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The disorders of hemoglobin, including sickle cell disease (SCD) and β-thalassemia, are the most common
“Mendelian” genetic diseases in the world. Numerous studies have demonstrated the complexity in making genotype–
phenotype correlations in both SCD and β-thalassemia. Indeed, patients with exactly the same set of pathogenic
globin mutations can have dramatically variable clinical courses. We discuss natural history studies that have attempted to delineate the factors responsible for the variability among the numerous clinical complications noted in
these diseases. We then discuss, in depth, two well characterized ameliorating factors in the β-hemoglobin disorders,
concomitant α-thalassemia, and elevated levels of fetal hemoglobin (HbF). We use the study of HbF regulation to
illustrate how important insights into the genetic modifiers in Mendelian diseases can be achieved through the study
of such factors. We finally go on to discuss future avenues of research that may allow us to gain further insight into
the poorly understood clinical heterogeneity of this fascinating set of common genetic diseases.
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Overview
The most common set of monogenic diseases in the
world are the inherited hemoglobin disorders. These
disorders are thought to have reached such a high
prevalence due in large part to the carrier protection afforded against malaria.1 Approximately 7%
of the world’s population is a carrier for at least
one of these diseases.2 It is estimated that each year
over 500,000 babies with severe forms of these disorders are born.3 Unfortunately, many children born
with these diseases do not receive adequate treatment and therefore death occurs in the first few
years of life. The burden of these diseases is undoubtedly going to increase in the coming years, as
many developing countries are making an epidemiologic transition as a consequence of the reduction

in infant mortality from nutritional and infectious
causes.
There are two major categories of the inherited
hemoglobin disorders: the structural hemoglobin
variants and the thalassemia syndromes. Generally, carriers or heterozygotes for these variants
are asymptomatic, whereas those who inherit two
copies of these mutations are often affected by this
spectrum of diseases. The structural hemoglobin
variants result primarily from amino acid substitutions in one of the two polypeptide chains, ␣or ␤-globin, that compose the hemoglobin (Hb)
molecule. These mutations can be innocuous or alternatively can structurally destabilize or alter functional properties of the assembled Hb molecule.
On a worldwide basis, only three structural variants are widespread. All three of these structural
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variants are due to missense mutations in the ␤globin polypeptide and include HbS, HbC, and
HbE.2 The homozygous state of HbS results in sickle
cell anemia, whereas the compound heterozygous
state for HbS and HbC results in HbSC disease,
which shares many features with sickle cell anemia,
though it is generally milder.4,5 HbS may also be
found in the compound heterozygous state with ␤thalassemia mutations causing HbS-␤-thalassemia
that also has extensive clinical overlap with sickle cell
anemia. Collectively, these disorders are grouped
together with the term sickle cell disease (SCD).
The etiology of the complications in SCD is primarily attributable to the propensity of this sickle
Hb to polymerize in the deoxygenated state, which
results in the red blood cells becoming deformed
into sickle shapes.4 These misshapen cells then occlude small blood vessels, which leads to attacks
of pain in bones from ischemia; sequestration of
blood in the spleen, liver, or lungs; and thrombosis of cerebral vessels, causing strokes.5 In addition to these acute consequences of sickle Hb
polymerization, long-term changes can also result. These alterations include red cell membrane
damage, chronic hemolysis, altered interactions between sickle red blood cells and vascular endothelial cells, and inflammatory responses from such
interactions.6
The thalassemia syndromes are attributable to defective production of the globin polypeptides. This
can either be due to impaired production of the ␣- or
␤-globin chains, which causes ␣- or ␤-thalassemia,
respectively. In the case of the ␣-thalassemia syndromes, unpaired ␤-globin chains can assemble into
an unstable Hb molecule known as HbH, which results in hemolytic anemia. There is a great deal of
heterogeneity in this disease, which has been discussed in other review articles.2,7 In the case of
␤-thalassemia, unbalanced globin chain synthesis
from a reduced production of ␤-globin chains results in the presence of highly unstable ␣-globin
polypeptides. These polypeptides precipitate in precursors of mature red blood cells, resulting in toxicity, death, and ineffective maturation into red blood
cells.8,9 This causes anemia because of ineffective
production of red blood cells (known as ineffective erythropoiesis) and results in an expansion of
the erythroid precursor populations within the bone
marrow, spleen, as well as in other sites within the
body. At the molecular level, it is important to recog-
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nize that the mutations causing ␤-thalassemia are
extremely heterogeneous, with over 200 different
mutations described in the literature.2,9 Generally, a
few mutations predominate in a particular region of
the world. The missense mutation in HbE is structurally innocuous, but it does create a novel splice
site resulting in defective production of this Hb.10
When HbE is found in the compound heterozygous
state with a ␤-thalassemia mutation, a clinically heterogeneous disease known as HbE-␤-thalassemia
can occur.1,11 This disease ranges in severity from
being essentially asymptomatic, with the presence
of a moderate anemia, all the way to a transfusiondependent form. HbE-␤-thalassemia is considered
to be part of the spectrum of the ␤-thalassemia
syndromes.
Although many children with the various ␤thalassemia syndromes cannot survive without regular blood transfusions, a major source of morbidity
and mortality in patients who either are transfused
regularly or can survive without transfusions is due
to iron overload. This is attributable to both the iron
burden resulting from regular transfusions, as well
as from the increased physiologic tendency of these
patients to absorb iron.12,13 Indeed, many patients
with transfusion-independent forms of thalassemia
(thalassemia intermedia) still succumb to the consequences of increased iron overload from deregulated
iron absorption.
Natural history
Both SCD and ␤-thalassemia were among the first
single-gene disorders whose molecular etiology was
unraveled by using the tools of molecular biology.1
However, although the field of molecular medicine
began to burgeon soon after the elucidation of these
initial “molecular” diseases, many years passed before natural history studies began to reveal the actual
extent of phenotypic variability in these diseases. As
a result of this work, it became evident that these diseases were far from the seemingly simple Mendelian
disorders that many workers in the field had come
to believe; among patients with known causal
mutations, the clinical course can be extremely
variable.
The understanding of the natural history of SCD
stems from a rather limited number of studies. The
majority of children with SCD in natural history
studies in the developing world have died early.14,15
Older studies suggested that the majority of these
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deaths were attributable to increased susceptibility to infectious diseases among these children,15,16
likely secondary to the functional loss of the spleen
in this disease. In the developed world, a series of
important studies showed that this increased susceptibility was attributable to specific bacterial infections among children with SCD,2,5,17 leading to
arguably the most important intervention to date
in patients with SCD, the prophylactic use of penicillin to prevent bacteremia.18,19 However, it was not
known whether the same causes of early death were
present in SCD patients in the developing world, until the recent ground-breaking work from Williams
et al.20 showing that the spectrum of bacteremia in
these children with SCD in Africa mimics what has
been observed in other settings.21
As a result of the above early interventions, coupled with newborn screening in some countries, the
life expectancy for patients with SCD has increased
considerably.2 However, these patients continue to
face a number of complications of this disease.
Cohort studies in countries including the United
States and Jamaica examined the causes and risk
factors for various SCD-related complications, including vaso-occlusive crises, acute chest syndrome,
strokes, death, and others.5,22–25 An important common theme of all of these studies is the extent of
diversity among patients for these various complications. For example, although a subset of SCD
patients may present with frequent vaso-occlusive
crises, many patients rarely or almost never suffer
from this complication.23 It is also apparent that
other populations with SCD may have a great diversity of clinical manifestations.26,27 Moreover, most
studies have been performed in the developed world
and few studies exist to describe the clinical manifestations of SCD in the developing world, where
the majority of patients with this disease live.21
A similar heterogeneity in the natural history of disease is present for the ␤-thalassemia
syndromes.2,28 In the majority of cases, patients
with homozygous or compound heterozygous ␤thalassemia mutations require regular transfusions
to maintain Hb levels compatible with survival.
However, it is apparent that there are occasional patients, even with mutations normally considered to
create transfusion-dependent forms of thalassemia,
who have a much milder clinical course and who
may not require regular transfusions.29 The precise
reasons for this heterogeneity are not well under-

stood in many instances,30 although certain modifiers, such as concomitant ␣-thalassemia mutations
or increased fetal hemoglobin (HbF) production
(see below), play a role in this phenotypic variability.31,32 When children with ␤-thalassemia are given
adequate transfusions along with appropriate iron
chelation, development can occur in a nearly normal fashion and survival into adulthood is possible.2
Nonetheless, an important degree of heterogeneity
is observed even among patients who receive regular
treatment. For example, ␤-thalassemia patients with
a similar degree of apparent iron burden (as assessed
by either serum ferritin or liver iron measurements)
may have extremely heterogeneous manifestations
of iron overload.33,34 For example, some patients
with a similar degree of iron burden may develop endocrine complications such as diabetes or impaired
growth, whereas others manifest primarily with cardiac or other complications of iron overload.
This situation is further complicated in the case
of ␤-thalassemia syndromes that are characterized
as being intermediate in severity. The most notable and common group of these disorders are the
HbE-␤-thalassemia syndromes. As discussed above,
HbE-␤-thalassemia can range in severity, from being asymptomatic to being a transfusion-dependent
disease. Until recently, the full extent of this diversity was not well appreciated.11,35 It is apparent that
many patients who were once thought to require
transfusions for survival can actually do extremely
well in the absence of such treatment.11 However, the
study of this clinical heterogeneity is complicated by
the important observation that even a single patient
can have a dramatically variable clinical course over
his or her lifetime.1,11 Such observations stress the
important role that nongenetic factors, such as environmental exposures, may have upon the clinical
course of Hb diseases, and also highlight an important complexity that must be considered when
attempting to develop scoring systems for severity
in these diseases.1,35
Hb disease modifiers
As is apparent from our discussion on the natural history of these diseases, we currently have
a rather limited grasp on the etiology of heterogeneity in these disorders, even among patients
who acquire the exact same set of Mendelian mutations. However, there are a few cases in which
clearly identified modifiers of clinical severity in
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the ␤-hemoglobin disorders are known. These wellcharacterized modifiers primarily act directly to
alter the known pathophysiology of SCD or ␤thalassemia. In the case of SCD, factors that reduce
HbS deoxygenation and/or polymerization appear
to be important and primary modifiers of the disease. In the case of ␤-thalassemia, any factor that
reduces the imbalance between ␣- and ␤-globin
polypeptide chain production is an important
modifier of these diseases.
α-Thalassemia
A major well characterized modifier of severity in
both SCD and ␤-thalassemia is the concomitant
presence of ␣-thalassemia. Higgs et al.36 and Embury et al.37 first described this important clinical
effect in SCD, where a milder clinical course was observed with a greater reduction in ␣-globin production. In SCD, the reduction in ␣-globin polypeptides results in a reduced concentration of HbS
within a red blood cell, which then reduces the
likelihood that HbS will become deoxygenated and
undergo polymerization.38 As a result, there is a
reduced severity of certain SCD-related complications, particularly those associated with hemolysis,
although compound heterozygous patients can still
be severely affected by many of the complications
of SCD. In the context of ␤-thalassemia, a reduced
concentration of ␣-globin chains reduces the globin
chain imbalance and therefore allows for more effective erythropoiesis.1,39,40 Although this interaction
among ␣- and ␤-thalassemia has been appreciated
for many years, the critical nature of globin chain
balance has been highlighted by the finding that the
presence of ␣-globin duplications can interact with
heterozygous ␤-thalassemia to cause a syndrome resembling homozygous ␤-thalassemia.41,42
Fetal hemoglobin
In 1948, Janet Watson43 hypothesized that infants
with SCD were protected from the clinical manifestations of their disease secondary to the presence of a unique form of Hb found in the fetus
and in early infancy. Similar hypotheses were put
forth to explain the delayed onset of symptoms in
patients with ␤-thalassemia.29 Furthermore, observations in certain populations with Hb disorders,
such as SCD patients from Saudi Arabia27,44,45 and
India,26 indicated that higher steady-state levels of
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HbF tend to result in less severe disease. The conclusions drawn from these disparate observations were
subsequently confirmed in larger epidemiological
studies, which demonstrated the quantitative partial ameliorating effect of HbF levels in SCD22–24,46
and the ␤-thalassemia syndromes.1,8,9,11,28
With the identification and characterization of
different Hb isoforms, it became evident that a
unique ␤-like globin subunit, ␥ -globin, is expressed in much of fetal life and declines soon after birth.1 Together with two ␣-globin chains, two
␥ -globin polypeptides combine with a heme moiety to form HbF. ␥ -Globin polypeptides compensate for reduced production of ␤-globin chains in
␤-thalassemia, thus ameliorating the symptoms of
this disease. In SCD, HbF inhibits polymerization of
HbS and therefore serves as a powerful antisickling
agent.
In the following sections, we use the regulation of
HbF production to illustrate the benefit of modern
human genetics of complex traits in understanding
clinical heterogeneity in “simple” monogenic diseases. Specifically, although HbF levels themselves
have a strong genetic influence, it has been possible to apply modern methods to study the genetic
determinants of HbF levels, and thereby identify
modifiers of disease severity.
Genetic regulation of HbF
Although the level of HbF falls promptly after birth
(to reach <1% in adults), the eventual level maintained in adults varies among individuals. This interindividual variation in HbF levels is highly heritable (h2 ∼0.60–0.89),47,48 suggesting that genetic
investigation could identify factors that control HbF
production. In fact, early DNA mapping and resequencing at the ␤-globin gene cluster had identified deletions and rare point mutations that prevent
globin gene switching and are characterized by very
high HbF levels (10–40%) throughout adulthood.
This Mendelian form of high ␥ -globin gene expression and HbF production, termed hereditary persistence of fetal hemoglobin (HPFH), is rare and cannot explain the variation in HbF levels observed in
the general population. However, HPFH provided
the first evidence that HbF production is genetically
controlled, and suggested that common DNA polymorphisms at the ␤-globin locus could act in cis
to modulate HbF levels in normal individuals. This
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prediction was supported by identification of the
XmnI polymorphism (rs7482144) in the proximal
promoter of HBG2 (G ␥ -globin).45,49,50 The T allele at rs7482144 is associated with increased HbF
levels, and is frequent in individuals of Northern
European (HapMap CEU T allele frequency: 28%)
and west African (HapMap YRI T allele frequency:
5%) ancestry. The XmnI-rs7482144 polymorphism
explains 2–10% of the variation in HbF levels, depending on the frequency of the T allele in the different populations considered.51–53 Despite 25 years
of research, it is still unclear whether the XmnIrs7482144 itself, or a marker in linkage disequilibrium (LD) with it controls HbF levels at the ␤-globin
locus. Analysis of the five classic sickle cell haplotypes also suggested the presence of additional DNA
sequence variants at the ␤-globin locus that influence HbF production, whereas both the Senegal and
Arab–Indian haplotypes carry the XmnI-rs7482144
T allele; SCD patients with the Arab–Indian haplotype have much higher HbF levels.27,44,45 Extensive DNA resequencing in Arab–Indian SCD
populations could therefore yield additional DNA
polymorphisms associated with HbF levels.
Linkage studies
Despite its strong effect on HbF levels, the XmnIrs7482144 polymorphism is not sufficient to classify individuals in the low or high ends of the
HbF level distribution; some individuals have the
XmnI-rs7482144 T allele and low HbF levels, and
others have high HbF levels but the C allele at
XmnI-rs7482144, which is otherwise associated with
decreased HbF. This incomplete correlation suggested that HbF is a complex genetic trait, influenced by multiple DNA sequence variants of modest
effect, as well as environmental factors. Specifically, because estimates of narrow-sense heritability
for HbF are substantial (h2 = 0.60–0.89),47,48 and
are only partially explained by the XmnI-rs7482144
polymorphism, there are likely other cis and trans
genetic factors that regulate HbF production.
Linkage studies analyze genetic markers across
the human genome in families to identify chromosomal regions linked to phenotypic variation within
the families. Several linkage scans were carried out
to find loci linked to HbF, leading to the identification of HbF linkage peaks on chromosomes 6q23,54
8q,55,56 and Xp22.2.57 Linkage signals on chromosomes 6q23 and 8q have since then been replicated in

additional families; replication data are still lacking
for the Xp22.2 linkage peak. Because linkage analysis
is better suited to find alleles of moderate or strong
effect on complex traits and diseases,58,59 these results, if correct, suggested that variants might exist
with moderate or strong effects on HbF levels. These
results therefore supported the notion that HbF is a
polygenic trait controlled by genetic factors in trans
with the ␤-globin locus on chromosome 11.
Candidate–gene association studies
Linkage scans implicate large chromosomal regions
that segregate together within families, which are
typically on the order of several megabases of DNA,
and usually include many genes. Higher resolution
mapping can be achieved by association studies,
which search for correlations (LD) between specific
alleles and traits or diseases of interest; these correlations usually span much shorter genomic regions.
Thein et al.52 used association studies in healthy
Northern European twins with F cell measurements
available (F cells represent the fraction of erythrocytes that contain HbF, and are highly correlated
with HbF levels) to fine-map the 6q23 HbF linkage
peak to a small intergenic interval (∼80 kb) between HBS1L and MYB. This association has been
replicated in healthy Sardinians,32 Jamaicans,60 and
in African-American and Brazilian patients with
SCD,53 establishing the HBS1L–MYB intergenic region as the second bona fide HbF-associated locus
(in addition to the XmnI polymorphism at the ␤globin locus itself). Interestingly, genetic variants
within the HBS1L–MYB region have pleiotropic effects and have been shown to associate not only with
HbF levels, but also with many other hematologic
traits,61–63 suggesting a general role for DNA polymorphisms in the HBS1L–MYB intergenic region
in hematopoiesis.
HBS1L and MYB encode, respectively, a
Guanosine-5 -triphosphate (GTP)-binding protein
and a transcriptional regulator of hematopoiesis. It
is currently unclear whether HBS1L, MYB, both,
or any of these gene products directly regulate
HbF production. HbF-associated variants in the
HBS1L–MYB intergenic region were suggested to
control the expression of HBS1L in erythroid
progenitor cells and lymphoblasts.52,64 However,
MYB is a key regulator of erythropoiesis, and its
overexpression is associated with inhibition of ␥ globin gene expression.65 Recent functional work in
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erythroid precursor cells using DNase I sensitivity assays and chromatin immunoprecipitation suggested the presence of multiple distal regulatory
in the HBS1L–MYB intergenic region.66 Importantly, additional functional studies will be needed
to link how HbF-associated single nucleotide
polymorphisms (SNPs) in the HBS1L–MYB region
influence the activity of these transcriptional regulatory sequences, and how this relates to HBS1L and
MYB activity, as well as HbF production.
Genome-wide association studies
The extensive repertoire of common human DNA
sequence variants, such as the HapMap project,67,68
and low-cost genotyping arrays allow researchers
to move away from candidate–gene-based association studies and perform genome-wide association (GWA) experiments in an unbiased manner.69
Genome-wide association GWA studies interrogate
millions of common SNPs for association to human complex traits. The GWA approach has proven
extremely useful to find robust genetic associations,
highlighting promising and often unanticipated underlying biology.70 For HbF variation, two GWA
studies were initially carried out: one in 179 healthy
Northern Europeans selected from the tails of the
F cell distribution (lower 5th and upper 95th percentile) among 5,184 individuals with F cell measures available,51 and one in 4,305 healthy Sardinians.32 Both studies replicated the previously known
associations between HbF levels and the ␤-globin
locus on chromosome 11 and the HBS1L–MYB intergenic region on chromosome 6. They also identified and replicated a new HbF locus on chromosome 2: SNPs in intron 2 of the zinc-finger protein
encoded by BCL11A were strongly associated with
HbF levels and explained ∼15% of the phenotypic
variation in HbF levels.32,51 This genetic association
to HbF levels, originally described in populations of
European ancestry, has since then been replicated
in African-American and Brazilian SCD patients,53
and in Chinese and Thai patients with ␤-thalassemia
or the HbE trait.71,72 The identification of BCL11A
is a clear example of the advantage of GWA as an
unbiased discovery tool in human genetics: BCL11A
would not be an a priori strong candidate gene for
modulating HbF levels, and the BCL11A locus did
not emerge from any of the HbF linkage scans.
Following up on the observation that genetic variants in the BCL11A gene were significantly associ-
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ated with HbF levels, we demonstrated that the gene
product encoded by BCL11A serves as a direct transcriptional regulator of the fetal to adult Hb switch
in humans.73 In particular, we provided evidence
that the variants associated with high HbF levels
were associated with lower levels of BCL11A expression. Additionally, BCL11A protein expression
varies at different developmental stages, such that
stages when the ␥ -globin genes were robustly expressed had low or absent expression of the fulllength forms of this protein. Additionally, short
variant forms were noted to be present in these
earlier stages of ontogeny. BCL11A proteins interact in erythroid cells with specific transcriptional
regulators of erythropoiesis, including GATA-1 and
FOG-1. Additionally, BCL11A interacts with a repressor complex, known as the NuRD complex,
which may contribute to its repressive activity at the
␥ -globin genes. Knockdown of BCL11A expression
(and hence, protein) in primary human erythroid
precursor cells leads to dramatic elevations in the expression of the ␥ -globin genes without resulting in
a major perturbation of erythropoiesis. Moreover,
knockout of BCL11A in mice prevents appropriate
shutoff of endogenous embryonic ␤-like globin gene
expression, and also failure to properly silence human ␥ -globin transgenes.74 In further mechanistic
studies, we showed that BCL11A acts at a distance
from the ␥ -globin gene promoters within the ␤globin locus and cooperates with other factors such
as GATA-1 and the transcription factor SOX6 to
repress ␥ -globin expression.75
Together, these recent findings establish BCL11A
as the first genetically and biochemically validated
regulator of the fetal to adult globin switch in humans. Further work should lead to an improved
understanding of the mechanisms by which this
transcription factor functions to silence the ␥ globin genes. Our studies in the mouse suggest
that BCL11A mediates the evolutionarily divergent
globin gene switches in other mammals, strongly
supporting the notion that this factor is a critical
mediator of these processes.74 These findings also
show how genetic studies of disease modifiers can
identify new potential targets for therapy because
downregulating or inhibiting BCL11A in vivo could
be a desirable therapeutic approach.
Recent work has extended these findings and revealed further informative connections to the human genetics of HbF regulation. By studying a
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family from Malta where elevations in HbF levels were noted in certain family members (ranging
from 3–19%), a new locus linked to the HbF elevation was found on chromosome 19.76 By using
mapping and sequencing the genes in the region, a
heterozygous nonsense mutation in the KLF1 gene
was found in affected family members. By gene expression profiling and chromatin analysis, the investigators found that haploinsufficiency of KLF1
appears to affect HbF expression directly and also
appears to act indirectly through the downregulation of BCL11A.76 These findings were also supported by a companion study that utilized mouse
models to show that downregulation of KLF1
affected BCL11A expression and globin gene
expression.77
HbF-associated SNPs and
hemoglobinopathy severity
HbF is a strong modifier of disease severity in ␤thalassemia and SCD patients. Because the SNPs
identified at the BCL11A, HBS1L–MYB, and ␤globin explain a significant fraction of the interindividual variation in HbF levels (20–50%), genotypes
at these SNPs could become useful predictive tests.
Uda et al.32 genotyped the BCL11A rs11886868
SNPs in ␤-thalassemia patients, and showed that
the C allele, associated with increased HbF levels,
was found significantly more often in transfusionindependent patients (␤-thalassemia intermediate)
than in patients that depend on blood transfusions
for survival (␤-thalassemia major). Modulation of
␤-thalassemia severity by HbF-associated SNPs has
now been extended to the ␤-globin and HBS1L–
MYB loci.31,72 One limitation in these studies of
␤-thalassemia severity is that extreme clinical differences are used, and clinically important subtle
differences among patients are ignored for the sake
of simplicity. Although these studies are promising,
further studies will be necessary to dissect to what
extent these genetic variants explain the diversity of
clinical manifestations noted in these diseases.
In SCD, one of the best measures of overall morbidity is the pain crisis rate.23 We tested the effect
of SNPs at the three known HbF loci on pain crisis
rate in African-American patients from the Cooperative Study of Sickle Cell Disease (CSSCD); in aggregate, these SNPs were associated with pain crisis
rate, even after considering HbF measurements.53
This suggests that HbF-associated SNP genotypes

provide additional predictive information, beyond
steady-state HbF levels. Validation of these preliminary results in independent cohorts are warranted, as they might lead to insight in the identification and follow-up of hemoglobinopathy patients
more at risk of severe complications. This would
be particularly useful in young patients (<5 years
old) in whom HbF levels have not yet reached a
steady-state.
Genetics and genomics: beyond HbF
Most of the current efforts to identify modifiers
of the major hemoglobinopathies have been focused around the regulation and reactivation of HbF
production. There are other important modifiers
of severity for ␤-thalassemia and SCD, including
red blood cell counts, which are genetically controlled; identifying loci that control these modifiers
could highlight new therapeutic approaches. Moreover, ␤-thalassemia and SCD are extremely heterogeneous diseases, with some patients presenting
severe complications and others not.78 The identification of genetic variation that protects some
hemoglobinopathy patients from most severe complications should improve risk stratification and
treatment strategies. Fortunately, large GWA studies
in well-phenotyped cohorts, such as the CSSCD, are
ongoing and should yield new exciting insights into
the clinical heterogeneity of these diseases. As we
move to the next step, hemoglobinopathy modifier
genetics should also benefit from second-generation
DNA resequencing technologies, allowing investigators to consider not only common genetic variation,
but also all forms (common, rare, and structural) of
genetic variation, and their contribution to disease
heterogeneity.
It is expected that the major limitation in our
search to understand how genetic modifiers influence severity in ␤-thalassemia and SCD patients
will come more from a lack of appropriately large
and well-phenotyped cohorts rather than genetic
or technical challenges. As such, and given the
healthcare burden that hemoglobinopathies represent worldwide,2,29 priorities need to be set to
create new large prospective patient cohorts to allow continued genetic research. A major challenge
that remains will be to define the range of clinical phenotypes in these diseases in large enough
samples to provide adequate power, and to better understand the full extent of variability that

c 2010 New York Academy of Sciences.
Ann. N.Y. Acad. Sci. 1214 (2010) 47–56 

53

Genetic modifiers of sickle cell and β-thalassemia

Sankaran et al.

exists in these disorders. This will be a critically
needed step before further and more comprehensive studies on the genetic basis for variation in
these model Mendelian disorders can be more fully
appreciated. Clearly, the future appears to be quite
fruitful and will require an integrated approach by
clinicians caring for patients with these disorders,
epidemiologists studying the global burden of these
diseases, geneticist interested in understanding this
variability, clinical researchers designing studies to
better understand the nature of this variation, and
basic scientists who will study the mechanisms that
underlie the poorly understood variability of the Hb
disorders.
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