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Oxford, Oxford, UK
11McGill University, Montreal, Canada

Summary

HMIP-2 is a human quantitative trait locus affecting peripheral numbers, size and hemoglobin composition of red blood
cells, with a marked effect on the persistence of the fetal form of hemoglobin, HbF, in adults. The locus consists of multiple
common variants in an enhancer region for MYB (chr 6q23.3), which encodes the hematopoietic transcription factor
cMYB. Studying a European population cohort and four African-descended groups of patients with sickle cell anemia, we
found that all share a set of two spatially separate HbF-promoting alleles at HMIP-2, termed “A” and “B.” These typically
occurred together (“A–B”) on European chromosomes, but existed on separate homologous chromosomes in Africans.
Using haplotype signatures for “A” and “B,” we interrogated public population datasets. Haplotypes carrying only “A”
or “B” were typical for populations in Sub-Saharan Africa. The “A–B” combination was frequent in European, Asian,
and Amerindian populations. Both alleles were infrequent in tropical regions, possibly undergoing negative selection by
geographical factors, as has been reported for malaria with other hematological traits. We propose that the ascertainment
of worldwide distribution patterns for common, HbF-promoting alleles can aid their further genetic characterization,
including the investigation of gene–environment interaction during human migration and adaptation.

Keywords: Red blood cells, quantitative trait locus, population genetics, malaria, sickle cell disease, cMYB, gene
enhancer variant
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Introduction

Human red blood cells have long appealed to geneticists
because of their significant contribution to genetic disease,
their exceptional accessibility and their relatively simple biol-
ogy. For decades, genetic studies were focused on Mendelian
traits affecting hemoglobin or the erythrocyte membrane.
More recently, complex, i.e., quantitative, erythroid traits have
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HMIP-2 Global Architecture

become accessible to systematic genetic dissection, leading to
the discovery of a large number of common genetic variants
influencing red blood cell function and appearance (Sankaran
& Orkin, 2013). One such quantitative trait locus (QTL)
is HBS1L-MYB intergenic polymorphism (HMIP) on Chromo-
some 6q23.3, which was first detected in a large Asian In-
dian family (“Family D”) of Gujarati/North Indian descent
(Thein & Weatherall, 1989; Craig et al., 1996), where it causes
autosomal-dominant inheritance of hereditary persistence of
fetal hemoglobin (HPFH). Usually, fetal hemoglobin (HbF)
production reduces dramatically after birth, when it is replaced
by adult hemoglobin (HbA and small amounts of HbA2), but
some individuals, including members of Family D, continue
to produce significant amounts of HbF. When such “HPFH”
occurs in patients with sickle cell anemia (SCA; Platt et al.,
1994) or β-thalassemia (Ho et al., 1998), where HbA is ei-
ther defective or diminished, it results in a clinically milder
disease. In Family D, the locus alleviates the phenotype of an
independently segregating β-thalassemia allele. Subsequently,
it was shown that variants at this locus also contribute to a
limited, but variable, HbF persistence that exists in the gen-
eral European population. This finding enabled its subsequent
fine-mapping to a 75-kb interval between HBS1L and MYB
and its partitioning into three independent linkage disequi-
librium (LD) blocks of common genetic variants associated
with the trait (Thein et al., 2007). In Family D, segregation of
a single large-effect haplotype at HBS1L-MYB is consistent
with the observed Mendelian inheritance pattern of HPFH.
In this haplotype, the three blocks of associated variants are
present in an unusual optimum alignment producing a strong
combined effect on the trait. In the general European pop-
ulation, these blocks were found to predominantly exist in
different combinations (Thein et al., 2007), leading to the ap-
pearance of HBS1L-MYB as a more conventional QTL that
contributes to the complex genetic determination of HbF
persistence.

Subsequently, these HBS1L-MYB variants have been
shown to also modulate HbF levels in healthy subjects of
African and East Asian descent and in SCA and β-thalassemia
patients and carriers of diverse ethnic origin (Lettre et al.,
2008; Gibney et al., 2008; So et al., 2008; Creary et al.,
2009; Galanello et al., 2009; Makani et al., 2010; Solovieff
et al., 2010; Galarneau et al., 2010; Nuinoon et al., 2010;
Farrell et al., 2011; Bae et al., 2012). HBS1L-MYB variation
has considerable pleiotropic effects, as it also influences the
number, size, and overall hemoglobin content of red blood
cells (Menzel et al., 2007b; Soranzo et al., 2009b; Kamatani
et al., 2010; van der Harst et al., 2012). In addition, it affects
circulating numbers of platelets, monocytes, and white cells
(Menzel et al., 2007b; Soranzo et al., 2009a; Kamatani et al.,
2010; Nalls et al., 2011; Okada et al., 2011; Reiner et al.,
2011; Qayyum et al., 2012). Much of the effect of the locus
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Figure 1 Composition of the two main haplotypes involving
HbF-associated variants at HMIP-2 in healthy Europeans. When
investigating the twelve HMIP-2 SNPs originally reported to be
strongly associated with HbF persistence (Thein et al., 2007), we
found that very close linkage disequilibrium (LD) between them
resulted in two major haplotypes dominating (together 92% of
chromosomes) our European cohort. The haplotype shown in
green was associated with low HbF (and low F cell) levels, the
one below in blue with high levels of both related traits. The
high-HbF haplotype is also present at the core of a Chromosome
6 segment segregating with fetal-hemoglobin persistence in the
Gujarati Family D, where this locus was first discovered.
∗previously rs52090909; ∗∗previously rs11154792.

originates from the core block of variants, termed HMIP-2
(block 2), which occupies a 24-kb stretch of DNA that acts
as a distal upstream enhancer for MYB (Wahlberg et al., 2009;
Stadhouders et al., 2012; Stadhouders et al., 2014), the gene
for cMYB, a transcription factor essential to hematopoiesis
(Mucenski et al., 1991). HMIP-2 is one of the most signifi-
cant and consistently detected loci for erythroid traits across
human populations. Noticeably, top-associated SNPs detected
in studies performed in European, African, and Asian pop-
ulations (Creary et al., 2009; Makani et al., 2010) appear
to belong to a common set of SNPs, recurring with varia-
tion, across studies. This might reflect a shared origin for at
least part of the trait-associated variability. In Europeans, a
single principal haplotype (frequency 22%), characterized by
12 closely linked SNP alleles distributed over HMIP-2 (Fig. 1),
had been shown to be responsible for HbF-increasing effects
at HMIP-2 (Thein et al., 2007). We found the same haplotype
prevalent (also at 22% frequency) in the Gujarati population
and at the centre of the chromosomal segment segregating
with HPFH in Family D (Thein et al., 2007). These findings
suggests that a European-type HbF-promoting sequence at
HMIP-2 is an essential part of the extended haplotype (in-
volving HbF-promoting variants of HMIP-1, HMIP-2, and
HMIP-3) causing HPFH in this family. Subsets of these 12
SNPs have shown association with erythroid traits in every
human population studied so far (Thein et al., 2007; Men-
zel et al., 2007a, b ; Uda et al., 2008; Lettre et al., 2008;
Gibney et al., 2008; So et al., 2008; Creary et al., 2009;
Galanello et al., 2009; Soranzo et al., 2009b; Ganesh et al.,
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2009, Nuinoon et al., 2010, Kamatani et al., 2010; Galarneau
et al., 2010; Makani et al., 2010; Solovieff et al., 2010; Reiner
et al., 2011; Okada et al., 2011; Farrell et al., 2011; Nalls et al.,
2011; Qayyum et al., 2012; Bae et al., 2012; van der Harst
et al., 2012). In this paper, we describe the HMIP-2 locus
and its characteristic HbF-boosting alleles in a diverse set of
human populations. The “HPFH +” haplotype segregating
in Family D served as a reference in our investigations, since
the strong HbF-boosting effect in all 74 identical-by-descent
copies has provided us with a “archetype” of an invariably
HbF-promoting sequence across the 24-kb HMIP-2 interval.
We first studied the variants characterizing this sequence in
individuals where we have measured HbF persistence: (1) a
cohort of healthy European twins and (2) patients of African
descent with SCA. Subsequently, we investigated the preva-
lence of haplotypes signaling the presence of trait-affecting
functional variants in human populations across the world,
interrogating data from the 1000 Genomes Project (Abeca-
sis et al., 2010) and the Human Genome Diversity Project
(HGDP; Pickrell et al., 2009). We provide evidence that most
human populations share a set of HbF-inducing haplotypes,
which contain two HbF-boosting alleles either separately or
in tandem. We discuss the physical location of these alleles at
the MYB enhancer, and how they might contribute to the
haplotype-specific effects we observe in healthy subjects and
patients with SCA in the light of recent functional studies.

Materials and Methods

Subjects and Trait Measurement

Subjects were recruited and studied according to the Decla-
ration of Helsinki and gave informed consent. Investigation
of the African British patient cohort was approved by the
National Research Ethics Service Committee South Central
(07/H0606/165) and of the Tanzanian patient cohort by the
Muhimbili University Research and Publications Committee
(MU/RP/AEC/VOL XI/33). The African American patient
cohort is part of a multicentre study (see below), approved by
the Institutional Review Boards at the collaborating institu-
tions. The Nigerian patients are part of an archival cohort that
was analyzed anonymously. Study of the Twins UK cohort
was approved by the St. Thomas’ Research Ethics Commit-
tee (LREC04/015).

We have compared four groups of patients with SCA (Hb
SS homozygous and Hb Sβ0 thalassemia hemizygous), from
the UK, Nigeria, Tanzania, and the USA (Table S1). For
all patients, the HbF levels (as % of total hemoglobin) were
measured by HPLC (Variant II system, BioRad, Hercules,
CA, USA) from samples obtained during “steady state” out-
patient visits, and off hydroxyurea therapy. Common variant

genotypes were generated within individual genetic studies
taking place at each of the centers involved. A cohort of
three hundred African British SCA patients (of West African
and African-Caribbean descent (a subset was described pre-
viously [Makani et al., 2010]) was previously recruited from
King’s College (PI S.L. Thein), Guy’s and St. Thomas’ (PI J
Howard) hospitals in London, UK. Of these, a core set of 198
patients (HbS homozygous) with extensive genotype data for
HMIP-2 markers were selected for association and haplotype
analysis. The Nigerian patients’ DNA samples (n = 192, PI A.
Adekile) were from stored material from a previous study of
βS-haplotypes involving patients from the Northern (Sokoto,
Zaria, Kaduna) and Southern (Enugu, Calabar, Enugu, Benin)
parts of the country (Adekile et al., 1992). Tanzanian pa-
tients from Muhimbili National Hospital, Dar-es-Salaam
(n = 1,039, PI J. Makani) are either of Hb SS or Hb S/β0

genotype and have been described previously (Makani et al.,
2010). Samples for 254 African American patients (HbSS and
Hb S/β0) were collected from sources including the Co-
operative Study of Sickle Cell Disease (CSSCD), Howard
University and Children’s Hospital Oakland. Of the 254 pa-
tients, 111 patients were recorded clinically with HbF < 3.1,
whereas 133 patients had HbF > 8.6 and 10 patients with
HbF in the intermediate range. We have previously (Menzel
et al., 2007a) found that such subject selection can lead to an
over-estimation of the frequency of the minor, HbF-boosting
alleles, i.e., in extreme-phenotype (high and low HbF) Eu-
ropean subjects we detected a frequency of 0.38 for the “C”
allele of rs9399137, whereas in unselected Europeans the fre-
quency was 0.26.

Data from a previous study (Thein et al., 2007), conducted
in non-African populations, were included for comparison.
The first is the Asian Indian Gujarati Family D, in which the
HMIP locus was originally discovered (Thein et al., 1994;
PI SL Thein), and which segregates β-thalassemia and, inde-
pendently, a haplotype at the HMIP locus that strongly boosts
HbF. The second is a cohort (n = 3800) of healthy British
European twins (TwinsUK, PI T Spector). As HbF levels
in non-anemic individuals are below the dynamic range of
the HPLC detection system, the trait is represented in the
twins by the fraction of red blood cells that carries HbF (“F
cells”) enumerated by flow cytometry after anti-HbF staining
(Thorpe et al., 1994). HbF and F cells are closely related traits
that are influenced by the same set of genes (Menzel et al.,
2007a; Uda et al., 2008).

Genotyping and Sequencing

Genotypes were generated from genomic DNA isolated from
peripheral white blood cells. Genotype data from previous
studies were included, which had been generated as described
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(Menzel et al., 2007a; Thein et al., 2007; Makani et al.,
2010). Additional genotyping was performed in the London
lab, by the Centre National de Génotypage (Evry, France),
using the Sequenom procedure, and for the TwinsUK
subjects, by the Wellcome Trust Sanger Institute and Na-
tional Eye Institute via NIH/CIDR. TaqMan assays (using
Applied Biosystems reagents, procedures, and 3730 instru-
mentation) were performed in London to generate additional
genotypes for the African British, Nigerian, and Tanzanian
patients. Customized genotyping procedures were devised
for rs66650371, rs11321816, and rs35786788, which are in
close physical proximity to each other. Indels rs66650371
and rs11321816 were amplified together by PCR and then
underwent fragment sizing by capillary electrophoresis on a
3130xl Genetic Analyser (Applied Biosystems, Foster City,
CA, USA). For this, PCR reactions were carried out in
a volume of 15 μl that contained Ampli Taq Gold (Ap-
plied Biosystems, with the buffer supplied), 2.5 mM MgCl2,
0.2mM each dNTP, FAM, and VIC labeled upstream primers
and PIG-tailed (Brownstein et al., 1996) downstream primers
under the following thermocycling conditions: 95°C for 12
min, 9 cycles at 94°C for 15 sec, 55°C for 15 sec and 72°C
for 30 sec, 19 cycles of 89°C for 15 sec, 55°C for 15 sec
and 72°C for 30 sec, and a final elongation at 72°C for 10
min. SNP rs35786788 was genotyped using a SNaPshot assay
(Applied Biosystems). Fragment sizing and SNaPshot reaction
were both analyzed using GeneMarker software, version 1.95
from SoftGenetics (State College, PA, USA).

To investigate the critical region at the “A/a” sublocus,
a 542-bp PCR amplicon (chr6:135,418,601–135,419,142;
hg19) was sequenced in 18 unrelated Europeans (top panel,
Fig. S1) and 15 African British patients with SCA (bottom
panel, Fig. S1), all selected to be homozygous for rs11321816
to avoid fragment shift. The fragment was first amplified from
genomic DNA, using the Qiagen Muliplex PCR kit (Qia-
gen, Venlo, The Netherlands) with Q solution (using Qia-
gen recommended procedures). PCR products were purified
using Wizard SV Gel and PCR clean up system and cycle-
sequenced with BigDye Terminator v3.1 chemistry (Applied
Biosystems). After3130XL electrophoresis, sequencing traces
were inspected and scored with Sequencher 4.6 software.

Genomic DNA samples from African American patients
were genotyped using Illumina HumanOmni1-Quad Bead-
Chip System (Illumina Omni1-chip, Illumina Inc., La Jolla,
CA, USA), which was designed for 76% genomic coverage
for people of African ancestry. SNP genotype was called by
using Illumina Genome Studio and extracted for the HMIP-2
region for this study.

LD plots, phase alignment, and haplotype clades
LD between markers was estimated and plotted with
Haploview 4.2 (Barrett et al., 2005). Haplotype blocks were

defined using confidence intervals (minima for strong LD:
0.98 upper, 0.7 lower; upper CI maximum for strong recom-
bination 0.9).

Phase alignment of variant alleles into haplotypes in the Gu-
jarati family was manually inferred from segregation patterns.
In sickle patients, who are unrelated, haplotypes were inferred
statistically using Phase 2.1.1 (Stephens & Scheet, 2005). Hap-
lotypes were then grouped (i.e., sorted into clades) according
to the presence or absence of characteristic (“tagging”) al-
leles at rs9399137 (for the “A/a” sublocus) and rs9402686
(at the “B/b” sublocus of HMIP-2). Within each clade and
each population/patient group, allele frequencies of the re-
maining genotyped variants were calculated and displayed as
“sequence logos” (Schneider & Stephens, 1990), a graphi-
cal representation of the consensus and the variant alleles at
each SNP position (constructed online with WebLogo 2.8.2
Crooks et al., 2004; via http://weblogo.berkeley.edu).

Association analysis
In the four patient cohorts, genetic association of variants
with %HbF and %F cell levels (both natural-log transformed)
was analyzed by multiple linear regression (SPSS, Version 12,
IBM), with age and sex included as covariates. The unstan-
dardized regression coefficient (“β”) was estimated as a mea-
sure of the effect each variant allele has on ln(HbF) levels,
independent of sample sizes and allele frequencies, which dif-
fer across populations. Meta-analysis of the four groups was
conducted, using a fixed-effects (inverse-variance weighted)
model and included a test for heterogeneity.

In the European twins cohort, regression analysis with
ln(%F cells) was carried out using the regress procedure in
Stata version 10.1 after imputing missing genotypes with
MACH 1.0 (Y Li and G Abecasis). Cotwin clustering was
modeled by means of a modified sandwich estimator of the
variance.

Public population genotype data
The 1000 Genomes Project (Abecasis et al., 2012) is an
international collaboration to generate reference genome
sequences for representative human population samples,
providing a comprehensive resource on human genetic vari-
ation. Phase-aligned genotype data for all variants detected
during whole-genome sequencing in 1197 “first-phase”
samples have been made available to researchers and are
distributed over 14 populations (Table S5). Variant Call
Format (VCF) files for all of the above were obtained using
the “Data Slicer” tool at http://browser.1000genomes.org,
specifying the input URLs as ftp://ftp.1000genomes.ebi.ac.
uk/vol1/ftp/release/20110521/ALL.chr6.phase1 release v3.
20101123.snps indels svs.genotypes.vcf.gz (for the VCF
file) and ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/
20110521/phase1 integrated calls.20101123.ALL.panel (for
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the Sample-Population Mapping File), and the genomic
region to be extracted as between chr6:135,411,228 and
135,465,800 (in hg19 coordinates). This region contains
the entire HMIP-2 locus and a 3’ adjacent 30 kb genome
segment. Haplotype clades were assembled and displayed as
described above for the sickle cell disease patients.

The HGDP (Conrad et al., 2006) is an international collab-
oration to systematically investigate the genetic history of hu-
man populations. Phase-aligned genotype data in the HMIP-2
interval for 53 populations were accessed through the HGDP
Selection Browser (Pickrell et al., 2009), a tool designed to
“explore the genetic signatures of natural selection in the hu-
man genome” (http://hgdp.uchicago.edu/). Data are from
938 individuals genome-scanned on an Illumina 650K chip
platform (Li et al., 2008). Populations are detailed in Table
S5.

Figure 8 (world map in Robinson projection) is
based on “BlankMap-World6,_compact.svg” from Wikime-
dia (http://commons.wikimedia.org). Haplotype frequen-
cies (Table S5) were plotted with Inkscape 0.48 into map
positions according to sampling location (Cann et al.,
2002).

Archaic hominins
Denisova genotypes were accessed through the UCSC
genome browser (track: Denisova High Coverage Sequence
Reads). These originate from high-coverage genome se-
quence generated from a single individual (Meyer et al.,
2012) and therefore would likely not capture alleles that ex-
isted in low frequency in Denisovans. Neanderthal genotypes
were also retrieved through the UCSC browser (track: Ne-
anderthal Sequence Reads, by Ed Green, UCSC) and are
based on low-coverage reads (Green et al., 2010) from Nean-
derthal specimens from three individuals (Vi33.16, Vi33.25,
and Vi33.26). Sequence from a further three individu-
als did not cover the critical SNPs. Additional data were
available from a high-coverage genome sequence of one
(“Altai Neanderthal”) individual (Prüfer et al., 2013), and
was publically available (http://cdna.eva.mpg.de/neandertal/
altai/AltaiNeandertal/VCF/). Thus, in total, two chromo-
somes were investigated for Denisovans and three, on av-
erage for Neanderthals, allowing the detection of major
alleles, but making the detection of minor alleles at posi-
tions polymorphic in Neanderthals or Denisovans relatively
unlikely.

Great Apes
Chimpanzee (Chimpanzee_Sequencing_and_Analysis_Conso
rtium, 2005; Pan troglodytes), Gorilla (Scally et al., 2012;
Gorilla gorilla gorilla), Orangutan (Pongo pygmaeus abelii,
Washington University and Baylor College of Medicine),

and Baboon (Papio hamadryas, Baylor College of Medicine)
reference sequences were accessed through UCSC genome
browser track “Multiz Alignments of 46 Vertebrates.”

Results

The European High-HbF Consensus Haplotype

To further characterize the European/Gujarati high-HbF
genotype (or haplotype) at the HMIP-2 locus, we sequenced
the corresponding 24-kb physical region (chr6:135,411,228–
135,435,501; hg19; Thein et al., 2007) in two individuals
from Family D, one homozygous, through consanguinity, for
the “HPFH +” (high HbF) haplotype and one compound
heterozygous for “HPFH−” (low HbF) haplotypes. We de-
tected 29 variants that are unique to the “HPFH+” sequence:
26 SNPs, two indels, and a (CA)n short tandem repeat. To
evaluate the biological significance of the “HPFH+” vari-
ants, we tested for association with HbF persistence (mea-
suring “%F cells,” the proportion of red blood cells carrying
HbF) in our cohort of healthy European twins. We detected
eight new variants (seven SNPs and a 3-bp indel, in addi-
tion to the 12 SNPs previously described) that were strongly
associated with HbF persistence (Table S2). Four markers
were not or only weakly associated with the trait and for five
markers assays could not be designed or failed. Exploratory
sequencing of a selection of twin samples showed that two
of the latter (SNP rs9376091 and indel rs11321816, see also
Fig. S1) were in close LD with the other associated markers,
bringing the total number of strongly trait-associated variants
within the HMIP-2 interval to 22 (12 + 8 + 2; Table S2).
As expected, all these variants are in close LD (Fig. S2),
the minor alleles (all associated with higher HbF) forming
one principal haplotype clade (23% of haplotypes) and the
major alleles (associated with low HbF) forming the other
principal clade (73%). For the two indels, the shorter alle-
les are part of the high-HbF clade, while the longer alleles
reside within the low-HbF clade (detailed in Fig. S1). The
composition of the (major) low-HbF clade matches the se-
quence of the homologous chimpanzee positions and also
sequence reads available for extinct hominins (Green et al.,
2010; Meyer et al., 2012; Prüfer et al., 2013; Neanderthal and
Denisova; Table S3) for all trait-associated variants. There-
fore this low-HbF clade was termed the “ancestral haplotype
clade.”

HMIP-2 in individuals of African descent
The clinical importance of HbF persistence in the β-
hemoglobin disorders has led to numerous studies investi-
gating the European-derived association signals at HMIP-
2 in SCA patients and population cohorts of African
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Figure 2 Association of variants across HMIP-2 with HbF in African British patients with sickle
cell anemia. This patient cohort (n = 198) contains individuals of West-African and
African-Caribbean (i.e., European admixed) descent. Association between genotypes and
fetal-hemoglobin persistence (%HbF, natural-log transformed) is plotted as LOP scores (−log10 of
P values, black diamonds) and the threshold of nominal significance (equivalent to P = 0.05) is
indicated as a horizontal line. The number of variants was extended to 22 (shown here in
chromosomal order), all strongly associated with HbF persistence in Europeans (Table S2). The
conditional independence of A/a and B/b subloci was tested by conditioning analysis on
rs9399137 (tagging A/a, open diamonds) and on rs4895441 (the most significant marker for B/b,
grey diamonds).
The SNP rs7775698, which is part of the 3-bp in/del system rs66650371 was also analyzed, but
the C->T change had no influence on HbF levels (P > 0.1), which was also the case when
individuals carrying the deleted allele were excluded from analysis. The length of a polymorphic
microsatellite repeat present in the interval (CAn, chr6: 135,420,855–135,420,897) was not
associated with HbF levels.

descent (Lettre et al., 2008; Creary et al., 2009; Makani
et al., 2010; Solovieff et al., 2010; Farrell et al.,
2011; Bae et al., 2012). While not all of the origi-
nal 12 SNPs were genotyped across all groups, several of
them were found associated in each of the studies, all
with the same direction of effects as in the Europeans.
One notable difference to the European findings was the pres-
ence of two partially independent association signals within
HMIP-2 (Lettre et al., 2008; Galarneau et al., 2010; Makani
et al., 2010), which contrasts with the single associated LD
block found in Europeans. To investigate this further, we
examined the 22 European-derived candidate variants for
association with HbF in four groups of SCA patients of
diverse African descent (Table S1), for which HbF data
and genotypes have been previously generated. The most
extensive SNP coverage was available in a mixed group of 198
West African and African-Caribbean (West African/European
admixed) SCA patients recruited in South London (“African
British patients”). HbF association of variable significance

(from P = 0.001 to P = 0.045) was detected with 15 of the
“European” variants, while seven variants were not associated
(Fig. 2; Table S2). In these African-descended individuals, the
HMIP-2 association signal appeared to be split spatially into
two groups of HbF-associated markers: one group situated
in the proximal (relative to the centromere, left-hand side in
Fig. 2) half of the block, surrounding sentinel SNP rs9399137,
and the other, in the distal half of the block (right-hand side
in Fig. 2) between rs4895441 and rs9483788. Each of the
two groups of markers form a distinct LD block (blocks “A”
and “B,” respectively; Fig. S3). SNPs from the two groups
contributed separately to the overall association with HbF
(Fig. 2), analogous to what has been reported previously (Let-
tre et al., 2008; Galarneau et al., 2010; Makani et al., 2010).
This pattern of association across HMIP-2 is seen consistently
in all four groups of SCA patients, which is especially evident
when comparing the size of the allelic effects between mark-
ers (Fig. 3; Table S2; test for heterogeneity across groups
P = 0.77 for rs9399137 and P = 0.57 for rs9402686),
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Figure 3 Average allelic effects of HMIP-2 variants in ethnically diverse groups of sickle cell
anemia patients. Patients are from African (Nigerian: red diamonds, Tanzanian: crosses) or
African-descended (African British: blue diamonds, African American: green triangles)
populations. Plotted are the estimates of the regression coefficient between genotype and trait
(ln[%HbF]), with respect to the minor allele for each of the 22 European-derived markers.
Direction and magnitude of the effects of individual variants are generally consistent across
patient populations, as is the pattern of two spatially separated areas of association (subloci A/a
and B/b).

suggesting that the genetic architecture of HMIP-2 is sim-
ilar in the patient cohorts, i.e., in African British patients
(West African and African Caribbean, with about 11% Eu-
ropean admixture, based on Duffy genotype; Drasar et al.,
2013), patients from Nigeria (i.e., a West African popula-
tion), from Tanzania (i.e., East African) and from the United
States (African American, i.e., genetically West African with
10–18% European admixture [Parra et al., 2001; Tishkoff
et al., 2009;]). Consequently, we propose the existence of
two subloci within HMIP-2: “A/a” (at the 5’ end) and
“B/b” (at the 3’ end), each possessing a high-HbF form
(alleles “A” and “B”) or a low-HbF form (alleles “a”
and “b”).

A mathematical reconstruction of the phase relationship of
the 22 variants in the African British patients (Fig. 4) reveals
the haplotype architecture underlying the trait-association and
LD findings. The 10 variants with the greatest allelic impact
on HbF values (β > 0.3) appear to form four distinct high-
consensus haplotype clades (Fig. 4). The most prevalent clade
(“a–b,” frequency 91%) is characterized by the presence of the
low-HbF associated (ancestral) alleles at each of the 10 po-
sitions, analogous to the European ancestral haplotype clade.
The remaining 12 positions (nonassociated variants) are more
variable in the African version of this clade. A second, small
group of haplotypes (“A–B,” 2%) shows the converse situ-

ation: high-HbF alleles for all of the ten strongly associated
positions. This clade is, across all 22 variants, identical to the
European high-HbF clade and also includes the European-
ancestry informative allele, rs9376090-“C,” which is con-
sistent with the hypothesis that these haplotypes joined the
patients’ gene pool through European admixture (11% ad-
mixture from a European population carrying this haplotype
at 22% would predict a frequency of 2.4%). The majority
of HbF-increasing alleles at the 10 critical positions reside in
two haplotype clades that contrast with the European-type
(“all-or-nothing”) situation. One of these clades (“A–b,” 4%
frequency) contains the high-HbF alleles at three positions
within the “A/a” sublocus, but not at the “B/b” sublocus
and the other clade (“a–B,” 3% frequency) is characterized
by a strong consensus for the high-HbF alleles at six posi-
tions within the “B/b” sublocus only (Fig. 4). Thus, HbF-
increasing alleles exist within two distinct clades of haplo-
types (“A–b” and “a–B”) on African chromosomes, while
on European chromosomes they form a joint “A–B’ (tan-
dem) high-HbF clade. We detected three of these four haplo-
type clades, defined by the ten trait-associated variants, in all
four patient groups in this study (West African, East African,
African American, and African British); the “European-type”
clade (“A–B”), was absent from the Nigerian patients (Figs 4
and 5).
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Figure 4 Consensus composition of the four principal haplotype clades at HMIP-2 in African British
patients. Each row depicts one of the clades (displayed as a sequence logo [Schneider & Stephens, 1990]),
with the consensus allele(s) shown at each variant position. Clades were defined through rs9399137 (tagging
A/a) and rs9402686 (tagging B/b). The height of the letter or stack indicates the degree of consensus and
the relative height of letters in a stack shows the relative frequency of alternative alleles within the clade.
Alleles with significant effect size (β > 0.3; Fig. 3) have been colored: those associated with increased HbF
levels are either orange (“A”) or red (“B”) and those associated with decreased HbF levels are green. Variants
with little or no effect on HbF (<0.3; Fig. 3) are shown in grey. “I” and “D” stand for insertion (“in”) or
deletion (“del”) alleles, respectively.
The variants representing the “A” and “B” high-HbF alleles have a high degree of consensus and specificity
for their respective clades. African-type high-HbF clades (“A–b” and “a–B”) contain either high-HbF allele
(“A” or “B”) separately. In the Eurasian clade, which is present through European admixture, both alleles are
combined to form a single haplotype.

The four high-HbF associated alleles within “A” are
rs9376090-“C” (restricted to European chromosomes),
rs66650371-“del,” rs9399137-“C” and rs35786788-“A.”
Thus the haplotype signature “del-C-A” tags the presence
of a functional, HbF-promoting “allele A” at this sublocus in
European, North Indian (Gujarati), and diverse African pop-
ulations. It has previously been suggested that rs66650371-
“del” itself might be biologically effective and responsible for
HbF association at HMIP-2 (Farrell et al., 2011), even though
direct biological proof has remained elusive. High-HbF asso-
ciated variants within “B” are rs4895441-“G,” rs9389269-
“C,” rs9402686-“A,” rs9494142-“C,” rs9494145-“C” and
9483788-“C” (Fig. 4). Therefore, the haplotype signature
“G-C-A-C-C-C” indicates the presence of a so-far uniden-
tified functional “allele B” and might serve as its proxy in
studies in a wide range of human populations.

Effects on HbF persistence
The three high-HbF clades (A–b, a–B, and A–B) seem to
have similar effects on HbF persistence in SCA patients, with
similar regression coefficients (i.e., average per-allele effects of
the minor allele on ln[%HbF]) for tag SNPs representing the
subloci (Fig. 3 and Table S2), e.g., +0.62 for rs9399137-C
(tagging “A–b” and “A–B”), +0.51 for rs9402686-A (tagging
“a–B” and “A–B”) and +0.58 for rs9376090-C (tagging “A–
B” only). Thus the European clade, containing “A” as well
as “B” alleles, appeared to have an effect no larger than the
two alleles on their own, though variability across groups
was considerable (Fig. 3; Table S2). We therefore investigated
these clades in the European cohort (n = 3800), where the
frequency of “A–B” is 23%, and where there are small num-
bers (�0.6% each) of chromosomes carrying only either “A”
or “B.”
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Figure 5 Frequency of the four HMIP-2 haplotype clades in four
African-descended patient populations. Haplotypes were grouped into clades
according to alleles present for the tagging SNPs (rs9399137 for “A” and
rs9402686 for “B”). The consensus sequence for the clades is shown in Figure 4.

Trait values for individuals carrying each of these hap-
lotypes in various genotype combinations are shown in
Figure 6. The data mirror results from the patients: individuals
carrying “A–b,” “a–B,” or the “A–B” combined clade show
similar effects on HbF persistence, which suggests a “dom-
inant in cis” model for the interaction of the two subloci,
where “A” or “B” produce the full phenotype independent
of which allele is present at the other sublocus. However, we
were unable to formally reject the possibility that “A” and “B”
show additive effects in cis (P = 0.15); access to larger datasets
or populations with higher frequencies of “A–b” and “a–
B” are required to sufficiently power this test. Homozygotes
for “A–B” showed significantly increased trait values (Fig. 6)
compared to heterozygotes, suggesting an “additive in trans”
model for the locus. Again, the study of further populations
might provide additional evidence, e.g., higher frequencies of
“A–b” and “a–B” haplotypes might allow the assessment of
their homozygotes and “A–b”/“a–B” compound heterozy-
gotes.

Global prevalence of HbF-promoting haplotypes
The existence of common haplotype signatures for HbF-
promoting alleles at HMIP-2-A/a and HMIP-2-B/b subloci
across very different population groups (European/North In-
dian and Sub-Saharan African) suggests that the various in-
stances of each, “A” and “B” allele, are derived from common
ancestors and that they might be a general feature of hu-
man populations. To systematically investigate the presence

of such alleles in populations across the globe, we looked for
the presence of their characteristic haplotype signatures in
public data from the 1000 Genomes Project (Abecasis et al.,
2010), a repository of full genome sequence for representa-
tive human populations. For this, we retrieved phase-aligned
genotype data (statistically-derived most-likely haplotypes) for
325 variants detected in the HMIP-2 interval for 1197 indi-
viduals in fourteen populations (Phase 1) from the project’s
public online data repository. This included data on 21 of
the 22 variants associated with HbF variants in Europeans.
When grouping the haplotypes into clades based on tag SNPs
rs9399137 (representing “A/a”) and rs9402686 (represent-
ing “B/b”), the remaining seven HbF-associated variants dis-
played a high-consensus pattern within these clades in all
populations, analogous to what had been observed in the
sickle patients. That is, in each of the populations sampled,
haplotypes carrying the low-HbF variant for both tag SNPs
display a high consensus for having low-HbF alleles at the
remaining seven positions that define both subloci (ancestral
clade; Fig. 7; Table S4), haplotypes carrying the high-HbF tag
allele at one of the subloci, but not at the other, again display a
high consensus for the remaining high-HbF alleles at the same
sublocus and for low-HbF alleles at the other one (“A–b” and
“a–B” clades), and finally, haplotypes carrying high-HbF al-
leles for both tag SNPs carry high-HbF variant for all nine
critical positions (“A–B” clade). The latter, combined, “A–
B” high-HbF clade, is absent from the West African subjects,
but is prevalent not only in the European populations (27%)
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Figure 6 Fetal haemoglobin persistence (%F cells) in Europeans stratified by
HMIP-2 genotype. The European cohort was chosen, because of its size (n =
3800), to compare genotypic trait values (mean + SD) for individuals carrying
different haplotype combinations.
Carrying a single HbF-promoting allele (second and third column) significantly
boosts HbF persistence, compared to having none (first column). The effects of
“A” and “B” alleles appear similar. Carrying a “double-hit” chromosome
(“A–B” haplotype) does not further increase trait values when present in
heterozygous form. In comparison, homozygotes have significantly increased F
cell levels. Genotypic values for HbF persistence in the twins were measured as
“% F cells,” the proportion of red blood cells carrying HbF. This is equivalent to
“% HbF” but better suited to nonanemic subjects, where %HbF values are below
the dynamic range for the standard HPLC detection method.
∗P < 0.005; ∗∗P < 0.0001; n.s., not significant.
A one-tailed t-test was used for comparing the genotype groups, i.e., to
confirm/reject the findings in the patients, i.e., an HbF-increasing effect of the
“A” and “B” containing haplotypes.

and our own Gujarati dataset (22%), but also found at high
frequency in Chinese (Han, 26%) and Japanese populations
(24%), suggesting that this “Eurasian clade” was a distinguish-
ing feature of the founder population of anatomically modern
humans originally expanding into these regions. Mirroring
the situation in British African and African American sickle
patients, the presence of Eurasian clade in the African Amer-
ican population sample (at 6.6% frequency) is likely due to
European admixture.

The three Latin American populations sampled in the
1000 Genomes project (Mexican American from Los An-
geles, Colombian, Puerto Rican) exhibit a high frequency
of HMIP-2 haplotypes. These populations are admixed be-
tween Europeans and Amerindians (Parra et al., 2004), where
HMIP-2 haplotypes are similarly prevalent (see below). Of
all groups studied in Phase 1 of the 1000 Genomes project,
the Japanese population had the highest frequency (38%) of
HbF-increasing haplotypes, contributed from the Eurasian
and “a–B”-type clades.

The detection of the same high-consensus haplotypes in
global populations as the ones we found associated with HbF
persistence in our phenotyped cohorts makes it very likely
that they signal the presence of HbF promoting alleles “A”
and “B” and their respective unidentified biologically func-
tional components. Thus we feel confident to evaluate the
presence of such alleles in populations where erythroid traits
have not been measured, analogous to the process of imputa-
tion of ungenotyped DNA variants using surrounding mark-
ers and the knowledge of their LD relationship. Furthermore,
the strong LD between the characteristic variants within each
sublocus allows us to extend such studies into sparser datasets,
where full haplotype signatures cannot be ascertained, but
where individual component SNPs can be used to tag the
presence of alleles “A” and “B”. Such a dataset, providing
us with an especially wide geographical and ethnic spread,
was generated by the HGDP (Pickrell et al., 2009), a study of
53 human populations genome-scanned with >600,000 SNP
markers. We accessed and analyzed public HGDP genotype
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Figure 7 Consensus composition of the four HMIP-2 haplotype clades in major
population groups. The consensus composition (sequence logos [Schneider &
Stephens, 1990]) for the HMIP-2 haplotype clades was assembled from phased
genotyped data provided by the 1000 Genomes Project (Abecasis et al., 2010). The
fourteen reference populations were pooled into seven groups to increase sample
numbers. HbF-associated variants (colored) and clade definition are the same as in
Figure 4.
These data show that the identity and composition of HMIP-2 haplotype clades
across global populations is consistent and matches those present in healthy
Europeans and African-descended SCA patients (Fig. 4): only two types of
HbF-increasing haplotype signatures are present, those of the “A” and of the “B”
type. Clades are either ancestral (“a–b,” typical for a low HbF situation), or “A–b,”
“a–B”, and “A–B” (all predicted to carry high-HbF alleles). Allele frequency data
underlying these plots are detailed in Table S4.
∗rs113211816 data were not available.
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Figure 8 Frequency of HbF-promoting haplotype clades in 61 human populations. Phase-aligned genotypes for twelve SNP markers
within the HMIP-2 interval were available for 53 populations from the Human Genome Diversity (Pickrell et al., 2009) dataset (smaller
pie charts). The presence of haplotypes was determined through tagging SNPs rs9399137 (“A/a” sublocus of HMIP-2) and rs4895441
(“B/b” sublocus). The map is showing the location of populations (Table S5) as detailed in a 2002 HGDP publication (Cann et al.,
2002). The area of the chart discs is proportional to the population size. Clade frequency data are detailed in Table S5.
Included are, for comparison, the six population groups from the 1000 Genomes project (as detailed in Figure 7 and Table S4, chart
disk size capped) and our own data for Gujarati individuals (WA: West African, i.e., Yoruba; AA: African American; EA: East African,
i.e., Luhya; C: Chinese, i.e., Han; LA: Latin American, i.e., Colombian, Mexican American, Puerto Rican; E: European; G: Gujarati).
Haplotypes promoting HbF persistence have a low prevalence in Sub-Saharan Africa (except in Mbuti Pygmy, who carry 26%), South
East Asia and Papua New Guinea, three malaria-endemic regions, but a high frequency in East Asia and Europe.

data (in phase-aligned format), which included three of the
10 SNPs defining “A” and “B” haplotype signatures and we
selected rs9399137, tagging “A/a,” and rs4895441, tagging
“B/b” (similar to rs9402686; Fig. 7), to mark the presence
of the four haplotype clades. Their frequencies in each popu-
lation sample, plotted to the geographical sampling position,
are shown in Figure 8.

HGDP data (Fig. 8; Table S5) confirm the initial obser-
vation from the 1000 Genomes data: HbF-increasing alleles
are generally infrequent in Sub-Saharan Africa, which lacks
the combined “A–B” Eurasian clade. Conversely, this clade
is common to European, Middle Eastern, Middle, and South
Asian as well as East Asian populations. “A–b” and “a–B”-
type high-HbF haplotypes exist at generally low frequencies
in Africa with the exception of the San population, where
they are absent, and two Pygmy populations, where “A–b”
is unusually prevalent. A pattern of Eurasian together with
“a–B” type haplotypes is common to a group of North East

Asian (such as Yakut and Japanese) and Amerindian (such
as Pima and Maya) populations. HbF-increasing haplotypes
also appear to be rare in Cambodia (South-East Asia), New
Guinea, and Bougainville (both Oceania), reinforcing our
hypothesis that such clades might have a low frequency in
Malaria-endemic regions (Hay & Snow, 2006).

Discussion

HMIP-2, a QTL affecting fetal-hemoglobin persistence and
other erythroid traits, is located within the major distal
enhancer for MYB (Stadhouders et al., 2012; Stadhouders
et al., 2014), which encodes cMYB, one of the key tran-
scription factors regulating erythropoiesis and hematopoiesis
(Mucenski et al., 1991). We have tracked the presence of
two alleles affecting HbF persistence at HMIP-2 in pa-
tients with SCA and in global human populations through
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characteristic SNP haplotype signatures. These alleles, “A”
and “B,” which have similar effects on HbF persistence, are
located in different regions of the locus. Principal haplo-
type clades, at the site of these alleles, can be of three types:
those associated with low HbF levels (“a–b”), those leading
to higher HbF containing either “A” or “B’ (clades “A–
b” and “a–B”), and those containing both high-HbF alleles
(“A–B”).

Physically, the “A/a” and “B/b” subloci map to distinct
regulatory elements of the MYB enhancer (Stadhouders et al.,
2014). These elements are defined through binding of the es-
sential erythroid LDB1 transcription factor complex (Soler
et al., 2010; LDB1, GATA1, TAL1, ETO2, KLF1) and phys-
ically interact with the MYB promoter through chromatin
looping, forming a three-dimensional active chromatin hub
that promotes MYB transcription (Stadhouders et al., 2012).
The human enhancer contains seven such elements, four of
which form a highly conserved and regulatory active “core”
(LDB1 sites −87, −84, −71, and −63, relative to the MYB
transcription start site). The haplotype signature for the “A”
high-HbF allele occupies a 542-bp DNA fragment (Fig. S1)
that largely overlaps the −84 LDB1 site. rs66650371-“del,”
a 3-bp deletion, is one of the three variants belonging to this
signature and has been proposed as a potential biologically
significant allele, directly causing part of the local trait asso-
ciation (Farrell et al., 2011; Stadhouders et al., 2014). Vari-
ants belonging to the “B” high-HbF allele occupy a �9 kb
fragment between rs4895441 at 135,426,573 and rs9483788
at 135,435,501, which includes the critical LDB1 site −71.
Thus, while the “A” and “B” alleles are separated by >7 kb
of sequence, important factor binding motifs within each are
likely to be physically close when forming the active chro-
matin hub in erythroid progenitors. We suggest “A/a” and
“B/b” might affect assembly of the same transactivation com-
plex, a situation that would explain our observation of similar
effects of “A–b,” “a–B,” and “A–B” haplotypes (Fig. 6). Ge-
netically, no obvious candidate for a biologically causative
variant has yet emerged for the “B” high-HbF allele. None
of its six signature SNPs appears to show consistently strong
effects across all populations studied. Additional variants at
“B/b” with strong trait association (e.g., small deletions)
might be absent from public sequence data due to uncer-
tainties in allele calling, similar to the AAAC/AACCC length
polymorphism rs11321816 (not HbF associated), which is
missing from the 1000 Genomes dataset. Beyond “A” and
“B”, common alleles with comparable impact on erythroid
traits are unlikely to exist at this locus, since association studies
with haematological traits have consistently identified variants
that belong to the “A–b,” “a–B,” or “A–B” clades, includ-
ing African (Makani et al., 2010), African American (Lettre
et al., 2008; Solovieff et al., 2010; Farrell et al., 2011), African
Caribbean (Creary et al., 2009), European (Menzel et al.,

2007a; 2007b; Uda et al., 2008; Soranzo et al., 2009b; Ganesh
et al., 2009; Nalls et al., 2011; van der Harst et al., 2012), Thai
(Nuinoon et al., 2010), Japanese (Kamatani et al., 2010),
and Chinese (Gibney et al., 2008; So et al., 2008; Farrell
et al., 2011) populations, with all top association signals being
components of “A” and “B” signatures and restricted to the
HMIP-2 interval. A group of strongly HbF-associated vari-
ants detected in a Southern Chinese population (Farrell et al.,
2011) is largely identical with the 22 variants we found in
Europeans.

The functionally significant MYB enhancer polymor-
phisms at HMIP-2 are likely to have contributed to the diver-
sity and robustness of human populations for a very long time.
The “A–B” (“Eurasian-type”) high-HbF haplotype, which is
common to most populations outside of Africa, is likely to
have been prevalent in the founder population that started
populating the rest of the world during the last interglacial
period >125,000 years ago (Armitage et al., 2011). The ori-
gin of “A–B” therefore lies most likely in East Africa, near the
waypoint for the out-of-Africa migration of modern humans
(Tishkoff et al., 2009). The Kenyan Luhya population sample
(n = 97) of the 1000 Genomes project harbors small amounts
of European-like haplotypes: a single “A–B” haplotype and
two instances of an “A–b” haplotype with European-like fea-
tures (rs9376090-C), which could either point towards the
possible source of Eurasian haplotypes from within East Africa
or, alternatively, be due to back-migration from Eurasia (Pick-
rell et al., 2014). The Nigerian Yoruba sample (n = 88) has no
such European-like features. High-HbF haplotypes belong-
ing to “A–b” and “a–B” clades would have existed in Sub-
Saharan Africa long before the expansion out of Africa, given
their wide, albeit low frequency, distribution on this conti-
nent. Presently, it cannot be excluded that these polymor-
phisms might have predated anatomically modern humans.
While the presence of a single read containing an allele be-
longing to “B” in the Neanderthal sequence pool (Table S3)
could be an artifact, it is the prevalence gradient of “a–B”
haplotypes (red in Fig. 8) across the Asian-European landmass
(extending to the Americas), mirroring an East–West gradient
for Neanderthal (Wall et al., 2013) and Denisovan (Skoglund
& Jakobsson, 2011) ancestry in extant human populations,
that might lead to the speculation that such alleles could have
existed in East Asia before the arrival of modern humans.

Powerful selection pressure exerted by malaria has shaped
the distribution of erythroid trait variants across the world,
with the largest impact in tropical regions, which have con-
sistently supported malaria parasites and their insect vectors
throughout primate evolution (Carter & Mendis, 2002). Sim-
ilarly, the overall lower frequency of “A” and “B” alleles in
Sub-Saharan Africa, South-East Asia, and Oceania could be
due to negative selection against homozygotes or compound
heterozygotes by malaria parasites, especially Plasmodium
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vivax, which could have been present in Africa since the di-
vergence of human and chimpanzee lines (Carter & Mendis,
2002). HMIP-2-controlled traits, such as red cell number,
size, and hemoglobin content, in addition to F cell increase
and HbF persistence, are thought to arise through the in-
tervention of cMYB in the kinetics of erythropoiesis (Thein
et al., 2009). Such changes might influence red cell inva-
sion (Pasvol et al., 1980), parasite density (Louicharoen et al.,
2009), or survivability (Villeval et al., 1990) of plasmodium
infection, or interfere with other protective alleles, analogous
to what has been suggested for alpha thalassemia and sickle
cell mutations (Williams et al., 2005). Positive selection pres-
sures might predominate elsewhere, possibly reflecting specific
demands on red blood cell production, such as altitude adap-
tation (Huerta-Sanchez et al., 2013). Nutritional factors, such
as the availability of iron or vitamins, can also affect erythro-
poiesis (Hoffbrand et al., 2011) and might require long-term
adaptation.

We have presented evidence that two functionally similar
but evolutionarily distinct enhancer polymorphisms affecting
erythroid traits are present in most human populations. Their
wide distribution will aid further mapping efforts to identify
their biologically functional constituents. We propose that the
comparison of haplotypes harboring critical HMIP-2 variants
between populations will be a useful tool in tracing human
migration and assimilation through much of our evolution-
ary history. During these events, environmental challenges
might have led to different demands on the generation of
red blood cells. Exploring these processes and their genetic
consequences will contribute to our understanding of human
erythroid biology.

Acknowledgements

This work was supported by the Medical Research Coun-
cil, UK (Grant G0000111, ID51640 to SLT). SM received
funding from The British Society for Haematology (start-
up grant). SWM was a recipient of a split-site studentship
from the Commonwealth Scholarship Commission (UK For-
eign and Commonwealth Office). The Twins UK study
(TS) was funded by the Wellcome Trust; European Com-
munity’s Seventh Framework Programme (FP7/2007–2013).
The study also receives support from the National Institute
for Health Research (NIHR) BioResource Clinical Research
Facility and Biomedical Research Centre based at Guy’s and
St Thomas’ NHS Foundation Trust and King’s College Lon-
don. Tim Spector is holder of an ERC Advanced Princi-
pal Investigator award. SNP Genotyping was performed by
The Wellcome Trust Sanger Institute and National Eye In-
stitute via NIH/CIDR. MF acknowledges a Wellcome Trust
core award (090532/Z/09/Z) and is a member of the British
Heart Foundation Centre of Research Excellence in Oxford.

We thank Drs Fred Piel and Bridget Penman, Department of
Zoology, University of Oxford, for helpful discussion of the
manuscript.

References
Abecasis, G. R., Altshuler, D., Auton, A., Brooks, L. D., Durbin, R.

M., Gibbs, R. A., Hurles, M. E. & Mcvean, G. A. (2010) A map
of human genome variation from population-scale sequencing.
Nature 467, 1061–1073.

Abecasis, G. R., Auton, A., Brooks, L. D., Depristo, M. A., Durbin,
R. M., Handsaker, R. E., Kang, H. M., Marth, G. T. & Mcvean,
G. A. (2012) An integrated map of genetic variation from 1,092
human genomes. Nature 491, 56–65.

Adekile, A. D., Kitundu, M. N., Gu, L. H., Lanclos, K. D., Adeodu,
O. O. & Huisman, T. H. (1992) Haplotypes in SS patients from
Nigeria; characterization of one atypical beta S haplotype no. 19
(Benin) associated with elevated HB F and high G gamma levels.
Ann Hematol 65, 41–45.

Armitage, S. J., Jasim, S. A., Marks, A. E., Parker, A. G., Usik, V. I.
& Uerpmann, H. P. (2011) The southern route “out of Africa”:
evidence for an early expansion of modern humans into Arabia.
Science 331, 453–456.

Bae, H. T., Baldwin, C. T., Sebastiani, P., Telen, M. J., Ashley-
Koch, A., Garrett, M., Hooper, W. C., Bean, C. J., Debaun,
M. R., Arking, D. E., Bhatnagar, P., Casella, J. F., Keefer, J. R.,
Barron-Casella, E., Gordeuk, V., Kato, G. J., Minniti, C., Taylor,
J., Campbell, A., Luchtman-Jones, L., Hoppe, C., Gladwin, M.
T., Zhang, Y. & Steinberg, M. H. (2012) Meta-analysis of 2040
sickle cell anemia patients: BCL11A and HBS1L-MYB are the
major modifiers of HbF in African Americans. Blood 120, 1961–
1962.

Barrett, J. C., Fry, B., Maller, J. & Daly, M. J. (2005) Haploview:
Analysis and visualization of LD and haplotype maps. Bioinformatics
21, 263–265.

Brownstein, M. J., Carpten, J. D. & Smith, J. R. (1996) Modulation
of non-templated nucleotide addition by Taq DNA polymerase:
primer modifications that facilitate genotyping. Biotechniques 20,
1004–1006, 1008–1010.

Cann, H. M., De Toma, C., Cazes, L., Legrand, M. F., Morel,
V., Piouffre, L., Bodmer, J., Bodmer, W. F., Bonne-Tamir, B.,
Cambon-Thomsen, A., Chen, Z., Chu, J., Carcassi, C., Contu,
L., Du, R., Excoffier, L., Ferrara, G. B., Friedlaender, J. S., Groot,
H., Gurwitz, D., Jenkins, T., Herrera, R. J., Huang, X., Kidd, J.,
Kidd, K. K., Langaney, A., Lin, A. A., Mehdi, S. Q., Parham,
P., Piazza, A., Pistillo, M. P., Qian, Y., Shu, Q., Xu, J., Zhu, S.,
Weber, J. L., Greely, H. T., Feldman, M. W., Thomas, G., Dausset,
J. & Cavalli-Sforza, L. L. (2002) A human genome diversity cell
line panel. Science 296, 261–262.

Carter, R. & Mendis, K. N. (2002) Evolutionary and historical
aspects of the burden of malaria. Clin Microbiol Rev 15, 564–594.

Chimpanzee_Sequencing_and_Analysis_Consortium (2005) Initial
sequence of the chimpanzee genome and comparison with the
human genome. Nature 437, 69–87.

Conrad, D. F., Jakobsson, M., Coop, G., Wen, X., Wall, J. D., Rosen-
berg, N. A. & Pritchard, J. K. (2006) A worldwide survey of hap-
lotype variation and linkage disequilibrium in the human genome.
Nat Genet 38, 1251–1260.

Craig, J. E., Rochette, J., Fisher, C. A., Weatherall, D. J., Marc, S.,
Lathrop, G. M., Demenais, F. & Thein, S. (1996) Dissecting the

Annals of Human Genetics (2014) 78,434–451 447C© 2014 The Authors.
Annals of Human Genetics published by University College London (UCL) and John Wiley & Sons Ltd



S. Menzel et al.

loci controlling fetal haemoglobin production on chromosomes
11p and 6q by the regressive approach. Nat Genet 12, 58–64.

Creary, L. E., Ulug, P., Menzel, S., Mckenzie, C. A., Hanchard, N.
A., Taylor, V., Farrall, M., Forrester, T. E. & Thein, S. L. (2009)
Genetic variation on chromosome 6 influences F cell levels in
healthy individuals of African descent and HbF levels in sickle cell
patients. PLoS ONE 4, e4218.

Crooks, G. E., Hon, G., Chandonia, J. M. & Brenner, S. E. (2004)
WebLogo: A sequence logo generator. Genome Res 14, 1188–
1190.

Drasar, E. R., Menzel, S., Fulford, T. & Thein, S. L. (2013) The
effect of Duffy antigen receptor for chemokines on severity in
sickle cell disease. Haematologica 98, e87–e89.

Farrell, J. J., Sherva, R. M., Chen, Z. Y., Luo, H. Y., Chu, B. F., Ha,
S. Y., Li, C. K., Lee, A. C., Li, R. C., Li, C. K., Yuen, H. L., So, J.
C., Ma, E. S., Chan, L. C., Chan, V., Sebastiani, P., Farrer, L. A.,
Baldwin, C. T., Steinberg, M. H. & Chui, D. H. (2011) A 3-bp
deletion in the HBS1L-MYB intergenic region on chromosome
6q23 is associated with HbF expression. Blood 117, 4935–4945.

Galanello, R., Sanna, S., Perseu, L., Sollaino, M. C., Satta, S., Lai,
M. E., Barella, S., Uda, M., Usala, G., Abecasis, G. R. & Cao,
A. (2009) Amelioration of Sardinian beta thalassemia by genetic
modifiers. Blood 114, 3935–3937.

Galarneau, G., Palmer, C. D., Sankaran, V. G., Orkin, S. H.,
Hirschhorn, J. N. & Lettre, G. (2010) Fine-mapping at three
loci known to affect fetal hemoglobin levels explains additional
genetic variation. Nat Genet 42, 1049–1051.

Ganesh, S. K., Zakai, N. A., Van Rooij, F. J., Soranzo, N., Smith,
A. V., Nalls, M. A., Chen, M. H., Kottgen, A., Glazer, N. L.,
Dehghan, A., Kuhnel, B., Aspelund, T., Yang, Q., Tanaka, T.,
Jaffe, A., Bis, J. C., Verwoert, G. C., Teumer, A., Fox, C. S.,
Guralnik, J. M., Ehret, G. B., Rice, K., Felix, J. F., Rendon, A.,
Eiriksdottir, G., Levy, D., Patel, K. V., Boerwinkle, E., Rotter,
J. I., Hofman, A., Sambrook, J. G., Hernandez, D. G., Zheng,
G., Bandinelli, S., Singleton, A. B., Coresh, J., Lumley, T., Uit-
terlinden, A. G., Vangils, J. M., Launer, L. J., Cupples, L. A.,
Oostra, B. A., Zwaginga, J. J., Ouwehand, W. H., Thein, S. L.,
Meisinger, C., Deloukas, P., Nauck, M., Spector, T. D., Gieger,
C., Gudnason, V., Van Duijn, C. M., Psaty, B. M., Ferrucci, L.,
Chakravarti, A., Greinacher, A., O’donnell, C. J., Witteman, J.
C., Furth, S., Cushman, M., Harris, T. B. & Lin, J. P. (2009)
Multiple loci influence erythrocyte phenotypes in the CHARGE
Consortium. Nat Genet 41, 1191–1198.

Gibney, G. T., Panhuysen, C. I., So, J. C., Ma, E. S., Ha, S. Y., Li,
C. K., Lee, A. C., Li, C. K., Yuen, H. L., Lau, Y. L., Johnson, D.
M., Farrell, J. J., Bisbee, A. B., Farrer, L. A., Steinberg, M. H.,
Chan, L. C. & Chui, D. H. (2008) Variation and heritability of
Hb F and F-cells among beta-thalassemia heterozygotes in Hong
Kong. Am J Hematol 83, 458–464.

Green, R. E., Krause, J., Briggs, A. W., Maricic, T., Stenzel, U.,
Kircher, M., Patterson, N., Li, H., Zhai, W., Fritz, M. H.,
Hansen, N. F., Durand, E. Y., Malaspinas, A. S., Jensen, J. D.,
Marques-Bonet, T., Alkan, C., Prufer, K., Meyer, M., Burbano,
H. A., Good, J. M., Schultz, R., Aximu-Petri, A., Butthof, A.,
Hober, B., Hoffner, B., Siegemund, M., Weihmann, A., Nus-
baum, C., Lander, E. S., Russ, C., Novod, N., Affourtit, J.,
Egholm, M., Verna, C., Rudan, P., Brajkovic, D., Kucan, Z.,
Gusic, I., Doronichev, V. B., Golovanova, L. V., Lalueza-Fox, C.,
De La Rasilla, M., Fortea, J., Rosas, A., Schmitz, R. W., Johnson,
P. L., Eichler, E. E., Falush, D., Birney, E., Mullikin, J. C., Slatkin,
M., Nielsen, R., Kelso, J., Lachmann, M., Reich, D. & Paabo, S.

(2010) A draft sequence of the Neanderthal genome. Science 328,
710–722.

Hay, S. I. & Snow, R. W. (2006) The malaria Atlas Project: Devel-
oping global maps of malaria risk. PLoS Med, 3, e473.

Ho, P. J., Hall, G. W., Luo, L. Y., Weatherall, D. J. & Thein, S. L.
(1998) Beta-thalassaemia intermedia: Is it possible consistently to
predict phenotype from genotype? Br J Haematol 100, 70–8.

Hoffbrand, V., Catovsky, D., Tuddenham, E. G.D. & Green, A.
(2011) Postgraduate haematology. Chichester: Wiley-Blackwell.

Huerta-Sanchez, E., Degiorgio, M., Pagani, L., Tarekegn, A.,
Ekong, R., Antao, T., Cardona, A., Montgomery, H. E., Caval-
leri, G. L., Robbins, P. A., Weale, M. E., Bradman, N., Bekele,
E., Kivisild, T., Tyler-Smith, C. & Nielsen, R. (2013) Genetic
signatures reveal high-altitude adaptation in a set of ethiopian
populations. Mol Biol Evol 30, 1877–1888.

Kamatani, Y., Matsuda, K., Okada, Y., Kubo, M., Hosono, N.,
Daigo, Y., Nakamura, Y. & Kamatani, N. (2010) Genome-wide
association study of hematological and biochemical traits in a
Japanese population. Nat Genet 42, 210–215.

Lettre, G., Sankaran, V. G., Bezerra, M. A., Araujo, A. S., Uda, M.,
Sanna, S., Cao, A., Schlessinger, D., Costa, F. F., Hirschhorn,
J. N. & Orkin, S. H. (2008) 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 105, 11869–11874.

Li, J. Z., Absher, D. M., Tang, H., Southwick, A. M., Casto, A.
M., Ramachandran, S., Cann, H. M., Barsh, G. S., Feldman, M.,
Cavalli-Sforza, L. L. & Myers, R. M. (2008) Worldwide human
relationships inferred from genome-wide patterns of variation.
Science 319, 1100–1104.

Louicharoen, C., Patin, E., Paul, R., Nuchprayoon, I., Witoon-
panich, B., Peerapittayamongkol, C., Casademont, I., Sura, T.,
Laird, N. M., Singhasivanon, P., Quintana-Murci, L. & Sakunt-
abhai, A. (2009) Positively selected G6PD-Mahidol mutation re-
duces Plasmodium vivax density in Southeast Asians. Science 326,
1546–1549.

Makani, J., Menzel, S., Nkya, S., Cox, S. E., Drasar, E., Soka, D.,
Komba, A. N., Mgaya, J., Rooks, H., Vasavda, N., Fegan, G.,
Newton, C. R., Farrall, M. & Lay Thein, S. (2010) Genetics of
fetal hemoglobin in Tanzanian and British patients with sickle cell
anemia. Blood 117, 1390–1392.

Menzel, S., Garner, C., Gut, I., Matsuda, F., Yamaguchi, M., Heath,
S., Foglio, M., Zelenika, D., Boland, A., Rooks, H., Best, S.,
Spector, T. D., Farrall, M., Lathrop, M. & Thein, S. L. (2007a)
A QTL influencing F cell production maps to a gene encoding a
zinc-finger protein on chromosome 2p15. Nat Genet 39, 1197–
1199.

Menzel, S., Jiang, J., Silver, N., Gallagher, J., Cunningham, J., Sur-
dulescu, G., Lathrop, M., Farrall, M., Spector, T. D. & Thein, S.
L. (2007b) The HBS1L-MYB intergenic region on chromosome
6q23.3 influences erythrocyte, platelet, and monocyte counts in
humans. Blood 110, 3624–3626.

Meyer, M., Kircher, M., Gansauge, M. T., Li, H., Racimo, F.,
Mallick, S., Schraiber, J. G., Jay, F., Prufer, K., De Filippo, C.,
Sudmant, P. H., Alkan, C., Fu, Q., Do, R., Rohland, N., Tan-
don, A., Siebauer, M., Green, R. E., Bryc, K., Briggs, A. W.,
Stenzel, U., Dabney, J., Shendure, J., Kitzman, J., Hammer, M. F.,
Shunkov, M. V., Derevianko, A. P., Patterson, N., Andres, A. M.,
Eichler, E. E., Slatkin, M., Reich, D., Kelso, J. & Paabo, S. (2012)
A high-coverage genome sequence from an archaic Denisovan
individual. Science 338, 222–226.

448 Annals of Human Genetics (2014) 78,434–451 C© 2014 The Authors.
Annals of Human Genetics published by University College London (UCL) and John Wiley & Sons Ltd



HMIP-2 Global Architecture

Mucenski, M. L., Mclain, K., Kier, A. B., Swerdlow, S. H.,
Schreiner, C. M., Miller, T. A., Pietryga, D. W., Scott, W. J.,
Jr. & Potter, S. S. (1991) A functional c-myb gene is required for
normal murine fetal hepatic hematopoiesis. Cell 65, 677–689.

Nalls, M. A., Couper, D. J., Tanaka, T., Van Rooij, F. J., Chen, M.
H., Smith, A. V., Toniolo, D., Zakai, N. A., Yang, Q., Greinacher,
A., Wood, A. R., Garcia, M., Gasparini, P., Liu, Y., Lumley, T.,
Folsom, A. R., Reiner, A. P., Gieger, C., Lagou, V., Felix, J. F.,
Volzke, H., Gouskova, N. A., Biffi, A., Doring, A., Volker, U.,
Chong, S., Wiggins, K. L., Rendon, A., Dehghan, A., Moore, M.,
Taylor, K., Wilson, J. G., Lettre, G., Hofman, A., Bis, J. C., Pirastu,
N., Fox, C. S., Meisinger, C., Sambrook, J., Arepalli, S., Nauck,
M., Prokisch, H., Stephens, J., Glazer, N. L., Cupples, L. A.,
Okada, Y., Takahashi, A., Kamatani, Y., Matsuda, K., Tsunoda, T.,
Tanaka, T., Kubo, M., Nakamura, Y., Yamamoto, K., Kamatani,
N., Stumvoll, M., Tonjes, A., Prokopenko, I., Illig, T., Patel, K.
V., Garner, S. F., Kuhnel, B., Mangino, M., Oostra, B. A., Thein,
S. L., Coresh, J., Wichmann, H. E., Menzel, S., Lin, J., Pistis,
G., Uitterlinden, A. G., Spector, T. D., Teumer, A., Eiriksdottir,
G., Gudnason, V., Bandinelli, S., Frayling, T. M., Chakravarti,
A., Van Duijn, C. M., Melzer, D., Ouwehand, W. H., Levy, D.,
Boerwinkle, E., Singleton, A. B., Hernandez, D. G., Longo, D. L.,
Soranzo, N., Witteman, J. C., Psaty, B. M., Ferrucci, L., Harris,
T. B., O’Donnell, C. J. & Ganesh, S. K. (2011) Multiple loci
are associated with white blood cell phenotypes. PLoS Genet 7,
e1002113.

Nuinoon, M., Makarasara, W., Mushiroda, T., Setianingsih, I.,
Wahidiyat, P. A., Sripichai, O., Kumasaka, N., Takahashi, A.,
Svasti, S., Munkongdee, T., Mahasirimongkol, S., Peerapittaya-
mongkol, C., Viprakasit, V., Kamatani, N., Winichagoon, P.,
Kubo, M., Nakamura, Y. & Fucharoen, S. (2010) A genome-wide
association identified the common genetic variants influence dis-
ease severity in beta0-thalassemia/hemoglobin E. Hum Genet 127,
303–314.

Okada, Y., Hirota, T., Kamatani, Y., Takahashi, A., Ohmiya, H.,
Kumasaka, N., Higasa, K., Yamaguchi-Kabata, Y., Hosono, N.,
Nalls, M. A., Chen, M. H., Van Rooij, F. J., Smith, A. V., Tanaka,
T., Couper, D. J., Zakai, N. A., Ferrucci, L., Longo, D. L., Her-
nandez, D. G., Witteman, J. C., Harris, T. B., O’donnell, C. J.,
Ganesh, S. K., Matsuda, K., Tsunoda, T., Tanaka, T., Kubo, M.,
Nakamura, Y., Tamari, M., Yamamoto, K. & Kamatani, N. (2011)
Identification of nine novel loci associated with white blood cell
subtypes in a Japanese population. PLoS Genet 7, e1002067.

Parra, E. J., Kittles, R. A., Argyropoulos, G., Pfaff, C. L., Hiester, K.,
Bonilla, C., Sylvester, N., Parrish-Gause, D., Garvey, W. T., Jin,
L., Mckeigue, P. M., Kamboh, M. I., Ferrell, R. E., Pollitzer, W.
S. & Shriver, M. D. (2001) Ancestral proportions and admixture
dynamics in geographically defined African Americans living in
South Carolina. Am J Phys Anthropol 114, 18–29.

Parra, E. J., Kittles, R. A. & Shriver, M. D. (2004) Implications of
correlations between skin color and genetic ancestry for biomed-
ical research. Nat Genet 36, S54–S60.

Pasvol, G., Weatherall, D. J. & Wilson, R. J. (1980) The increased
susceptibility of young red cells to invasion by the malarial parasite
Plasmodium falciparum. Br J Haematol 45, 285–295.

Pickrell, J. K., Coop, G., Novembre, J., Kudaravalli, S., Li, J. Z.,
Absher, D., Srinivasan, B. S., Barsh, G. S., Myers, R. M., Feldman,
M. W. & Pritchard, J. K. (2009) Signals of recent positive selection
in a worldwide sample of human populations. Genome Res 19,
826–837.

Pickrell, J. K., Patterson, N., Loh, P. R., Lipson, M., Berger, B.,
Stoneking, M., Pakendorf, B. & Reich, D. (2014) Ancient west

Eurasian ancestry in southern and eastern Africa. Proc Natl Acad
Sci U S A 111, 2632–2637.

Platt, O. S., Brambilla, D. J., Rosse, W. F., Milner, P. F., Castro,
O., Steinberg, M. H. & Klug, P. P. (1994) Mortality in sickle cell
disease. Life expectancy and risk factors for early death. N Engl J
Med 330, 1639–1644.
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