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Abstract Individual genetic composition has a fundamental role in the variations
observed in drug response and tolerance. Pharmacogenomics aims to delineate the
individual genetic profiles and drug response/toxicity. Nowadays, there are several
medical disciplines where pharmacogenomics is readily applicable, while in others
its usefulness is yet to be shown. Recent experimental evidence suggest that single
nucleotide polymorphisms (SNPs) in modifier genes residing outside the human
B-globin cluster are significantly associated with response to hydroxyurea (HU)
treatment in B-type haemoglobinopathies patients, deducted from the increase in
foetal haemoglobin levels. This chapter aims to provide an update and to discuss
future challenges on the application of pharmacogenomics for B-type haemoglobin-
opathies therapeutics in relation to the current pharmacological treatment modali-
ties for those disorders and the complexity of their pathophysiology.
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1 Haemoglobinopathies

Being easily isolated from blood, the study of haemoglobin has shed light on the un-
derstanding of the fundamental principles of gene regulation, gene function and the
molecular basis of human genetic disorders. Haemoglobin is the key tetramer oxygen
transport protein of red blood cells, consisting of two a-like and two B-like globin
polypeptide chains [ 1—4]. Notably, various types of haemoglobins are found at differ-
ent developmental stages; just before birth, foetal haemoglobin (HbF) represents the
bulk of haemoglobin production, while ten months after birth it gradually declines to
reach almost 1% of the total haemoglobin production, being restricted to a distinct
erythrocyte population, also known as F-cells [4]. In adults, both HbF and the number
of F-cells share a genetic determination, and the latter varies among populations. The
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primary adult and children haemoglobin is the HbA (a,f3,), while HbA, (a,0,) and
foetal haemoglobin HbF (a.,y,) are found in amounts of less than 3 %, respectively.

Haemoglobinopathies are divided into two main categories: thalassaemia syn-
dromes and structural haemoglobin variants, both resulting from genomic varia-
tions that can be found in cis and/or in trans of the globin gene cluster. Thalassaemia
syndromes (namely, o-thalassaemia and P-thalassaemia) are inherited autosomal
recessive disorders with defects in globin synthesis and not in haemoglobin struc-
ture. The structural haemoglobin variants (or abnormal haemoglobins) are disorders
characterised by defects in haemoglobin structure. The majority of haemoglobin
variants are extremely rare, with the exception of HbS, HbC and HbE, that are
found in certain populations, presumably due to positive natural selection. Abnor-
mal haemoglobins can cause: (a) sickle cell disease (SCD) that results from red cell
membrane deformation, (b) haemolytic anaemia, as a result of unstable haemo-
globins, (c¢) methaemoglobinemia owing to rapid oxidation of haemoglobin, and
(d) erythrocytosis due to unnatural oxygen affinity [3—7]. Particularly, SCD and
B-thalassaemia are one of the commonest single gene disorders and at the same time
one of the most serious health problems worldwide. These disorders are most preva-
lent in Asian and African populations, as well as those residing in the Mediterranean
basin. Nowadays, however, due to the international migration, haemoglobinopa-
thies extend worldwide. These genetic disorders are caused by genetic quantitative
and qualitative defects in haemoglobin production [4].

Nowadays, more than 1000 Hb variants have been discovered and characterised
[8], being a milestone in the history of haemoglobin research, where T.H.J. Huis-
man could not be omitted. A registry of these Hb variants and related information
has been available online, at HbVar database (http://globin.bx.psu.edu/hbvar). Dur-
ing the last century, major developments in Hb research have been made using
physical, chemical, physiological and genetic methods, impacting our understand-
ing and management of the thalassaemias and sickle cell disease.

2 Therapeutic Approaches

The B-thalassaemias are considered as one of a few clinical conditions in which a
mutant gene that is normally expressed later in development can be functionally re-
placed by a gene, which is transiently expressed during foetal life [9]. Foetal y glo-
bin expression can be re-activated, being an appealing therapeutic approach as the
foetal globin genes are universally present and noteworthy, appropriately contextu-
ally integrated in the -globin locus in human haematopoietic stem cells. However,
anaemia in B-thalassaemia syndromes can be also due to the rapid cellular apop-
tosis (a-globin chain precipitation) and/or the relatively low levels of endogenous
erythropoietin (EPO) [10]. Thus, the ultimate goal of transfusion independence for
thalassaemia patients should be approached via the stimulation of both foetal globin
gene expression and erythropoiesis. In this context, chemotherapeutic agents, eryth-
ropoietin (EPO) preparations and short chain fatty acid derivatives (SCFADs) have
demonstrated proof-of-principle in animal models and clinical trials.
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Focusing on the pharmacological reactivation of HbF to compensate for the loss
of HbA, the only pharmacological agent recognised from FDA used to increase
the HbF in adults is hydroxycarbamine (or hydroxyurea, HU). Even though the
mechanism underlying the HU action still remains elusive, it has been shown to
inhibit cellular ribonucleotide reductase, whose role is critical for the DNA synthe-
sis in the dividing late progenitor cells. HU is broadly used for ameliorating SCD
symptoms and to a lesser extend in B-thalassaemia patients, while it also serves as
a chemotherapeutic agent for many myeloproliferative conditions [11]. Neverthe-
less, HU is cytotoxic and can lead to cytopenia, hyperpigmentation, weight gain,
hypomagnesemia or it may have a teratogenic effect [5]. The patient response to
HU as well as the HU toxicity incidents vary [4, 12—14]. Thus, the discrimination
between responders and non-responders is of fundamental importance towards pa-
tient stratification.

Collins and colleagues have observed that haematologic responses to the foe-
tal globin inducer sodium phenylbutyrate occurred only in those subjects who had
high endogenous EPO levels, being unrelated to any particular pattern of globin
gene mutation [15]. Hence, a red cell survival advantage of increased endogenous
EPO in B-thalassaemia has been suggested that may facilitate an effective y-globin
induction. In agreement to the above, a subset of subjects with inappropriately low
levels of endogenous EPO has responded to combined therapy with butyrate plus
EPO, whereas each agent alone had a lesser or minimal effect in the same time
frame [10]. It seems, therefore, that the exogenously administered EPO acts both
as a survival factor and an erythropoietic stimulant. Prolonging erythroid precursor
cell survival could be beneficial, allowing a foetal globin inducer to act towards the
correction of the pro-apoptotic chain imbalance and hence, improving the anaemia
found in B- thalassaemia patients. In thalassaemia intermedia and major, EPO has
been combined with HU or arginine butyrate. Combinations of EPO with stem cell
factor (SCF) to stimulate proliferation and transforming growth factor-f3 (TGF-f) to
induce premature differentiation (like HU) could be also considered for more severe
phenotypes, although pricing could be an obstacle for long-term use.

In other studies, SCFADs and hydroxamic acids have been shown to induce foe-
tal globin gene expression, stimulate erythroid proliferation and prolong erythro-
blast survival [10, 16, 17]. In particular, they activate the *y globin gene promoter
in cells cultured from B-thalassaemia patients, without inhibiting the erythroid cell
growth. Sodium 2,2-dimethylbutyrate and a-methyl-hydrocinnamate stimulate ery-
throid colony formation more than the optimal haematopoietic growth factors alone
and at the same time, signal through STAT-5 phosphorylation that is common to
EPO and IL-3 signalling pathways. Most importantly, some of these agents hold
the promise of oral administration, being more tolerable for long-term treatments,
providing two therapeutic effects via one tolerable agent [10, 17].

Although the development of drugs to increase foetal haemoglobin has been the
major therapeutic strategy in the treatment of both disorders, SCD and thalassae-
mias, and new foetal haemoglobin—modulating agents have been studied, only HU
has shown long-term benefit. To this end, the gradual elucidation of the pathophysi-
ology of the disease(s) has led to alternative strategies, treating the associated com-
plications (decreasing the iron overload and reducing the oxidative stress). More
recently, novel agents have been developed targeting the multiple pathways causing
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vascular injury in haemoglobinopathies; the increased adhesion of cells to the vas-
cular endothelium, the NO dysregulation, inflammation, oxidative injury and the
altered iron metabolism. Such agents (propranolol, statins, niacin, curcuminoids,
hepcidin agonists/antagonists) have reached phase 1 and 2 clinical trials [18].

3 Pathophysiological Features and Obstacles

The reduction of the globin chain imbalance has been well accepted as the way to
improve red cell survival and blood counts in -thalassaemia. Nevertheless, a num-
ber of factors seem to collectively contribute to anaemia, such as ineffective eryth-
ropoiesis and erythroid precursor apoptosis. Thus, combination therapy is required
with more than one agent acting at various molecular levels to achieve a tolerable
and long-term therapeutic response. Moreover, different magnitudes of therapeutic
effect for different thalassaemia patients are required to achieve functional clinical
endpoints that could result in abolishing or decreasing needs for regular red blood
cell transfusion. In thalassaemia intermedia patients with basal total haemoglobin
levels of 6-8 g/dL, a 1-2 g/dL increase would be quite adequate to prevent the
need for a regular transfusion program, being highly beneficial, whereas thalassae-
mia major patients having baseline haemoglobin levels below 5 g/dL would require
higher levels of foetal globin induction.

The paediatric pathophysiology of both SCD and thalassaemia should also be
considered when haemoglobinopathies’ therapeutics are in question. In SCD, acute
chest syndrome, resulting from pulmonary microvascular occlusion and being a
common cause of death, occurs in all age groups, but is most common in childhood.
In children, acute sequestration of sickled cells in the spleen may also occur, exac-
erbating anaemia. Chronic spleen damage increases susceptibility to pneumococcal
and Salmonella infections (including Salmonella osteomyelitis) that are especially
common in early childhood and can be rapidly fatal [19]. Children with thalassaemia
intermedia (mild to severe anaemia) or thalassaemia major need blood transfusions
coupled to chelation therapy. Children with B-thalassaemia have elevated plasma
levels of conjugated dienes and thiobarbituric acid-reactive substances (markers of
lipid oxidation), while the RBC glutathione levels are much reduced [20]. There is
evident oxidant injury to RBC haemoglobin and lipids.

Considering the overall complexity in the pathophysiology of haemoglobinopa-
thies as well as the still unresolved pathophysiological issues in thalassaemias [20],
patient stratification is critical towards effective cure or mitigation of the disease. In
this context, pharmacogenomics are expected to have a fundamental role.

4 Pharmacogenomics for Haemoglobinopathies

Pharmacogenomics aims to determine how the genetic background of a patient in-
fluences his response to a drug or the probability to develop adverse drug reac-
tions, via the correlation of gene expression or Single Nucleotide Polymorphisms
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(SNPs) with drug efficacy and toxicity [21]. The application of pharmacogenom-
ics in haemoglobinopathies is particularly appealing due to the limitation of the
therapeutic approaches and the complexity of disease pathophysiology. So far, the
role of HU treatment towards the cure or mitigation of the disease has been vital.
HU increases the HbF levels mainly in SCD, but also in compound heterozygous
SCD/B-thalassaemia patients, ameliorating their clinical manifestations. Addition-
ally, B-thalassaemia intermedia patients have been also shown to respond to HU
treatment. Herein, we summarise the current knowledge regarding the genetic fac-
tors that have been reported to influence HbF expression levels in relation to HU
treatment, including a large number of genomic variations residing inside or outside
the human B-globin gene cluster (Tables 1, 2).

Table 1 Summary of the various studies attempting to correlate genomic variations in genes
located within the human globin gene cluster with HU treatment efficacy

Patient sample |Noof |Origin | Gene involved Association | References
patients with HU
treatment
response
SCD 150 NA HBG2 (Xmnl polymorphism) | YES [23]
B-thalassaemia | 34 NA HBG2 (Xmnl polymorphism) | YES [25]
major
B-thalassaemia | 133 Iranian | HBG2 (Xmnl polymorphism); | YES [26]
major HBB framework 2
B-thalassaemia | 143 NA HBG2 (Xmnl polymorphism) | YES [27]
major
B-thalassaemia | 54 Algerian | HBG2 (Xmnl polymorphism) | YES [28]
major
B-thalassaemia | 18 NA HBG2 (Xmnl polymorphism) | YES [29]
major
f-thalassaemia | 37 NA HBG2 (Xmnl polymorphism) | YES [30]
intermedia
f-thalassaemia | 16 NA HBG2 (Xmnl polymorphism) | NO [31]
intermedia
B-thalassaemia | 38/41 | Western | HBG2 (Xmnl polymorphism); | YES [13]
major/ Indian a-thalassaemia
intermedia
f-thalassaemia | 81 Iranian | HBG2 (Xmnl polymorphism) | YES [38]
major
HbE/B- 13 Indian HBG2 (Xmnl polymorphism); | NO [32]
thalassaemia HBB genotype
B-thalassaemia | 232 Iranian | Hetero- and homozygousHBB | YES [33]
null (B°) mutation
HBG2 (Xmnl polymorphism) | NO
B-thalassaemia | 24 NA Hb Lepore; op-thalassaemia | YES [34]
intermedia
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4.1 Genomic Biomarkers Linked to the Human [-Globin
Gene Cluster

Patients’ response to HU varies in terms of amplitude and velocity, leading to the in
depth investigation of the determinants of this differential response. This investiga-
tion began years ago and continues until today, revealing several genetic factors
including SNPs in various genes that are linked (or not) to the -globin gene cluster.
These genes are believed to act by modulating HbF levels.

Steinberg et al. [23] studied 150 HbS homozygous patients treated with HU.
A group of them showed almost a 40 % HU-induced HbF levels, compared to the
remaining of the study group. In order to define the genetic factors that may have
influenced these responses, they focused on genetic factors that are believed to in-
fluence the foetal globin (HBGI and HBGZ2) gene expression, including the hap-
lotypes of a- and B-globin gene clusters and the X-linked F-cell expression locus
(FCP) [22]. As concluded, the FCP and the HbF levels before the treatment were not
correlated with the HU-induced HbF response. Notably, the absence of a particular
B-globin gene haplotype (namely, the Central African Republic-CAR) was related
with higher HbF response [23].

Although HU is established to ameliorate the clinical manifestations of SCD,
many patients die of this disease, mostly by acute chest syndrome (as it has been de-
scribed earlier in the text, it occurs in all age groups, but it is most common in child-
hood), even upon HU treatment. Bakanay et al. [24] compared the -globin gene
cluster haplotype distributions (BAN, BEN, CAM, SEN) between the deceased and
surviving patients treated with HU, concluding that homozygosity in the BAN hap-
lotype or heterozygosity in the CAM haplotype were more likely to be observed in
the deceased patient group [24].

In B-thalassaemia major, the increase of HbF expression by HU administration is
not as effective as in the case of SCD. This may be due to the heterogeneity of the
disease and also due to the complexity of the genetic elements involved in the HbF
expression patterns of patients. Alebouyeh et al. [25] attempted to correlate the HU
response in two different groups of -thalassaemia major patients, from whom, 25
were blood transfusion-dependent and nine were non-dependent, in order to explore
candidate genetic markers for the pharmacological HbF reactivation by HU. They
have demonstrated that the Xmnl polymorphism (HBG2: g.-158C > T) and the
IVSII-1G > A mutation, both at the homozygous state, were found in the responders
of both groups. On the contrary, these markers were either not present or in a hetero-
zygous state in the non-responders groups tested. Nevertheless, the small number
of patients included in the study as well as the fact that two siblings (responders
group) were found to bear the common allele for both the Xmnl polymorphism and
the IVSII-1G > A mutation suggest that further research must be carried out in order
to identify and elucidate the genetic modifiers for the HbF upregulation upon HU
treatment [25].

Yavarian et al. [26] studied 133 Iranian transfusion-dependent B-thalassaemia
patients, treated with HU in order to determine their response to the drug and the
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associated genetic background; 61% of the patients became blood transfusion-in-
dependent, after 4 months of HU administration (good responders), 23 % of the pa-
tients, remained blood transfusion-dependent, albeit at a less frequent rate (moderate
responders) than before HU treatment, whereas in the remaining 16 % of the patients
HU, even after a year of administration, had no effect in their clinical manifestation
and the frequency of blood transfusion. The authors examined the genetic aetiology
of B-thalassaemia in these patients, the human B-gene cluster haplotype and their mo-
lecular background in the promoter region of the globin genes as well as at the HS2
hypersensitive site of the B-globin Locus Control Region (LCR). They concluded
that the Xmnl polymorphism was the most important genetic factor correlated with
HU response and that its linkage with the human B-globin gene cluster haplotype 1
and with the HBB gene framework 2 is the “favourable genetic background” for good
response to HU [26]. Also, Ansari et al. [27], studied 143 B-thalassaemia patients,
treated with HU, confirming that Xmnl polymorphism in homozygous or heterozy-
gous state is a genomic marker to predict HU response. This finding was also dem-
onstrated in two other studies including 54 Algerian -thalassaemia patients [28] and
18 homozygous p-thalassaemia patients treated with HU for a period of 4 years [29].

From a number of studies, it is evident that HU is more promising treating
B-thalassaemia intermedia due to the lesser imbalance of o/B-globin chain. Dixit
et al. [30] studied the response of 37 B-thalassaemia intermedia patients to HU, from
whom almost 70 % were categorised as responders. The response to HU was not
associated with the B-thalassaemia mutation. On the other hand, a statistically in-
significant correlation of HU response and the Xmnl polymorphism was observed,
suggesting that the combination of other genetic elements can possibly influence
the final response to HU treatment [30]. In a similar survey of 18 homozygous
B-thalassaemia patients, 11 of who were transfusion-dependent were treated with
HU for 50 months in order to correlate their response to HU and their genetic back-
ground. The results showed that 82 % of transfusion-dependent patients who were
treated with HU turned into transfusion-independent, while 78 % of them were
found homozygous or heterozygous for the Xmnl polymorphism. Interestingly, this
genomic variation was not present in the HU non-responders. Nevertheless, there
were two responding patients, who were negative for the Xmnl polymorphism. In
total, these data suggest that there may be other genetic elements, which could de-
termine the HU response. In the same study, no correlation between response to HU
and the nature of B-thalassaemia mutation or a-thalassaemia deletion was observed
[29]. However, in a similar study of 16 transfusion-independent Iranian patients,
treated with HU for 6 months, Ehsani et al. [31] could not establish any correlation
between the Xmnl polymorphism and the response to HU treatment. This may be
due to the fact that in this study, as with the previous one, the number of patients was
too small to reach any significant conclusion.

Similarly, Italia et al. [13] attempted to correlate the response to HU of 79
B-thalassaemia patients of western Indian origin, from which 38 were -thalassaemia
intermedia and 41 were -thalassaemia major, treated with HU for almost a year.
The correlation (if any) of the HU response to the genetic factors residing within
the human B-globin gene cluster was investigated. As it was shown, in the presence
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of a-thalassaemia, B-thalassaemia patients showed a better HU response, and the
presence of the Xmnl polymorphism in homozygosity also resulted in a better clini-
cal response to HU [13]. In a subsequent study of 13 Indian HbE/B-thalassaemia
patients with severe clinical manifestations, from whom 36.3 % of the patients were
good responders, 36.3 % were partial responders and 27.2 % showed no response,
Italia et al. [32] failed to correlate the HU response with specific genetic factors,
focusing mainly to the HBB genotype and the human -globin cluster haplotype and
Xmnl polymorphism, most likely due to the small number of patients [32].

Karimi et al. [33] attempted to correlate the response to HU with HBB gene
mutations and the Xmnl polymorphism in a much larger patient sample, consisting
of 232 B-thalassaemia patients of Iranian origin, upon HU treatment for a 13-year
period. These authors showed that $-thalassaemia patients with homozygous or het-
erozygous for a B° mutation were better HU responders compared to patients who
were homozygous for a " mutation. Interestingly, though, these authors could not
establish any correlation between the Xmnl polymorphic site and HU response [33].

Finally, Rigano et al. [34] studied the HU efficiency in a long and short term
treatment of 24 B-thalassaemia intermedia patients and concluded that the pres-
ence of Hb Lepore and 5-thalassaemia genotypes were indicators of a better HU
response [34].

All these studies are summarised in Table 1.

4.2 Genomic Biomarkers Non-Linked to the Human [-Globin
Gene Cluster

Apart from the numerous studies presented above with the aim to delineate the re-
sponse to HU and the genomic markers present in the human B-globin gene cluster,
a number of studies have been recently conducted, attempting to implicate the ge-
nomic loci residing on other chromosomes with HU response. Some of these genes,
particularly BCLIIA, have been shown to be directly related with increasing HbF
levels and as such, these genes might constitute excellent candidates for pharma-
cogenomic biomarkers to predict HU response (Table 2).

In the most comprehensive study so far, Ma et al. [35] studied 137 SCD patients
in an effort to correlate the HU response to several genomic biomarkers that are
linked trait loci (QTLs), located on chromosomes 6 and 8§ as well as the X-chromo-
some (these genes have been previously linked to HU metabolism and to erythroid
progenitor proliferation). In particular, the authors investigated the association of
327 tagSNPs within these loci to the HU response of patients, using HapMap data.
It was concluded that the rs2182008 variation in the FLT gene, either in homozy-
gosity or heterozygosity, was correlated with an almost 6-fold increase in HbF ex-
pression levels, following HU treatment. Moreover, two other FLT gene variants,
namely the rs9319428 and rs8002446, were found to be associated with the HU
response. Overall, there were various genomic variations residing in the MAP3KS5,
PDE7B, ASS, TOX, ARGI1, ARG2, NOS24 and NOS1 genes, found to be correlated
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with the HU influence to the HbF expression. Notably, the majority of the above
mentioned SNPs were located in intronic or in untranslated regions of the candidate
genes [35].

Similarly, Tafrali et al. [36] attempted to elucidate a probable association between
the genetic variations in the MAP3K5 and PDE7B gene with the B-thalassaemia
disease severity and response to HU in two groups of 38 B-thalassaemia homozy-
gous and SCD/B-thalassaemia compound heterozygous patients of western Greek
origin. The authors showed that there is a significant correlation between two single
nucleotide polymorphisms residing in the region of MAP3KS5 intron 1 (rs9483947,
rs9376230) and improved HU response. Also, by comparative whole-transcriptome
analysis in erythroid progenitor cell cultures from normal Maltese adults and Mal-
tese HPFH haploinsufficient cases, bearing the KLF/:p.K288X nonsense mutation
[37], before and after HU treatment, MAP3K5 gene expression was increased upon
HU treatment [36].

Acretrospective association study was conducted with the purpose of detecting ge-
netic determinants of the HU response in 81 transfusion-dependent -thalassaemia
patients from Iran. Genomic variants, located in three QTLs that have been previ-
ously shown to have an effect on HbF and F-cell levels, namely the Xmnl poly-
morphism (rs7482144), two SNPs in the intron 2 of the BCL11A gene (rs766432,
rs4671393) and two SNPs in the intergenic region of HBS1L-MYB gene (1s9399137,
rs4895441) were investigated. The authors failed to obtain a correlation between
the HBSLIL-MYB SNPs and HU response. On the contrary, the presence of the
Xmnl polymorphism, as well as the minor alleles of the BCL//4 SNPs, namely
rs766432C and rs4671393A, were significantly associated with good response to
HU treatment [38]. Similarly, Flanagan et al. [39] attempted to elucidate the effect
of HU on the erythroid gene expression in 93 children suffering from SCD, in order
to explore how HU can influence both the red cell development and the HbF reacti-
vation. Although the existence of the rs1186868 or rs1427407 SNPs in the BCL114
gene, in either homo- or heterozygosity, led to the down-regulation of the BCL11A4
expression and higher HbF levels, the authors failed to observe any difference in
HbF levels, subject to HU treatment, between the patients who were homozygous
or heterozygous for the above SNPs and the wild type ones [39].

Borg et al. [40] conducted a pharmacogenomic study on the HU effect on HbF
levels of Hellenic SCD/f-thalassaemia compound heterozygotes, the first to be car-
ried out using a whole transcriptome analysis approach. The authors have compara-
tively analysed, using whole transcriptome analysis, human erythroid progenitor
cells, treated with HU, derived from SCD/[-thalassaemia patients that responded or
not to HU. They also studied the effect of the HU on erythroid progenitor cells of
healthy and KLFI-haploinsufficient Maltese adult patients ex vivo, expressing low
and high HbF levels, respectively, aiming to reveal differential expression profiles
in genes implicated in augmenting HbF levels. KLF 10 was shown to be the stron-
gest candidate, among 43 identified genes, in both analyses [40]. Subsequently,
the authors used an independent cohort of SCD/B-thalassaemia compound hetero-
zygotes so as to corroborate their results. Their genotyping analysis demonstrated
that the presence of the rs3191333 SNP in the 3' UTR of the KLF10 gene can be
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correlated with the severity of B-thalassaemia, as well as with efficacy to the HU
therapy. In conclusion, KLF10 has not only been shown to be a pharmacogenomic
marker to predict B-thalassaemia patient response to HU, but has also been impli-
cated for the first time in erythropoiesis [40].

Finally, Kumkhaek et al. [41] examined 386 SCD patients in an effort to corre-
late polymorphisms in the SAR/A gene promoter region with differential response
to HU and differences in HbF levels among different patients. It was concluded that
5 SNPs in the SARIA regulatory region were correlated with patients’ response to
HU and with different HbF levels, after a 2 year treatment with HU [41].

5 Concluding Remarks

In this chapter, we (i) provided an succinct overview of haemoglobinopathies, (ii)
presented the challenges of their pathophysiology and the limitations of their thera-
peutics and (iii) summarised our current knowledge regarding the genetic factors
that have been reported to influence HbF expression levels in relation to HU treat-
ment, including a large number of genomic variations residing inside or outside the
human B-globin gene cluster (Tables 1, 2).

Contrary to other medical specialties, such as oncology, and treatments, such
as anticoagulation therapies, experimental data supporting the use of pharmacoge-
nomics for haemoglobinopathies therapeutics using HU are currently very limited,
and clearly, more pharmacogenomic studies are needed, not only in larger, but also
in ethnically diverse B-thalassaemia and SCD patients groups. In this way, a better
picture will be obtained as to whether it is possible to stratify those patients who
are likely to benefit from HU therapy. In addition, similar studies may be also con-
ducted for more pharmacological agents and different treatment modalities, such as
decitabine and/or butyrate, although presently at experimental stage. However, al-
though drug-induced augmentation therapies towards HbF levels have been demon-
strated as a therapeutic modality for B-type haemoglobinopathies patients, it should
be clarified that these cannot correct per se the numerous events that underlie the
pathophysiology of this group of disorders. In addition, one should bear in mind that
no straightforward correlation between HbF increase and clinical improvements in
B-type haemoglobinopathies patients has been demonstrated. Therefore, all possible
phenotype and clinical indicators should be determined to categorise the “respond-
er” and the “non-responder” patient groups for pharmacogenomic studies, which do
not necessarily have to be correlated with HbF increment alone, particularly in the
case of SCD. Similar complexities also exist for other thalassaemia-related treat-
ments, such as the use of iron chelators.

It should be also noted that not all genomic loci that have been shown to increase
HbF levels can be also considered as pharmacogenomic markers for HU response.
KLF1, one of the key players participating in HBB gene activation that is recently
shown to be also indirectly involved in human foetal globin gene silencing [36] is not
correlated with increased HbF levels upon HU treatment (Kaimakis and Patrinos,
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unpublished). The same is true for genomic variations in the HBBPI pseudogene
and PDE7B gene that although recently shown to be related with B-thalassaemia
disease severity [37, 42], genomic alterations in these genes cannot be correlated
with response to HU treatment.

Whole genome association and whole transcriptome pharmacogenomic studies
are only beginning and there are only few reports in the field [35, 37, 40]. Such
studies may identify novel gene candidates that participate in different pathways
related to HU treatment, such as stage-specific transcription factors, novel erythroid
genes and/or genes involved in HbF-inducing HU metabolism. Also, the scarcity of
B-thalassaemia intermedia patients and the need to stratify these patients not only
according to their response status, but also, and most importantly, according to their
HBB genotype, makes the formation of large multi-center consortia more than ever
urging to better orientate pharmacogenomic marker identification in good and poor
responders to HbF-inducing therapy. This will in turn facilitate the design of cus-
tomised high throughput pharmacogenomic tests for -type haemoglobinopathies.

Pharmacogenomic studies may be also extended to other therapeutic modali-
ties for B-thalassaemia, such as iron chelation therapy. In particular, a fraction of
B-thalassaemia patients present a number of adverse effects to iron chelators, which
result in early death [43]. The correlation of genomic variations located in genes
that influence, e.g. iron homeostasis with tolerance or response to iron chelation
treatment would potentially better stratify patients for iron chelation therapies
and enable the emergence of new and improved iron chelators. Similarly, as with
B-thalassaemia and SCD patients, whole genome pharmacogenomic studies in these
patient groups can also establish genes involved in iron chelators’ metabolism path-
ways, hence allowing identifying putatively useful pharmacogenomic markers for
iron chelation therapies, leading to the individual tailoring of chelation therapy to
maximise iron excretion.

Pharmacogenomics in children bring on additional challenges. It is well estab-
lished that there are differences in drug response among children and adults [44],
especially in drug metabolism and gene expression, as the latter is a highly dynamic
process functioning from the neonatal period over childhood and the adult life later
on. Thus, the data quality and its analysis/ interpretation is challenging per se. Ethi-
cal and legal aspects also accompany this, since the child in question is incapable
of giving informed consent himself [44]. Data interpretation difficulties and ethical
considerations are clearly needed to be addressed.

In essence, although pharmacogenomics for B-type haemoglobinopathies is cur-
rently in its infancy, there is definitely a big potential to determine whether genomic
biomarkers can be exploited in the clinic to stratify p-thalassaemia and SCD pa-
tients that are likely to benefit from therapy.
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