cellular obstacles and molecular progress. Ann N Y
Acad Sci. 2005; 1054:257-65.

[105] Castaneda S, Boosalis MS, Emery D, Thies A, Faller DV, Perrine SP. Enhancement of
growth and survival and alterations in Bcl-family proteins in beta-thalassemic eryth‐
roid progenitors by novel short-chain fatty acid derivatives. Blood Cells Mol Dis.
2005; 35(2):217-26.

[106] Perrine SP. Fetal globin stimulant therapies in the beta-hemoglobinopathies: princi‐
ples and current potential. Pediatr Ann. 2008; 37(5):339-46.

[107] Atweh GF, Sutton M, Nassif I, Boosalis V, Dover GJ, Wallenstein S, Wright E, McMa‐
hon L, Stamatoyannopoulos G, Faller DV, Perrine SP. Sustained induction of fetal he‐
moglobin by pulse butyrate therapy in sickle cell disease. Blood. 1999; 93(6):1790-7.

[108] Fathallah H, Taher A, Bazarbachi A, Atweh GF. Differences in response to fetal he‐
moglobin induction therapy in beta-thalassemia and sickle cell disease. Blood Cells
Mol Dis. 2009; 43(1):58-62.

[109] Boosalis MS, Ikuta T, Pace BS, da Fonseca S, White GL, Faller DV, Perrine SP. Abro‐
gation of IL-3 requirements and stimulation of hematopoietic cell proliferation in vi‐
tro and in vivo by carboxylic acids. Blood Cells Mol Dis. 1997; 23(3):434-42.

[110] Kutlar A, Meiler S, Swerdlow P, Knight R. Thalidomide and its analogs for hemoglo‐
binopathies: two birds with one stone? Expert Rev Hematol. 2012; 5(1):9-11.

[111] Collins AF, Dover GJ, Luban NL. Increased fetal hemoglobin production in patients
receiving valproic acid for epilepsy. Blood. 1994; 84:1690-1691.

[112] Dover GJ, Brusilow S, Charache S. Induction of fetal hemoglobin production in sub‐
jects with sickle cell anemia by oral sodium phenylbutyrate. Blood. 1994; 84(1):
339-43.

[113] Liakopoulou E, Blau CA, Li Q, Josephson B, Wolf JA, Fournarakis B, Raisys V, Dover
G, Papayannopoulou T, Stamatoyannopoulos G. Stimulation of fetal hemoglobin
production by short chain fatty acids. Blood. 1995; 86(8):3227-35.

[114] Torkelson S, White B, Faller DV, Phipps K, Pantazis C, Perrine SP. Erythroid progeni‐
tor proliferation is stimulated by phenoxyacetic and phenylalkyl acids. Blood Cells
Mol Dis. 1996; 22 (2):150-8.

Inherited Hemoglobin Disorders128



[115] Mankidy R, Faller DV, Mabaera R, Lowrey CH, Boosalis MS, White GL, Castaneda
SA, Perrine SP. Short-chain fatty acids induce gamma-globin gene expression by dis‐
placement of a HDAC3-NCoR repressor complex. Blood. 2006; 108(9):3179-86.

[116] Noyer-Weidner M, Trautner TA. Methylation of DNA in prokaryotes. EXS. 1993;
64:39-108.

[117] Momparler RL, Eliopoulos N, Ayoub J. Evaluation of an inhibitor of DNA methyla‐
tion, 5-aza-2'-deoxycytidine, for the treatment of lung cancer and the future role of
gene therapy. Adv Exp Med Biol. 2000; 465:433-46.

[118] Robertson KD. DNA methylation, methyltransferases, and cancer. Oncogene. 2001;
20(24):3139-55.

[119] van der Ploeg LH, Flavell RA. DNA methylation in the human gamma delta beta-
globin locus in erythroid and nonerythroid tissues. Cell. 1980; 19(4):947-58.

[120] Torrealba de Ron A, Papayannopoulou T, Stamatoyannopoulos G. Studies of Hb F in
adult nonanemic baboons: Hb F expression in erythroid colonies decreases as the lev‐
el of maturation of Erythroid progenitors advances. Exp Hematol. 1985; 13:919-925.

[121] DeSimone J, Koshy M, Dorn L, Lavelle D, Bressler L, Molokie R, Talischy N. Mainte‐
nance of elevated fetal hemoglobin levels by decitabine during dose interval treat‐
ment of sickle cell anemia. Blood. 2002; 99(11):3905-8.

[122] Saunthararajah Y, DeSimone J. Clinical studies with fetal hemoglobin-enhancing
agents in sickle cell disease. Semin Hematol. 2004; 41(46):11-6.

[123] Lavelle DE. The molecular mechanism of fetal hemoglobin reactivation. Semin Hem‐
atol. 2004; 41:3-10.

[124] DeSimone J, Heller P, Hall L, Zwiers D. 5-Azacytidine stimulates fetal hemoglobin
synthesis in anemic baboons. Proc Natl Acad Sci U S A. 1982; 79:4428-4431.

[125] Ley TJ, DeSimone J, Anagnou NP, Keller GH, Humphries RK, Turner PH, Young NS,
Keller P, Nienhuis AW. 5-azacytidine selectively increases gamma-globin synthesis
in a patient with beta+ thalassemia. N Engl J Med. 1982; 307(24):1469-75.

[126] Carr BI, Reilly JG, Smith SS, Winberg C, Riggs A. The tumorigenicity of 5-azacytidine
in the male Fischer rat. Carcinogenesis. 1984; 5:1583-1590.

[127] Hermes M, Osswald H, Kloor D. Role of S-adenosylhomocysteine hydrolase in ade‐
nosine-induced apoptosis in HepG2 cells. Exp Cell Res. 2007; 313(2):264-83.

[128] He M, Fan J, Jiang R, Tang WX, Wang ZW. Expression of DNMTs and genomic DNA
methylation in gastric signet ring cell carcinoma. Mol Med Rep. 2013; 8(3):942-8.

[129] Rupon JW, Wang SZ, Gaensler K, Lloyd J, Ginder GD. Methyl binding domain pro‐
tein 2 mediates gamma-globin gene silencing in adult human betaYAC transgenic
mice. Proc Natl Acad Sci U S A. 2006; 103(17):6617-22.

Modifiers of γ-Globin Gene Expression and Treatment of β-Thalassemia
http://dx.doi.org/10.5772/61441

129



[130] Chin MH, Mason MJ, Xie W, Volinia S, Singer M, Peterson C, Ambartsumyan G, Ai‐
miuwu O, Richter L, Zhang J, Khvorostov I, Ott V, Grunstein M, Lavon N, Benvenis‐
ty N, Croce CM, Clark AT, Baxter T, Pyle AD, Teitell MA, Pelegrini M, Plath K,
Lowry WE. Induced pluripotent stem cells and embryonic stem cells are distinguish‐
ed by gene expression signatures. Cell Stem Cell. 2009; 5(1):111-23.

[131] Bauer S, Robinson PN, Gagneur J. Model-based gene set analysis for Bioconductor.
Bioinformatics. 2011; 27: 1882-1883.

[132] Turner B.M. Histone acetylation and control of gene expression. J. Cell Science. 1991;
99:13-20.

[133] Hassig CA, Schreiber SL. Nuclear histone acetylases and deacetylases and transcrip‐
tional regulation: HATs off to HDACs. Curr Opin Chem Biol. 1997; 1(3):300-8.

[134] Mizzen CA, Allis CD. Linking histone acetylation to transcriptional regulation. Cell
Mol Life Sci. 1998; 54(1):6-20.

[135] Kuo MH, Allis CD. Roles of histone acetyltransferases and deacetylases in gene regu‐
lation. Bioessays. 1998; 20(8):615-26.

[136] Felsenfeld G, Groudine M. Controlling the double helix. Nature. 2003; 421(6921):
448-53.

[137] Glozak MA, Sengupta N, Zhang X, Seto E. Acetylation and deacetylation of non-his‐
tone proteins. Gene. 2005; 363:15-23.

[138] Yang XJ, Seto E. HATs and HDACs: from structure, function and regulation to novel
strategies for therapy and prevention. Oncogene. 2007; 26(37):5310-8.

[139] Smith CL. A shifting paradigm: histone deacetylases and transcriptional activation.
Bioessays. 2008; 30(1):15-24.

[140] Dokmanovic M, Clarke C, Marks PA. Histone deacetylase inhibitors: overview and
perspectives. Mol Cancer Res. 2007; 5(10):981-9.

[141] Seto E, Yoshida M. Erasers of histone acetylation: the histone deacetylase enzymes.
Cold Spring Harb Perspect Biol. 2014; 6(4):018713.

[142] Imai S, Armstrong CM, Kaeberlein M, Guarente L-Transcriptional silencing and lon‐
gevity protein Sir2 is an NAD-dependent histone deacetylase. Nature. 2000;
403:795-800.

[143] Verdin E, Dequiedt F, Kasler HG. Class II histone deacetylases: versatile regulators.
Trends Genet. 2003; 19(5):286-93.

[144] Forsberg EC, Downs KM, Christensen HM, Im H, Nuzzi PA, Bresnick EH. Develop‐
mentally dynamic histone acetylation pattern of a tissue-specific chromatin domain.
Proc Natl Acad Sci U S A. 2000; 97(26):14494-9.

Inherited Hemoglobin Disorders130



[145] Mai A, Massa S, Rotili D, Cerbara I, Valente S, Pezzi R, Simeoni S, Ragno R. Histone
deacetylation in epigenetics: an attractive target for anticancer therapy. Med Res Rev.
2005; 25(3):261-309.

[146] Martin DG, Grimes DE, Baetz K, Howe L. Methylation of histone H3 mediates the
association of the NuA3 histone acetyltransferase with chromatin. Mol Cell Biol.
2006; 26:3018-3028.

[147] Shalini A. Muralidhar, Valya Ramakrishnan, Inderdeep S. Kalra, Wei Li, Betty S.
Pace. Histone Deacetylase 9 Activates γ-Globin Gene Expression in Primary Eryth‐
roidCells. J Biol Chem. 2011; 286(3):2343-2353.

[148] Skarpidi E, Vassilopoulos G, Li Q, Stamatoyannopoulos G. Novel in vitro assay for
the detection of pharmacologic inducers of fetal hemoglobin. Blood. 2000; 96:321-326.

[149] Makala L, Di Maro S, Lou TF, Sivanand S, Ahn JM, Pace BS. FK228 Analogues Induce
Fetal Hemoglobin in Human Erythroid Progenitors. Anemia. 2012; 2012:428137.

[150] Bradner JE, Mak R, Tanguturi SK, Mazitschek R, Haggarty SJ, Ross K, Chang CY, Bo‐
sco J, West N, Morse E, Lin K, Shen JP, Kwiatkowski NP, Gheldof N, Dekker J,
DeAngelo DJ, Carr SA, Schreiber SL, Golub TR, Ebert BL. Chemical genetic strategy
identifies histone deacetylase 1 (HDAC1) and HDAC2 as therapeutic targets in sickle
cell disease. Proc Natl Acad Sci U S A. 2010; 107(28):12617-22.

[151] Shearstone JR vDJ, Bradner JE, Mazitschek R, Jones SS, Jarpe M. Induction of Human
Fetal Hemoglobin Expression by Selective Inhibitors of HiIstone Deacetylase 1 and 2
(HDAC 1/2). Blood. 2012; 120:3259.

[152] Kappos L, Gold R, Arnold DL, Bar-Or A, Giovannoni G, Selmaj K, Sarda SP, Agarwal
S, Zhang A, Sheikh SI, Seidman E, Dawson KT. Quality of life outcomes with BG-12
(dimethyl fumarate) in patients with relapsing-remitting multiple sclerosis: the DE‐
FINE study. Mult Scler. 2014; 20(2):243-52.

[153] Macari ER, Schaeffer EK, West RJ, Lowrey CH. Simvastatin and t-butylhydroquinone
suppress KLF1 and BCL11A gene expression and additively increase fetal hemoglo‐
bin in primary human erythroid cells. Blood. 2013; 121:830-839.

[154] Fox RJ, Kita M, Cohan SL, Henson LJ, Zambrano J, Scannevin RH, O'Gorman J, No‐
vas M, Dawson KT, Phillips JT. BG-12 (dimethyl fumarate): a review of mechanism
of action, efficacy, and safety. Curr Med Res Opin. 2014; 30(2):251-62.

[155] Makala L, Promsote W, Li B, Ganapathy V, Pamela M, Pace BS. Monomethylfuma‐
rate (MMF), a Novel Inducer of Fetal Hemoglobin in Human Erythroid Progenitors
and Retinal Pigment Epithelial Cells.. Blood. 2013; 122:317.

[156] Menzel S, Garner C, Gut I, Matsuda F, Yamaguchi M, Heath S, Foglio M, Zelenika D,
Boland A, Rooks H, Best S, Spector TD, Farrall M, Lathrop M, Thein SL. A QTL influ‐
encing F cell production maps to a gene encoding a zinc-finger protein on chromo‐
some 2p15. Nat Genet. 2007; 39(10):1197-9.

Modifiers of γ-Globin Gene Expression and Treatment of β-Thalassemia
http://dx.doi.org/10.5772/61441

131



[157] Townes TM, Behringer RR. Human globin locus activation region (LAR): role in tem‐
poral control. Trends Genet. 1990; 6:219-223.

[158] Ryan TM, Ciavatta DJ, Townes TM. Knockout-transgenic mouse model of sickle cell
disease. Science. 1997; 278:873-876.

[159] Meiler SE, Wade M, Kutlar F, Yerigenahally SD, Xue Y, Moutouh-de Parseval LA,
Corral LG, Swerdlow PS, Kutlar A. Pomalidomide augments fetal hemoglobin pro‐
duction without the myelosuppressive effects of hydroxyurea in transgenic sickle cell
mice. Blood. 2011; 118(4):1109-12.

[160] Shi Y, Lan F, Matson C, Mulligan P, Whetstine JR, Cole PA, Casero RA, Shi Y. His‐
tone demethylation mediated by the nuclear amine oxidase homolog LSD1. Cell.
2004; 119(7):941-53.

[161] Shi L, Cui S, Engel JD, Tanabe O. Lysine-specific demethylase 1 is a therapeutic tar‐
get for fetal hemoglobin induction. Nat Med. 2013; 19:291-294.

[162] Platt OS, Orkin SH, Dover G, Beardsley GP, Miller B, Nathan DG. Hydroxyurea en‐
hances fetal hemoglobin production in sickle cell anemia. J Clin Invest. 1984;
74:652-656.

[163] Charache S, Terrin ML, Moore RD, Dover GJ, Barton FB, Eckert SV, McMahon RP,
Bonds DR. Effect of hydroxyurea on the frequency of painful crises in sickle cell ane‐
mia. Investigators of the Multicenter Study of Hydroxyurea in Sickle Cell Anemia. N
Engl J Med. 1995; 332(20):1317-22.

[164] Steinberg MH, Lu ZH, Barton FB, Terrin ML, Charache S, Dover GJ. Fetal hemoglo‐
bin in sickle cell anemia: determinants of response to hydroxyurea. Multicenter
Study of Hydroxyurea. Blood. 1997; 89:1078-1088.

[165] Moore RD, Charache S, Terrin ML, Barton FB, Ballas SK. Cost effectiveness of hy‐
droxyurea in sickle cell anemia. Investigators of the Multicenter Study of Hydroxyur‐
ea in Sickle Cell Anemia. Am J Hematol. 2000; 64:26-31.

[166] Steinberg MH, McCarthy WF, Castro O, Ballas SK, Armstrong FD, Smith W, Ataga K,
Swerdlow P, Kutlar A, DeCastro L, Waclawiw MA. Investigators of the Multicenter
Study of Hydroxyurea in Sickle Cell Anemia and MSH Patients' Follow-Up. The
risks and benefits of long-term use of hydroxyurea in sickle cell anemia: A 17.5 year
follow-up. Am J Hematol. 2010; 85(6):403-8.

[167] Voskaridou E, Christoulas D, Bilalis A, Plata E, Varvagiannis K, Stamatopoulos G, Si‐
nopoulou K, Balassopoulou A, Loukopoulos D, Terpos E. The effect of prolonged ad‐
ministration of hydroxyurea on morbidity and mortality in adult patients with sickle
cell syndromes: results of a 17-year, single-center trial (LaSHS). Blood. 2010; 115(12):
2354-63.

Inherited Hemoglobin Disorders132



[168] Wang WC, Wynn LW, Rogers ZR, Scott JP, Lane PA, Ware RE. A two year pilot trial
of hydroxyurea in very young children with sickle cell anemia. J Pediatr. 2001;
139:790-796.

[169] Hankins JS, Ware RE, Rogers ZR, Wynn LW, Lane PA, Scott JP, Wang WC. Long-
term hydroxyurea therapy for infants with sickle cell anemia: the HUSOFT extension
study. Blood. 2005; 106(7):2269-75.

[170] Wang WC1, Ware RE, Miller ST, Iyer RV, Casella JF, Minniti CP, Rana S, Thornburg
CD, Rogers ZR, Kalpatthi RV, Barredo JC, Brown RC, Sarnaik SA, Howard TH,
Wynn LW, Kutlar A, Armstrong FD, Files BA, Goldsmith JC, Waclawiw MA, Huang
X, Thompson BW; BABY HUG investigators. Hydroxycarbamide in very young chil‐
dren with sickle cell anaemia: a multicentre, randomised, controlled trial (BABY
HUG). Lancet. 2011; 377(9778):1663-72.

[171] Zimmerman SA, Schultz WH, Burgett S, Mortier NA, Ware RE. Hydroxyurea thera‐
py lowers transcranial Doppler flow velocities in children with sickle cell anemia.
Blood. 2007; 110:1043-1047.

[172] Hankins JS, Helton KJ, McCarville MB, Li CS, Wang WC, Ware RE. Preservation of
spleen and brain function in children with sickle cell anemia treated with hydroxyur‐
ea. Pediatr Blood Cancer. 2008; 50:293-297.

[173] Thornburg CD, Dixon N, Burgett S, Mortier NA, Schultz WH, Zimmerman SA, Bon‐
ner M, Hardy KK, Calatroni A, Ware RE. A pilot study of hydroxyurea to prevent
chronic organ damage in young children with sickle cell anemia. Pediatr Blood Can‐
cer. 2009; 52(5):609-15.

[174] Ware RE, Schultz WH, Yovetich N, Mortier NA, Alvarez O, Hilliard L, Iyer RV, Mill‐
er ST, Rogers ZR, Scott JP, Waclawiw M, Helms RW. Stroke With Transfusions
Changing to Hydroxyurea (SWiTCH): a phase III randomized clinical trial for treat‐
ment of children with sickle cell anemia, stroke, and iron overload. Pediatr Blood
Cancer. 2011; 57(6):1011-7.

[175] Ware RE, Helms RW, SWiTCH Investigators. Stroke With Transfusions Changing to
Hydroxyurea (SWiTCH). Blood. 2012; 119:3925-3932.

[176] Noel N, Ko C. Natural Remedies for the Treatment of Beta-Thalassemia and Sickle
Cell Anemia—Current Status and Perspectives in Fetal Hemoglobin Reactivation.
Hindawi Publishing Corporation International Scholarly Research Notices. Volume
2014, (123257): 11.

[177] Heinrich M, Gibbons S. Ethnopharmacology in drug discovery: an analysis of its role
and potential contribution. J Pharm Pharmacol. 2001; 53:425-32.

[178] Khan MT, Lampronti I, Martello D, Bianchi N, Jabbar S, Choudhuri MS, et al. Identi‐
fication of pyrogallol as an antiproliferative compound present in extracts from the

Modifiers of γ-Globin Gene Expression and Treatment of β-Thalassemia
http://dx.doi.org/10.5772/61441

133



medicinal plant Emblica officinalis: effects on in vitro cell growth of human tumor
cell lines.Int J Oncol. 2002; 21:187-92.

[179] Lampronti I, Martello D, Bianchi N, Borgatti M, Lambertini E, Piva R, Jabbar S,
Choudhuri MS, Khan MT, Gambari R. In vitro antiproliferative effects on human tu‐
mor cell lines of extracts from the Bangladeshi medicinal plant Aegle marmelos Cor‐
rea. Phytomedicine. 2003; 10(4):300-8.

[180] Lambertini E, Piva R, Khan MT, Lampronti I, Bianchi N, Borgatti M, Gambari R. Ef‐
fects of extracts from Bangladeshi medicinal plants on in vitro proliferation of human
breast cancer cell lines and expression of estrogen receptor alpha gene. Int J Oncol.
2004; 24(2):419-23.

[181] Xie F, Wu CF, Lai WP, Yang XJ, Cheung PY, Yao XS, Leung PC, Wong MS. The osteo‐
protective effect of Herba epimedii (HEP) extract in vivo and in vitro. Evid Based
Complement Alternat Med. 2005; 2(3):353-61.

[182] Saad B, Azaizeh H, Said O. Tradition and perspectives of arab herbal medicine: a re‐
view. Evid Based Complement Alternat Med. 2005;2:475-9.

[183] Lampronti I, Khan MT, Bianchi N, Ather A, Borgatti M, Vizziello L, Fabbri E, Gam‐
bari R. Bangladeshi medicinal plant extracts inhibiting molecular interactions be‐
tween nuclear factors and target DNA sequences mimicking NF-kappaB binding
sites. Med Chem. 2005; 1(4):327-33.

[184] Adams LS, Seeram NP, Hardy ML, Carpenter C, Heber D. Analysis of the interac‐
tions of botanical extract combinations against the viability of prostate cancer cell
lines. Evid Based Complement Alternat Med. 2006; 3:117-24.

[185] Luo JZ, Luo L. American ginseng stimulates insulin production and prevents apop‐
tosis through regulation of uncoupling Protein-2 in cultured beta cells. Evid Based
Complement Alternat Med 2006; 3:365-72.

[186] Jagetia GC, Rao SK. Evaluation of cytotoxic effects of dichloromethane extract of gu‐
duchi (Tinospora cordifoliaMiers ex Hook F & THOMS) on cultured HeLa cells. Evid
Based Complement Alternat Med. 2006; 3:267-72.

[187] Guerrini A, Lampronti I, Bianchi N, Zuccato C, Breveglieri G, Salvatori F, Mancini I,
Rossi D, Potenza R, Chiavilli F, Sacchetti G, Gambari R, Borgatti M. Bergamot (Citrus
bergamia Risso) fruit extracts as γ-globin gene expression inducers: phytochemical
and functional perspectives. J Agric Food Chem. 2009; 57(10):4103-11.

[188] H. Li , C. H. Ko, S. Y. Tsang, P. C. Leung, M. C. Fung, and K. P. Fung., The ethanol
extract of Fructus trichosanthis promotes fetal hemoglobin production via p38
MAPK activation and Erk inactivation in K562 cells. Evidence-Based Complementary
and Alternative Medicine, vol. 2011, Article ID 657056, 8.

Inherited Hemoglobin Disorders134



[189] Fibach E, Bianchi N, Borgatti M, Prus E, Gambari R. Mithramycin induces fetal he‐
moglobin production in normal and thalassemic human erythroid precursor cells.
Blood. 2003; 102(4):1276-81.

[190] Menzel S1, Garner C, Gut I, Matsuda F, Yamaguchi M, Heath S, Foglio M, Zelenika
D, Boland A, Rooks H, Best S, Spector TD, Farrall M, Lathrop M, Thein SL. A QTL
influencing F cell production maps to a gene encoding a zinc-finger protein on chro‐
mosome 2p15. Nat Genet. 2007; 39(10):1197-9.

[191] Thein SL, Menzel S. Discovering the genetics underlying foetal haemoglobin produc‐
tion in adults. Br J Haematol. 2009; 145:455-467.

[192] van der Ploeg LH, Flavell RA. DNA methylation in the human gamma delta beta-
globin locus in erythroid and nonerythroid tissues. Cell. 1980; 19:947-958.

[193] Letvin NL, Linch DC, Beardsley GP, McIntyre KW, Nathan DG. Augmentation of fe‐
tal-hemoglobin production in anemic monkeys by hydroxyurea. N Engl J Med. 1984;
310:869-873.

[194] DeSimone J, Heller P, Molokie RE, Hall L, Zwiers D. Tetrahydrouridine, cytidine an‐
alogues, and hemoglobin F. Am J Hematol. 1985; 18:283-288.

[195] Saunthararajah Y, Hillery CA, Lavelle D, Molokie R, Dorn L, Bressler L, Gavazova S,
Chen YH, Hoffman R, DeSimone J. Effects of 5-aza-2'-deoxycytidine on fetal hemo‐
globin levels, red cell adhesion, and hematopoietic differentiation in patients with
sickle cell disease. Blood. 2003; 102(12):3865-70.

[196] Lavelle D, Chin J, Vaitkus K, Redkar S, Phiasivongsa P, Tang C, Will R, Hankewych
M, Roxas B, Singh M, Saunthararajah Y, Desimone J. Oral decitabine reactivates ex‐
pression of the methylated gamma-globin gene in Papio anubis. Am J Hematol. 2007;
82(11):981-5.

[197] Inati A, Kahale M, Perrine SP, Chui DH, Taher AT, Koussa S, Abi Nasr T, Abbas HA,
Ghalie RG. A phase 2 study of HQK-1001, an oral fetal haemoglobin inducer, in β-
thalassaemia intermedia. Br J Haematol. 2014; 164(3):456-8.

[198] Peterson KR, Navas PA, Stamatoyannopoulos G. beta-YAC transgenic mice for
studying LCR function. Ann N Y Acad Sci. 1998; 850:28-37.

[199] Johnson J, Hunter R, McElveen R, Qian XH, Baliga BS, Pace BS. Fetal hemoglobin in‐
duction by the histone deacetylase inhibitor, scriptaid. Cell Mol Biol (Noisy-le-
grand). 2005; 51:229-238.

[200] Moore RD, Charache S, Terrin ML, Barton FB, Ballas SK. Costeffectiveness of hydrox‐
yurea in sickle cell anemia. Investigators of the Multicenter Study of Hydroxyurea in
Sickle Cell Anemia. Am J Hematol. 2000; 64:26-31.

Modifiers of γ-Globin Gene Expression and Treatment of β-Thalassemia
http://dx.doi.org/10.5772/61441

135



[201] Lanzkron S, Haywood C Jr, Segal JB, Dover GJ. Hospitalization rates and costs of
care of patients with sickle cell anemia in the state of Maryland in the era of hydrox‐
yurea. Am J Hematol. 2006; 81:927-932.

[202] Walters MC1, Storb R, Patience M, Leisenring W, Taylor T, Sanders JE, Buchanan GE,
Rogers ZR, Dinndorf P, Davies SC, Roberts IA, Dickerhoff R, Yeager AM, Hsu L,
Kurtzberg J, Ohene-Frempong K, Bunin N, Bernaudin F, Wong WY, Scott JP, Margo‐
lis D, Vichinsky E, Wall DA, Wayne AS, Pegelow C, Redding-Lallinger R, Wiley J,
Klemperer M, Mentzer WC, Smith FO, Sullivan KM. Impact of bone marrow trans‐
plantation for symptomatic sickle cell disease: An interim report. Multicenter investi‐
gation of bone marrow transplantation for sickle cell disease. Blood. 2000 Mar; 95(6):
1918-24.

[203] Locatelli F, Rocha V, Reed W, Bernaudin F, Ertem M, Grafakos S, Brichard B, Li X,
Nagler A, Giorgiani G, Haut PR, Brochstein JA, Nugent DJ, Blatt J, Woodard P,
Kurtzberg J, Rubin CM, Miniero R, Lutz P, Raja T, Roberts I, Will AM, Yaniv I, Ver‐
mylen C, Tannoia N, Garnier F, Ionescu I, Walters MC, Lubin BH, Gluckman E; Eu‐
rocord Transplant Group. Related umbilical cord blood transplantation in patients
with thalassemia and sickle cell disease. Blood. 2003; 101(6):2137-43.

[204] Kharbanda S, Smith AR, Hutchinson SK, McKenna DH, Ball JB, Lamb LS Jr, Agarwal
R, Weinberg KI, Wagner JE Jr. Unrelated donor allogeneic hematopoietic stem cell
transplantation for patients with hemoglobinopathies using a reduced-intensity con‐
ditioning regimen and third-party mesenchymal stromal cells. Biol Blood Marrow
Transplant. 2014; 20(4):581-6.

[205] Cavazzana-Calvo M, Payen E, Negre O, Wang G, Hehir K, Fusil F, Down J, Denaro
M, Brady T, Westerman K, Cavallesco R, Gillet-Legrand B, Caccavelli L, Sgarra R,
Maouche-Chrétien L, Bernaudin F, Girot R, Dorazio R, Mulder GJ, Polack A, Bank A,
Soulier J, Larghero J, Kabbara N, Dalle B, Gourmel B, Socie G, Chrétien S, Cartier N,
Aubourg P, Fischer A, Cornetta K, Galacteros F, Beuzard Y, Gluckman E, Bushman F,
Hacein-Bey-Abina S, Leboulch P. Transfusion independence and HMGA2 activation
after gene therapy of human β-thalassaemia. Nature. 2010; 467(7313):318-22.

[206] Leboulch P. Gene therapy: primed for take-off. Nature. 2013; 500:280-282.

[207] Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryon‐
ic and adult fibroblast cultures by defined factors. Cell. 2006; 126:663-676.

[208] Hanna J, Wernig M, Markoulaki S, Sun CW, Meissner A, Cassady JP, Beard C, Bram‐
brink T, Wu LC, Townes TM, Jaenisch R. Treatment of sickle cell anemia mouse mod‐
el with iPS cells generated from autologous skin. Science. 2007; 318(5858):1920-3.

[209] Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, Nie J,
Jonsdottir GA, Ruotti V, Stewart R, Slukvin II, Thomson JA. Induced pluripotent
stem cell lines derived from human somatic cells. Science. 2007; 318(5858):1917-20.

Inherited Hemoglobin Disorders136


