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Summary

Genetic diversity at the human p-globin locus has been implicated as a modifier of sickle cell
anaemia (SCA) severity. However, haplotypes defined by restriction fragment length
polymorphism sites across the p-globin locus have not been consistently associated with clinical
phenotypes. To define the genetic structure at the B-globin locus more thoroughly, we performed
high-density single nucleotide polymorphism (SNP) mapping in 820 children who were
homozygous for the sickle cell mutation (HbSS). Genotyping results revealed very high linkage
disequilibrium across a large region spanning the locus control region and the HBB (B-globin
gene) cluster. We identified three predominant haplotypes accounting for 96% of the pS-carrying
chromosomes in this population that could be distinguished using a minimal set of common SNPs.
Consistent with previous studies, fetal haemoglobin level was significantly associated with S-
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haplotypes. After controlling for covariates, an association was detected between haplotype and
rate of hospitalization for acute chest syndrome (ACS) (incidence rate ratio 0.51, 95% confidence
interval 0.29-0.89) but not incidence rate of vaso-occlusive pain or presence of silent cerebral
infarct (SCI). Our results suggest that these SNP-defined pS-haplotypes may be associated with
ACS, but not pain or SCI in a study population of children with SCA.
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Introduction

Sickle haemoglobinopathies are Mendelian disorders caused by mutation in the
haemoglobin B-chain gene (HBB) and characterized by considerable phenotypic
heterogeneity. Even among individuals with sickle cell anaemia (SCA), which is the result
of homozygosity for a single base pair substitution (HBB: p.Glu7Val; rs334), there is a
dramatic range in the incidence of clinical manifestations (Steinberg and Hebbel 1983).
Deoxygenated sickle haemoglobin (HbS), produced from aberrant S-globin chains, form
long inflexible polymers that result in the characteristic red blood cell sickling and
haemolysis (Ferrone and Nagel 2001). Despite being a monogenic disease, the variable
severity has only partially been explained by environmental and genetic factors. A better
understanding of the pleiotropic effects that result from HbS could lead to targeted treatment
and intervention strategies.

The two best-described genetic modifiers of SCA phenotype are a-thalassaemia and fetal
haemoglobin (HbF) concentration (Driss et al 2009, Lettre 2012, Nagel and Steinberg 2001,
Steinberg and Sebastiani 2012). The co-presence of a*-thalassaemia, typically resulting
from 3.7 kb deletions in the a-globin (HBA1/2) genes, decreases haemolysis in individuals
with SCA as a result of the decreased intracellular concentration of HbS available for
polymerization (Steinberg and Embury 1986). Similarly, the beneficial effect of increased
HbF level on many complications of SCA is tied to decreasing HbS concentration and
inhibiting its polymerization under low oxygen conditions (Akinsheye et al 2011, Goldberg
et al 1977, Poillon et al 1993). HbF level is heritable, and regulation of its expression has
been mapped so far to three regions of the genome, including cis effects at the p-globin
cluster, although many of the responsible functional elements remain unknown (Dover et al
1981, Garner et al 2000, Lettre et al 2008).

The B-globin cluster, which consists of a locus control region (LCR) upstream of the epsilon
(HBE1), gamma-G (HBG2), gamma-A (HBGL), delta (HBD), and beta (HBB) globin genes,
is under complex genetic regulation. The  locus globins are expressed differentially during
development according to their order on the chromosome, switching in predominance from
embryo to fetus and again after birth (Fritsch et al 1980, Hardison 2001, Wilber et al 2011).
Classically, pS-gene (HBBS) cluster haplotypes have been mapped to geographic regions by
thirteen or fewer restriction fragment length polymorphisms (RFLPs) that create or destroy
DNA cleavage sites across the greater than 70 kilobase p-globin locus (Antonarakis et al
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1985, Powars 1991). In descending order, the Benin, Central African Republic (CAR), and
Senegal haplotypes are the most common reported in the Americas with significant
chromosomal heterozygosity found in the United States (Hattori et al 1986, Sarnaik and
Ballas 2001, Schroeder et al 1989, Steinberg et al 1995, Taylor et al 2008).

These RFLP-defined haplotypes at the BS locus have also been studied for their association
with HbF and for a role in modulating disease severity; however, consistent associations
have not been observed, perhaps due in part to unresolved genetic complexity of this region,
small sample size, and limited inclusion of other clinical and genetic factors (Liu et al 2009,
Powars et al 1994, Rieder et al 1991, Sarnaik and Ballas 2001, Schroeder et al 1989,
Steinberg et al 1995, Taylor et al 2008). For example, Liu et al (2009) recently
demonstrated that five commonly used RFLP sites at the B-globin locus are not equally
informative in haplotype-tagging analyses and identified multiple single nucleotide
polymorphisms (SNPs) within the HindllI restriction site near the HBG2 gene that produce
identical digestion patterns, suggesting that these markers may not be sufficient to reveal the
genomic diversity in this region. However, in spite of the unique regulation of the g-globin
locus, the identification of hundreds of SNPs distributed densely across this large genomic
region, and the ever-increasing efficiency of SNP genotyping assays, few other efforts have
been reported using high-throughput genotyping techniques to fine-map chromosomes
carrying the HbS mutation.

To define pS-haplotypes more accurately and determine their role in modifying clinical
outcomes, we performed high-density SNP mapping of the B-globin locus in 820 Black or
African American individuals who were homozygous for the sickle cell mutation (HbSS;
HBB E6V) in the Silent Cerebral Infarct Transfusion (SIT) Trial. Using results from 131
common variants, we examined the linkage disequilibrium (LD) structure of the region
spanning the LCR and the B-globin cluster and defined pS-haplotypes that could be
distinguished using a minimal set of common SNPs. Finally, we tested the hypothesis that.
after adjusting for clinical and genetic modifiers, SNP-defined BS-haplotypes were
associated with sickle cell disease morbidity indicated by attenuated incidence rates of pain,
acute chest syndrome (ACS), or silent cerebral infarcts (SCI).

Materials and Methods

Study population

Samples were selected from the SIT Trial (Casella et al 2010), registered at
www.ClinicalTrials.gov (NCT00072761). Briefly, patients with an established relationship
with a haematologist were enrolled at clinical sites across North America and Europe
between 2004 and 2010. All participants were children aged 5 to 14 years, with

haemoglobin (Hb) genotypes of SS or SO-thalassaemia. Patients with a history of regular
transfusion therapy or hydroxycarbamide therapy were excluded from the SIT Trial study.
The current genetic analysis was further restricted to only those individuals carrying two
copies of haemoglobin S (HbSS) with SCA. Among first-degree relatives participating in the
study, only the first enrolled sibling with DNA available for genotyping was included.
Finally, participants with missing data on rate of hospitalization for either vaso-occlusive
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pain or ACS were excluded. In total, 820 SIT Trial Black or African American children
were available for haplotype analysis (Supplemental Figure 1).

Clinical definitions

Genotyping

Hospitalizations were recorded retrospectively at enrollment; patients were not receiving
hydroxycarbamide or blood transfusion therapy when these data were collected. All vaso-
occlusive pain episodes and ACS episodes that required hospitalization over a 3-year period
prior to enrollment were recorded for each patient (Casella et al 2010). Pain events were
defined locally as episodes that could not be attributed to causes other than sickle cell
disease and required hospitalization and treatment with opiates. Local site coordinators
verified these episodes for the patients in the highest 10% for rates of painful events. ACS
was defined locally, based on a commonly accepted set of criteria that included fever,
increased respiratory rate, decreased oxygen saturation, a new radiodensity of chest
radiograph, and pneumonia (Castro et al 1994, Vichinsky et al 2000, Vichinsky et al 1997).
ACS events occurring during hospitalization for vaso-occlusive crisis were classified as
ACS, and local site coordinators verified events for the patients in the highest 10% for rates
of ACS.

Children with asthma were identified by a positive response from a parent or legal guardian
to the question, “Does the patient currently carry a diagnosis of asthma?” The use of asthma
medication was also recorded. When a diagnosis of asthma was made and no asthma
medication was recorded in the SIT Trial data base, the diagnosis was reconfirmed with a
review of the medical records by the site coordinator using confirmation criteria of any
hospital admissions, Emergency Department visits, or medications (Advair, Flovent,
Montelukast) for asthma. Similarly, if the patient was recorded as having prescriptions for
inhaled corticosteroids, bronchodilators, or a cysteinyl leucotriene receptor antagonist, but
the parent did not state that the child had asthma, the site coordinator was required to
recheck the medical records for a diagnosis of asthma (An et al 2011).

Additionally, results of SCI screenings were available for 605 of the SIT Trial participants
included in the present analysis. SCI was defined by an area of abnormal magnetic
resonance imaging (MRI) signal intensity on fluid attenuated inversion recovery T2-
weighted images in a child with no prior history or physical findings of a focal neurological
deficit as ascertained by a study neurologist’s physical examination (Casella et al 2010,
Thangarajh et al 2012, Vendt et al 2009).

DNA for this study was isolated from Epstein-Barr virus (EBV)-transformed lymphoblast
cells established from lymphocytes isolated from the blood of patients enrolled in the SIT
Trial. High density SNP mapping was performed with two overlapping panels of probes
designed to known variants in the 85 kilobase (kb) region containing p-globin locus
(GenBank: U01317.1) on the short arm of chromosome 11. Samples were genotyped using
the Hlumina Infinium HumanOmnil-Quad BeadChip, a custom GoldenGate panel, or both
according to manufacturer’s protocol (Illumina, Inc., San Diego, CA).
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For the HumanOmnil-Quad BeadChip, cluster plots for assays on chromosome 11 from
position 5,233,697 to 5,321,686 (Genome Reference Consortium Human Build 37) were
manually reviewed using GenomeStudio (Illumina), and genotype calls for 98 high quality
SNPs were exported for subsequent analyses. Similarly, GenomeStudio (Illumina) was used
to review cluster plots and confirm genotype calls for SNPs run on the GoldenGate platform,
and 55 high quality SNPs from the same 85 kb region containing the p-globin locus were
selected for further analyses, including 22 SNPs present on the Illumina Omnil BeadChip.
SNPs with greater than 4% failed genotype calls were excluded from analysis, and the
average genotyping call rate for each panel was >99%. Fifteen percent of samples were
typed with both the HumanOmnil-Quad BeadChip and the custom GoldenGate panel, and
genotype calls were over 99.5% concordant for the overlapping SNPs successfully
genotyped on both platforms.

Haplotype analysis

Linkage disequilibrium at the B-globin locus among individuals with SCA was visualized
using Haploview Version 4.2 (Barrett et al 2005) for common SNPs with minor allele
frequencies >5%. Individual haplotypes were estimated with PHASE Version 2.1 (Stephens
et al 2001) using 5 cross-validated SNPs spanning the B-globin cluster: rs11036351,
rs4320977, rs16912210, rs2855039, and rs7482144. The three most common resulting five-
SNP haplotypes were named H1, H2, and H3 in order of their prevalence in this population.

Statistical analysis

All other statistical analyses were conducted using SAS Version 9.3 (SAS Institute, Cary,
NC). The distribution of demographic and clinical characteristics [age at enrollment, sex,
asthma diagnosis, steady state white blood count, steady state haemoglobin, steady state
reticulocytes, total bilirubin, HBAL/2 deletion status, and heme oxygenase-1 (HMOX1)
promoter repeat class was calculated for the entire study population (n=820). Steady state
levels were defined at a single time point at routine visit when the patients were clinically
well. For children with more than one bilirubin measurement, the highest value during the 3-
year period was used for the analysis. HMOX1 (GT) , promoter repeat alleles were classified
according to number of dinucleotide repeats as short (S) with < 25 repeats and long (L) with
> 25 repeats (Bean et al 2012).

For association tests, individuals were grouped by haplotype with the most prevalent group,
H1,H1, serving as the referent group for comparison to those carrying H2 or H3 alleles.
Sixty-three of the 820 samples (7.7%) carried rare recombinant haplotypes with allele
frequencies of < 1% and were excluded from further analysis. In regression modelling, H1,
H2 heterozygotes were grouped with H2,H2 homozygotes, and H1,H3 heterozygotes were
grouped with H3,H3 homozygotes. However, 24 heterozygous H2,H3 individuals (24/820;
2.9%) could not be unambiguously grouped with either the H2- or H3-carrying category and
were therefore also excluded from analysis. After these exclusions, 733 SIT Trial
participants were available for testing for association with laboratory values and clinical
outcomes (Supplemental Figure 1). Mean steady-state haemoglobin was slightly elevated
(p<0.05) in the excluded group (84 + 11 g/l) compared to the analysed group (81 + 10 g/I).
However, there were no differences in average age, gender, asthma, steady-state white blood
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count, steady-state reticulocytes, total bilirubin, HBAL/2 deletion status, or HMOX1
promoter genotype distribution between these two groups (data not shown).

A subset of SIT Trial participants with haplotypes available for analysis had an HbF
assessment performed at a central laboratory at enrollment (n=479). For these samples,
mean HbF percentage was calculated for the haplotype pairs and differences were assessed
using the Kruskal-Wallis test for non-normal data. Multiple linear regression models were
used to evaluate the association between haplotype group and HbF (log transformed). The
initial models included all demographic and clinical characteristics as covariates; only those
factors associated with a >10% change in effect estimate (age and gender) were retained in
the final model. There was no difference in mean age, sex, race, asthma, white blood cell
count, haemoglobin, reticulocytes, total bilirubin, a-globin genotype distribution, or
HMOX1 (GT) , genotype distribution between individuals with and without HbF assessment
at the central laboratory (data not shown).

Negative binomial regression models with a scale parameter estimated by maximum
likelihood were used to estimate the incidence of hospitalization for ACS and pain episodes
according to haplotype group. The aforementioned criterion was used to determine which
covariates to include in the final model. Thus, the ACS model included asthma, gender,
HBAL/2 deletion status, and HMOX1 promoter repeat class as covariates. Similarly, the pain
model included age, steady state haemoglobin, reticulocytes, a HBAL1/2 deletion status, and
HMOX1 promoter repeat class. Finally, the association between SCI and haplotype was
estimated using log-binomial regression with HBAL/2 deletion status and HMOX1 promoter
repeat class included as covariates.

SIT Trial participants

The demographic, clinical, and genetic characteristics of the 820 SIT Trial participants
available for the present analyses are presented in Table I. Participants included or excluded
in subsequent analyses are summarized in Supplemental Figure 1.

Linkage disequilibrium across the B-Globin locus

To explore genomic structure in individuals with SCA thoroughly, high-density genotyping
was successfully performed for 131 SNPs across the 85kb -globin region that includes the
LCR and the HBE1, HBG2, HBG1, HBD, and HBB genes. The average genotyping call rate
was >99%, and nearly one-half (64/131) of the SNPs were very rare or monomorphic with
minor allele frequencies of <0.001 in this cohort (Supplemental Table I). Analysis of
common markers with >5% minor allele frequencies revealed a pattern of very high LD
across the entire region (Figure 1).

PHASE analysis using a minimal set of five SNPs spanning the B-globin cluster identified a
total of twelve haplotypes in this population. The three most common haplotypes accounted
for 96% of the predicted haplotypes and were named here as H1, H2, and H3 in order of
their prevalence in this population (Table II). The nine remaining haplotypes had allele
frequencies of <1%, and individuals carrying at least one of these “other” rare haplotypes
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were excluded from further analysis (Table I1). The relationship between classical
haplotypes and SNP-defined B-globin haplotypes is summarized in Supplemental Table I1.

Haplotype association with fetal haemoglobin (HbF)

HbF assessment was performed at a central laboratory for a subset of SIT Trial participants
at enrollment (Casella et al 2010). Mean HbF level in these participants was associated with
BS-globin H1, H2 and H3 haplotype groups (Figure 2). Individuals carrying two of the most
common haplotype, H1, had an intermediate HbF level and served as the referent group.
Carrying one or two copies of H2 was significantly associated with decreased HbF (p=0.01).
In contrast, carrying one or two copies of H3 was significantly associated with increased
HbF (p=0.05). Heterozygous H2,H3 individuals (n=24) could not be exclusively assigned to
either the H2 or H3 carrying groups and were therefore excluded from analysis, as described
above.

Vaso-occlusive episodes and haplotypes

The association between haplotype group and hospitalization for ACS, hospitalization for
pain, or SCI was tested. The rates of clinical complications in individuals carrying one or
two H2 haplotypes, associated with decreased HbF, and individuals with one or two H3
haplotypes, associated with increased HbF, were compared to rates in the H1,H1
homozygous reference group. Individuals carrying one or two copies of the H3 haplotype,
associated with increased HbF, had a significantly lower rate of hospitalization for ACS
after correcting for asthma, gender, HBAL1/2 genotype, and HMOX1 promoter repeat class
(p=0.02). The rate of ACS in individuals with one or two copies of the H2 haplotype was
similar to the homozygous H1 reference group (Table I11). The rate of hospitalization for
vaso-occlusive pain was somewhat higher among those carrying one or two copies of the H3
haplotype (0.71; n=99) compared to those carrying one or two copies of the H2 haplotype
(0.62; n=224) and the homozygous H1,H1 group (0.60; n=410), although this difference did
not achieve statistical significance in crude or adjusted modelling. Similarly, we found no
evidence for an association with the incidence of SCI in individuals carrying one or two
copies of H3 (31.7%, n=79) or those with one or two copies of H2 (27.5%, n=189)
compared to the H1,H1 homozygous reference group (34.1%, n=337).

Discussion

SCA, the most common inherited sickle haemoglobinopathy, is a monogenic disorder with
striking clinical variability (Steinberg and Hebbel 1983). Two factors, a-thalassaemia and
HbF concentration, have long been recognized to influence disease severity (Altay et al
1981, Edington and Lehmann 1955, Watson 1948). However, much of the variability in the
severity of the disease remains unexplained, continuing to complicate efforts to identify
individuals at high-risk of vaso-occlusive crises before significant organ damage
accumulates. Attempts to determine the role of genetic variation at the B-globin locus itself
in modifying the severity of clinical outcomes of SCA have been largely restricted to studies
of haplotypes defined by a limited number of variants or RFLP sites in and near the genes in
the B-globin locus (Powars 1991, Rieder et al 1991, Schroeder et al 1989, Steinberg et al
1995). The HBB cluster is under unique developmental regulation, and additional genetic
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complexity in the region not resolved by classical RFLP analysis may contribute to
inconsistent results of BS-haplotype studies (Hardison 2001, Liu et al 2009). In the present
analysis, we sought use high-density SNP mapping to define gS-haplotypes more accurately
and determine their role in modifying clinical phenotypes in a large study of children with
SCA.

Previous reports of high-density genomic analysis of the HBB cluster were performed in
small numbers of individuals with HbSS and did not consider disease severity (Hanchard et
al 2007, Liu et al 2009). In the present study of over 800 individuals homozygous for the
sickle mutation, we used high density SNP mapping to perform a detailed analysis of this
region in individuals participating in a clinical trial. We observed a striking pattern of very
high LD across a large region of the BS-globin locus, supporting the idea that BS-haplotypes
are conserved over long genomic distances due to selective pressure (Hanchard et al 2007,
Liu et al 2009). In spite of typing over one hundred SNPs at the B-globin locus, we
identified three predominant haplotypes that accounted for the majority of the pS-
chromosomes in this population, similar to previous RFLP studies that report Benin, CAR,
and Senegal as the most prevalent haplotypes in populations in the United States (Hattori et
al 1986, Powars 1991, Schroeder et al 1989).

HbF level is partly controlled by genetic variation at the HBB cluster, although the exact
responsible functional cis elements remain largely unknown (Dover et al 1981, Galarneau et
al 2010, Lettre et al 2008, Nagel et al 1985, Nagel et al 1987, Steinberg 2005). We found a
clear connection between HbF level and SNP-defined BS-haplotypes in children with SCA.
Individuals homozygous for the most common haplotype, H1, had an intermediate mean
HbF level, whereas carrying H2 was significantly associated with decreased HbF and
carrying H3 was significantly associated with increased HbF. These results were consistent
with previous studies that report intermediate HbF levels associated with the Benin
haplotype, lowest HbF levels associated with the CAR haplotype, and highest HbF levels
associated with the Senegal haplotype (Antonarakis et al 1984, Hattori et al 1986, Powars
1991).

Similar to studies that report no correlation between RFLP-defined HBB® cluster haplotypes
and acute clinical outcomes or cerebrovascular accidents, we did not find an association
between SNP-defined B haplotypes and incidence rate of hospitalization for pain or
prevalence of SCI (de Montalembert et al 1993, Flanagan et al 2011, Rieder et al 1991).
However, we were able to detect a significant association between SNP-defined BS-
haplotypes and ACS in children with SCA. The H3 haplotype was protective in this
population, and individuals with at least one H3 haplotype had approximately half as many
hospitalizations for ACS per year compared to those that did not carry this haplotype. Only
after controlling for covariates (asthma, gender, HBAL/2 genotype, and HMOX1 promoter
repeat class) associated with the incidence of ACS was thus association with the haplotype
detected.

Our results may not fully address the significance of variation at the HBBS cluster on long-
term prognosis of disease severity. Although we have a large number of individuals,
including both heterozygotes and homozygotes for each of the predominant SNP-defined
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haplotypes, our study population is limited to children in whom severe end-organ failure
may not yet be evident. Additionally, individuals at risk for the most severe SCA may be
under-represented in this study, because enrollment was restricted to those not previously on
regular transfusion or hydroxycarbamide therapy (Casella et al 2010). Despite these
limitations, this cohort has previously been used to replicate other established associations,
such as asthma with the incidence of vaso-occlusive pain episodes and ACS (An et al 2011),
as well as document new associations, such as HMOX1 promoter polymorphisms and the
incidence of ACS (Bean et al 2012) .

In this study, we thoroughly explored genetic variation in the HBB cluster, performing high
density SNP genotyping and haplotype analysis in a large number of chromosomes carrying
the HBB E6V (HbS) mutation. We observed a remarkable pattern of high LD and a small
number of predominant BS-haplotypes that could be easily determined in future studies by
genotyping a small number of common SNPs reported herein. We identified a close
relationship between SNP-defined haplotype and mean HbF level, and detected an
association between pS-haplotypes and rate of hospitalization for ACS. Our results suggest
that these SNP-defined BS-haplotypes, in combination with covariates, can be used to
delineate clinical heterogeneity in a large study of Black or African American children with
SCA as measured by acute events. Future rigorous studies are needed to validate the
predictive value of these markers with additional clinical outcomes and in more severely
affected and older individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Linkage disequilibrium across the p-globin locus in SIT Trial participants with sickle cell

anaemia. Haploview Version 4.2 visualization of LD (D) is shown for 22 SNPs with minor
allele frequencies >5% genotyped on the HumanOmni1l-Quad BeadChip. The calculated D’
for pairwise comparisons between SNPs is displayed in each box as the decimal value
between 0 and 99, and blank boxes represent complete LD (D’ = 1). The relative positions
of the B-globin cluster genes compared to the SNPs genotyped along chromosome 11p15.4
are indicated by blue arrows.
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Figure2.

Fetal haemoglobin (HbF) levels by haplotype group in SIT Trial participants (n=479). Mean
HbF (filled circle) and standard error (horizontal bar) is shown with number of individuals
(n) in each haplotype pair group indicated. For statistical analyses, H2,H2 and H1,H2 were
grouped together, and H3,H3 and H1,H3 were grouped together. Kruskal-Wallis non-
parametric testing demonstrated a significant difference in the sample means (p=0.006). To
test the association with haplotype, HbF was log transformed and multiple linear regression
models were adjusted for age and gender. Carrying one or two copies of H2 was associated
with a decreased HbF (7.4%) compared to the 8.8% level in the H1,H1 reference group
(95% confidence interval [CI]: 0.72-0.98; p=0.01). Conversely, carrying one or two copies
of H3 was associated with increased HbF (10.5%) compared to the H1,H1 reference group
(95% CI: 1.02-1.39; p=0.05).
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Table |

Demographic, clinical, and genotypic characteristics of 820 Black or African American SIT Trial participants.

Characteristic” Mean (SD) or %
Age at registration (years) 8.9(2.5)

Male (%) 52.3

Ever had asthma (%) 23.4

Steady-state white blood count (x10%1) 12.7(5.5)

Steady-state haemoglobin (g/1) 81 (11)
Steady-state reticulocytes 12.2 (5.3)
Total bilirubin (umol/I) 65 (46.2)
a-globin genotype (%)
aalaa 58.3
-alaa 36.3
-al-a 5.4

HMOX1 promoter (GT), genotype** (%)

L/L 73.1
S/L 23.2
SIS 3.7

*
Steady-state levels defined at a single routine clinical well visit.

**
(GT)n allele classes defined by number of repeats: S <25 and L > 25.
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Summary of single nucleotide polymorphisms (SNPs) and haplotypes present in SIT Trial participants.

Number Position” SNP Alleles  pAFE”
1 chrl1:5246000 rs11036351 [C/T]  T(0.32)
2 chrl1:5258162 rs4320977  [A/G] G (0.23)
3 chr11:5263853 rs16912210 [A/G] G (0.21)
4 chrl1:5271671 rs2855039  [A/G]  A(0.10)
5 chrl1:5276169 rs7482144  [A/G]  A(0.09)
Haplotype  Genotype™™™  Frequency

H1 CAAGG 0.665

H2 TGGGG 0.202

H3 TAAAA 0.094

Other 0.040

Table |l

*
Genome Reference Consortium GRCh37 chromosomal coordinates.

*%

Observed minor allele frequency.

*%

were named H1, H2, and H3 in order of their prevalence in this population.
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*
Haplotype estimated with PHASE Version 2.1 using 5 SNPs spanning the HBB cluster. The three most common resulting five-SNP haplotypes
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