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Abstract Red blood cell, white blood cell, and platelet
measures, including their count, sub-type and volume, are
important diagnostic and prognostic clinical parameters for
several human diseases. To identify novel loci associated
with hematological traits, and compare the architecture of
these phenotypes between ethnic groups, the CARe Project
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genotyped 49,094 single nucleotide polymorphisms (SNPs)
that capture variation in ~2,100 candidate genes in DNA
of 23,439 Caucasians and 7,112 African Americans from
five population-based cohorts. We found strong novel
associations between erythrocyte phenotypes and the glu-
cose-6 phosphate dehydrogenase (G6PD) A-allele in
African Americans (rs1050828, P < 2.0 x 10", T-allele
associated with lower red blood cell count, hemoglobin,
and hematocrit, and higher mean corpuscular volume), and
between platelet count and a SNP at the tropomyosin-4
(TPM4) locus (rs8109288, P = 3.0 x 10~ in Caucasians;
P = 3.0 x 1077 in African Americans, T-allele associated
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with lower platelet count). We strongly replicated many
genetic associations to blood cell phenotypes previously
established in Caucasians. A common variant of the a-globin
(HBA2-HBAI)locus was associated with red blood cell traits
in African Americans, but not in Caucasians (rs1211375,
P <7 x 10_8, A-allele associated with lower hemoglobin,
mean corpuscular hemoglobin, and mean corpuscular
volume). Our results show similarities but also differences in
the genetic regulation of hematological traits in European-
and African-derived populations, and highlight the role of
natural selection in shaping these differences.

Introduction

Blood cell counts are important clinical parameters: they
are altered in many human diseases (e.g., cancers, infec-
tions and inflammation), and strongly modulate severity in
primary blood disorders (e.g., the hemoglobinopathies).
Genome-wide association studies (GWAS) in individuals
of European ancestry have identified >30 loci that carry
common DNA polymorphisms associated with blood cell
numbers [including red blood cells (RBC), white blood
cells (WBC), WBC sub-types, and platelets (PLT)] and
related phenotypes [hematocrit (Hct), hemoglobin (Hb),
mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin con-
centration (MCHC), and mean platelet volume (MPV)]
(see Supplementary Table 1 for a definition of these dif-
ferent hematological traits and how they are derived)
(Ganesh et al. 2009; Gudbjartsson et al. 2009; Meisinger
et al. 2009; Soranzo et al. 2009a, b; Uda et al. 2008).
Recent GWAS have also reported genetic associations
between common SNPs and blood cell parameters in
Japanese populations (Kamatani et al. 2010; Okada et al.
2010). Finally, genetic variation at the Duffy antigen
receptor for chemokines (DARC) locus explains reduced
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total WBC and neutrophil levels in African Americans,
compared to European Americans (Nalls et al. 2008; Reich
et al. 2009).

To identify novel loci associated with blood cell counts
and related indices, and to compare the genetic architecture
of these quantitative traits in two different ethnic groups, we
analyzed genetic association between each of 12 hemato-
logic traits and ~ 175,000 SNPs that were genotyped or
imputed in 23,439 Caucasians and 7,112 African Ameri-
cans. These SNPs had been selected to capture variation
across multiple ethnic groups (including African-derived
populations) in ~ 2,100 candidate genes for heart, lung, and
blood disorders (Keating et al. 2008). Here, we present
evidence that the canonical glucose-6 phosphate dehydro-
genase (G6PD) A-allele (rs1050828) implicated in G6PD
deficiency (MIM #305900) and malaria resistance (Guindo
et al. 2007; Ruwende et al. 1995; Tishkoff et al. 2001) also
associates with RBC, Hct, Hb, and MCV variation
(P <2 x 107"%)in African Americans. We also identified a
novel association between rs8109288 in the TPM4 gene and
PLT count in Caucasians (P = 3.0 x 1077) and African
Americans (P = 3.0 x 1077). In Caucasians, we replicated
the association between 13 distinct loci and hematological
traits (Ganesh et al. 2009; Soranzo et al. 2009b). In African
Americans, we found strong evidence of association
between the DARC locus and WBC count (Nalls et al. 2008;
Reich et al. 2009), and between the «-globin (HBA2-HBAI)
locus and RBC count.

Materials and methods
Ethics statement

All participants gave informed written consent. The CARe
project is approved by the ethics committees of the par-
ticipating studies and of the Massachusetts Institute of
Technology. This project was also reviewed and approved
by the Montreal Heart Institute’s ethics committee.

Samples and genotyping

Phenotypes from 23,439 Caucasians and 7,112 African
Americans from the Atherosclerosis Risk in Communities
(ARIC) study, the Coronary Artery Risk Development in
young Adults (CARDIA) study, the Cardiovascular Health
Study (CHS), the Framingham Heart Study (FHS), and
the Jackson Heart Study (JHS) were analyzed in this study.
A detailed description of each cohort can be found in the
Supplementary Information.

All samples were genotyped by the Genetic Analysis
Platform at the Broad Institute using the ITMAT-Broad-
CARe (IBC) Illumina iSELECT array according to the
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manufacturer’s recommendations (Keating et al. 2008).
Genotypes were called using Beadstudio (Illumina) and the
calling cluster Id CVDSNP55v1_A.EGT. Quality control
filters applied are summarized in Supplementary
Tables 2-3.

Genotype imputation

Imputation was performed using MACH 1.0.16 (ref. Li
et al. 2009). MACH requires phased reference haplotypes
to perform imputation. For European Americans, we used
the reference haplotypes from the Northern European
CEU population from HapMap phase 2. For the African
Americans, a combined CEU + YRI reference panel was
created using HapMap phase 2 data (Kang et al. 2010).
This panel includes SNPs segregating in both CEU
and YRI, as well as SNPs segregating in one panel and
monomorphic and nonmissing in the other. For both
European Americans and African Americans, imputation
was performed in two steps. For the first step, 300 indi-
viduals were randomly extracted to generate recombination
and error rate estimates. In the second step, these rates
were used to impute all individuals across the entire ref-
erence panel. Imputation results were filtered at an rsq_hat
threshold >0.6 and a MAF threshold >1%.

Association testing

Methods used to measure the blood traits analyzed have
been described previously for ARIC (Ganesh et al. 2009),
CARDIA (Shimakawa and Bild 1993), CHS (Ganesh et al.
2009), FHS (Ganesh et al. 2009), and JHS (Reich et al.
2009). Because we use linear regression to analyze
genotype—phenotype associations (see below), the distri-
bution of the quantitative traits analyzed needs to be
normal. Trait values were normalized into Z-scores using
inverse normal transformation after accounting for gender,
age, age-squared, and recruitment center (when available).
Inverse normal transformation uses ranks to fit all phe-
notypic residuals into a perfectly normal distribution such
that even individuals with extreme phenotype values
(“outliers”) can be kept in the analysis. We excluded
individuals with blood cancers or known pregnancy at the
time of visit.

For all cohorts but FHS, analysis was performed in
PLINK (Purcell et al. 2007) using linear regression under
an additive genetic model. For FHS, we modeled the
family structure in the association tests using a linear
mixed effects (LME) model implemented in R (Chen and
Yang 2010). We tested an additive genetic model and
included as covariates the first ten principal components.
For imputed SNPs, dosage information (bound between 0.0
and 2.0) was used as predictor.

Association results were combined within ethnic group
using the inverse variance method, as implemented in the
software METAL (Willer et al. 2010). Individual study
results were corrected using genomic control; meta-ana-
Iytic results were also scaled using genomic control
(Devlin and Roeder 1999).

Results

The National Heart, Lung and Blood Institute (NHLBI)-
funded Candidate gene Association Resource (CARe)
Project genotyped >40,000 participants from nine popu-
lation-based cohorts to identify genetic associations with
cardiovascular, pulmonary, hematologic, and sleep-related
traits (Musunuru et al. 2010). In the CARe dataset, blood
indices were available for up to 23,439 Caucasians and
7,112 African Americans from the Atherosclerosis Risk in
Communities (ARIC) study, the Coronary Artery Risk
Development in young Adults (CARDIA) study, the Car-
diovascular Health Study (CHS), the Framingham Heart
Study (FHS), and the Jackson Heart Study (JHS) (Table 1).
All CARe samples were genotyped on the ITMAT-Broad-
CARe (IBC) platform, which interrogates 49,094 SNPs
(including many rare non-synonymous SNPs) to capture
genetic variation in ~2,100 candidate genes in multiple
ethnic groups (Keating et al. 2008). Genotype data were
processed using stringent quality-control filters (Supple-
mentary Tables 2-3), and we used genotype imputation to
increase coverage (“Materials and methods™). Phenotypes
were analyzed as quantitative traits under an additive
genetic model using a linear regression framework (Purcell
et al. 2007). For each analysis, we also included as
covariates the first ten principal components to correct
for global admixture in African Americans and possible
population stratification. Within each ethnic group, results
were combined by meta-analysis (Willer et al. 2010).
Individual study results, as well as meta-analytic results,
were scaled using genomic control (Devlin and Roeder
1999).

Meta-analysis results for the 12 phenotypes analyzed in
Caucasians and African Americans are summarized in
quantile—quantile (QQ) plots (Supplementary Figs. 1-4).
Except for WBC count in African Americans, the inflation
factors observed are near unity (range Agc 0.948-1.065)
(Supplementary Table 4), suggesting that our results are
not markedly inflated by confounding factors. However, in
African Americans, we observed a high inflation factor for
WBC count (Agc = 1.113). Most of the inflation is due to
the DARC locus on chromosome 1, which was originally
identified as a bona fide WBC count locus by admixture
mapping (Nalls et al. 2008). When we exclude SNPs on
chromosome 1, the inflation factor for WBC count in
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Fig. 1 Association results for selected hematological taits. Quantile—quantile (QQ) plots (left panels) and Manhattan plots (right panels) of
genetic association results for platelet counts in Caucasians (a) and African Americans (b), and red blood cell counts in African Americans (c)

African Americans is reduced to Agc = 1.054 (Supple-
mentary Fig. 5).

In this study, we consider a threshold of P < 2 x 10 %as
significant after accounting for the number of independent
loci tested on the IBC platform (see Supplementary Infor-
mation for a discussion of this statistical threshold). Our
analysis highlighted novel genetic associations to hemato-
logical traits at P < 2 x 107°, including two loci that reach
the generally accepted threshold to declare genome-wide
significance (P < 5 x 107 (Fig. 1; Table 2). In African
Americans, we found that the missense SNP rs1050828
(Val68Met) in the G6PD gene is associated with RBC count,
Hb, Hct, and MCV (all with P values <2.0 x 10~ "%). This
SNP corresponds to the canonical G6PD A-allele, shown to
cause partial G6PD deficiency (MIM #305900) and resis-
tance to malaria (Guindo et al. 2007; Ruwende et al. 1995;
Tishkoff et al. 2001). The G6PD A-allele is associated with
decreased RBC count, Hb, and Hct, and increased MCV. As
expected, because GO6PD is X-linked, effect sizes for
rs1050828 on RBC trait variation were stronger in males.

The second novel genome-wide significant association
that we identified is between an intronic SNP in 7PM4 and
PLT count. The A-allele at rs8109288 was associated with
a decreased PLT count in both Caucasians (P = 3.0 x
10_7) and African Americans (P = 3.0 x 10_7) (Fig. 1;
Table 2). The FHS does not have a standard PLT count
available, but PLT count has been measured in platelet-rich
plasma (PRP) as part of a study assessing in vitro platelet
aggregation responses (O’Donnell et al. 2001). The A-
allele at rs8109288 was associated with a decreased PLT
count in PRP in the FHS (P = 0.005), providing addi-
tional, independent evidence that this sequence variant at
the TPM4 locus is linked to a variant that affects PLT
number. TPM4 is one of the four human tropomyosin
genes, whose protein products play a role in cytoskeletal
functions. An intronic SNP in TPM1 (rs11071720) was
recently shown to associate with MPV in Caucasians
(Soranzo et al. 2009b), and a proxy of this SNP, rs3803499
[r* = 0.25 in HapMap Northern European (CEU) sam-
ples], was genotyped on the IBC array and is nominally

@ Springer
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Heterogeneity

BETA (SE) P value
(effect allele P (%)
frequency)

Effect allele

Annotation

SNP Locus

Chr. (Pos.)

Table 2 Novel loci identified in this study that are associated with hematological traits in Caucasians and/or African Americans (P < 2 x 107%)

Trait

@ Springer

Caucasians

8.3 x 1077

0.097 (0.019)
—0.232 (0.044)

1s7258661 GALP Intron A (0.14)

19 (61383413)
19 (16046559)

Mean corpuscular volume

Platelets

3.0 x 1077

A (0.02)

Intron

TPM4

rs8109288

African Americans

51 x 1077
43 x 1072

0.097 (0.019)
—0.415 (0.044)
~0.084 (0.017)
—0.241 (0.030)
~0.222 (0.030)

A (0.57)

Intron

ITGA4

rs1375493
rs1050828
rs7199221
rs1050828
rs1050828
rs16908114
rs12933048
rs1050828
rs10876550
rs8109288

2 (182032011)
23 (153417411)
16 (3041640)

Monocytes

T (0.11)
A (0.44)

Missense

G6PD
MMP25

Red blood cells
Hemoglobin

13 x 107°

Intron

1.2 x 10713

T (0.11)

Missense

G6PD
G6PD
MMP26

23 (153417411)
23 (153417411)
11 (4970042)
16 (5634379)

12 x 1077
49 x 1077

T (0.11)

A (0.94)

Missense

Hematocrit

0.227 (0.044)
—0.126 (0.024)

Missense

Mean corpuscular volume

5.0 x 1077

A (0.71)

Intergenic

16p13

3.0 x 10718

0.340 (0.038)
0.135 (0.027)
—0.159 (0.030)

T (0.11)
A (0.88)

Missense

G6PD
NFE2-COPZI

23 (153417411)
12 (52998575)
19 (16046559)

1.6 x 107°

Intergenic

Platelets

3.0 x 1077

A (0.09)

Intron

TPM4

Genomic positions and annotations are given using NCBI build 36.1. Effect allele is always on the forward strand. Effect size (BETA) and standard error (SE) are given in Z-score units after inverse normal

transformation. P values are scaled using genomic control

associated with PLT count in the CARe cohorts
(P = 0.013 in Caucasians, P = 0.007 in African Ameri-
cans). In the JHS, the only CARe cohort with MPV
available, the association between TPM4 rs8109288 and
MPV was strong (P = 9.7 x 1073; the A-allele is associ-
ated with increased MPV). Nineteen SNPs in the two
remaining tropomyosin genes, TPM2 and TPM3, were also
genotyped on the IBC array. None of these SNPs, or nearby
imputed SNPs, were convincingly associated with PLT
phenotypes in Caucasians or African Americans. There-
fore, at least two tropomyosin genes harbor common
genetic polymorphisms associated with PLT count and
volume.

Our analysis strategy was validated by the replication of
several associations to blood cell phenotypes reported
previously. We replicated associations of 14 loci with one
or more hematological traits (Table 3). Obviously, our
replication is limited to the known loci covered by the IBC
platform: loci that were interrogated by the IBC array and
did not replicate, or loci not genotyped on this platform are
listed in Supplementary Tables 5 and 6, respectively.
Furthemore, because Caucasian samples from the ARIC,
CHS, and FHS cohorts overlap with samples used in the
CHARGE meta-analysis (Ganesh et al. 2009), replication
of the CHARGE findings in the CARe meta-analysis does
not provide independent confirmatory evidences. In some
cases, we identified the same SNPs as previous studies,
such as the missense SNP rs1800562 in HFE associated
with Hb, Hct, and MCV in Caucasians, or rs2814778
located in the 5 untranslated region (UTR) of DARC,
strongly associated with WBC and neutrophil levels in
African Americans (Table 3). Of particular interest, the
missense SNP rs3184504 in SH2B3 (Trp262Arg) illustrates
an extreme case of pleiotropy: this SNP has now been
associated with Hb and Hct (Table 3) (Ganesh et al. 2009),
PLT count (Kamatani et al. 2010; Soranzo et al. 2009b),
eosinophil count and myocardial infarction (Gudbjartsson
et al. 2009), blood pressure and hypertension (Levy et al.
2009), celiac disease (Hunt et al. 2008), and type 1 diabetes
(Todd et al. 2007) in Caucasians. SH2B3 encodes Lnk, a
negative regulator of hematopoiesis, and it is possible that
genetic variation in this gene affects common disease risk
indirectly by modulating properties of the three major
blood cell types.

Discussion

We have used a genotyping array that covers common
genetic variation in ~2,100 candidate genes to identify
loci associated with blood cell counts and related indices in
Caucasians and African Americans. SNPs on this array
were selected using a “cosmopolitan” tagging approach



313

Hum Genet (2011) 129:307-317

(46007) ‘Te 10 OzueIOS

(0102) 'Te 10 TuejeUIES] 0 ,—01 X 9L (ST0°0) 9L0°0 azo L uonuy 1I3vd CBSSYLEST (9L¥¥59€€) 9 S19[RBld
(6007) ‘Te 19 ysauen SvL 90T X 0T  (+10°0) 0L0'0— (6£0) L /£ an 14004 C8LTST (0TL80E6Y) TT
(0100) 'Te 10 TueIRWIEY] £'eC #0000  (820°0) 0010 Loo L uonuyg SXO1vV 61988¢Cst (¥T865TSY) 01
(6007) ‘Te 12 ysouen 0 ,-0T X 9T  (#10°0) 9200 (o0 v uonuyg cdAL $08S8ELST  (906£L000T) L
((a60020) 'Te 10 ozuelog
(0107) 'Te 10 TuejRUIEY]
(6007) ‘Te 19 ysouen 0 0l X 6'¢  (2T0°0) ¥EI'0 1o L QJUERREHE | GAW  8SS90LLIST  (L8L9TSSET) 9
(Q60027) Te 19 ozueIog
“(6007) 'Te 19 ysouen 0 -0 X89 (820°0) €£€CT0 (900 Vv OSUSSSIIA 44AH 2960081t (0TT10292) 9
(0107) 'Te 10 TueIRWIEY] QuInjoA
(6007) ‘Te 19 ysauen 0 90000 (+10°0) 0S0'0— (€0 v uonuy DAL LTSLSSST  (901S9TL6T) € Tenosndios ueajy
(a6007) Te 10 ozueIog 0 9-0T X ST (IT0°0) €500 (0s'0 L OSUSSSIIA £4CHS POSP8TEST  (16689€0T1T) TT
(6007) 'Te 12 ysauen 0 60T X 0S¢ (T10°0) TL00 aco L uonuy ZOVIYd  01ThTTOIsT  (LTIHPOIST) L
(6007) 'Te 12 ysouen 0 0T X €% (€10°0) 690°0— SLov oruagroju] AL LL898LLST  (IS61S0001) L
(0100) 'Te 19 reRWERY
“(6007) 'Te 19 ysauen 0 650000  (LT10°0) 650°0— cro L uonuy qAn €679€69ST  (PTLLLSSET) 9
(6007) 'Te 19 ysauen 0 01 xgT (€20°0) 9¥T°0 (900 v OSUSSSIIA 44AH 796008181 (0T110290) 9 JLIDOJeWOH
(a60027) Te 10 ozuelog 0 ,-01 x e (I10°0) LSOO (05’0 L OSUSSSIIA £4CHS POSY8TEST  (16689€011T) TT
(0100) T8 10 TuBIRWIEY] 0 960000 (€10°0) S¥00— (Tzo L oruagrojuf oqay LOOTS9ST  (969€¥TSED) 6
(6007) 'Te 12 ysouen 0 -0l X9T (TI0°0) 6L0°0 (ILo v uonug ZOVIYd  T00¥TT0IsT  (4L6SHOIST) L
(a6002) ‘Te 10 ozueloS
“(6007) 'Te 19 ysouen yol 0T X ¥'T  (€20°0) L8T0 (900 Vv OSUSSSIIA 44AH 2960081t (0TT10292) 9 uIqo[SouaH
(6007) ‘Te 12 ysouen 0 9-01 X €T  (#10°0) 6900 (09°0) L /€ QUAT TeON odd 8€TISSST  (49¥6STO0T) L
(a60027) Te 10 ozuelog 0 0l X 9T  (0£0°0) TET'0 (170 v snowkuoukg AL ¥L9SL0TST  (L96790001) L
(0100) ‘T8 19 weIRWEY]
(6007) ‘Te 19 ysauen 0 L¥000'0  (620°0) SOT'0 o L uonug qaAn T9601¢TsT  (8L¥SHSSET) 9 S[[°2 Poo[q Py
(0100) 'Te 19 BPLYO 0 60T X 8¢ (0T0°0) 6110 (o v uonuy 48D £VrS908st (99%29¥SE) LT srydonnaN
(0107) 'Te 10 TueIRWIEY] 0 ¢ 0T X T (020°0) ¥1T°0— To v uonuy EASD EVS908st (99%29%SE) LT sa1kooydwi ]
(9600T T 12 ozueIOS
(0102) T8 10 TuelRUIEY] 0 -0l X8T (FI0°0) ¥TI'0 @0 v uonuy 48D evPS908s1 (99%T9¥SE) LI
(0100) 'Te 10 TuBIRUIEY] 0 170000 (L10°0) 190°0— cro L uonuy 94dDO SyisI (90€9¥CT6) L
(0107) 'Te 10 TuBIRWIEY] 0 ¥¥0000  (L10°0) T900— arov uonuyg AW €1L099TTST  (6896SSSET) 9
(0100) 'Te 12 TuBIRWIEY] 0 ¢-0I X 6T  (I10°0) ¥90°0 (Tr'0) L oruagrojuf 1zdo 960C0SSt (L9085STE) 9 S[[93 POO[q MYM
suerseone))
(Aouanbaiy
(%) A S[a[[e 199]J9)
QouaRjey  AeusloreroH anfeA 4 (4S) V19  SIR[e 1095 uornejouuy Nitklog| dANS ('sod) 1yD Jrei],

SUBOLIOWY UBJLIJY JO/pUB SUBISEONE)) Ul S}Ie) [BOISO[0JeWdy )M pajeroosse sgNS A1red 0} umoys A[snoraaid 100[ jo uoneordey ¢ dqel,

pringer

A



Hum Genet (2011) 129:307-317

314

pue (V.ILAG) 9ZIs 199JJ7 "PuBllS pIemIo] Y} uo sKeme st 9[9[[e 1991JH "1°9¢ PIIng [FDN Suisn UoAIS a1e suonejouue pue suonisod orwoudn) ‘100'0 > 4 & paarnbarom ‘9[qe) s1y) ur papnour aq o],

[01u0d oTWouas Sursn Pa[eds dIe SAN[EA J "UOHBULIOJSULI} ISIQAUT [BULIOU JO)JB S)IUN 9I09S-Z Ul UAAIS dIe (gS) JOLId pIepue)s

(96007) ‘Te 10 0zZUEIOS

(0102) T8 19 rueyRWIRY] 0 401 xXT9 (€20°0) 9C1'0— (€€0) L oruagraIU] vg Treerrst  (269Y09€€) 9 19[%e[d
(0107) 'Te 19 rueRWERY] 0 -0l X¥1T (#20°0) €6T0— (8T0) V.  1£0AT3I0uonul  [VIH-CVGH  SLETICISI (182081 91 sumjoA
(6L61) Te 19 ofjoue[eD 0 620000  (2€0°0) ST1°0— (€ro v US| g9H  OLIEITTs! (609662S) 11 Tenosndiod ueajy
urqoj3oway
(0107) 'Te 19 rueyRUIRY] 0 -0l xX¥L (0V0°0) €8T0— (Lco) VvV 1£0AT30o uonul  [VH-CVEH  SLETICISI (182081) 91  Iemnosndiod uedjy
(0107) T8 19 tueyRWRY] 0 400l xXT19 (6100 €01'0— (8T0)V 1/ONTjouonul [VIH-CVGH  SLETITISI (182081) 91 uIqo[SouwaH
(6007) Te 19
YOIy “(8002) ‘I8 19 SI[eN 0 -0l XSS (€40°0) 9580 (81'0) L /S 4va  8LLYITST  (LOETHPLST) | siiydonnaN
(6000) Te 19
Yo1y “(8002) 'Te 19 SIeN 0 401 x9¢ (0£00) €81°0 L8 v RUIERRS | J¥va  6E1LS9YST  (1€S96TO9T) 1 $91K00UON
(0107) Te 10 ejeUres| 0 400 x0T (€200)0€10 (0T o) L uonuy 94dD Shps1 (90€94CT6) L
(6007) Te 19
4o1y “(8002) ‘T8 12 SN 0 -0l xXT¥ (Iv0°0) 98L0— (81°0) L /S hn 24Va  8LLYISTST  (LOETHPLST) T saykooydwAr
(6007) Te 19
Y10y (8000 T8 19 SIeN €69 -0l XT'T (¥0°0) vEE0— (810) L /S n J¥Va  8LLYISTSI  (LOSIYPLSD) 1 spiydoseq
(6000) Te 19
ya19y *(8007) 'T& 19 SI[eN 0 ¢-0l X ¥T (9€0°0) 1180 (61°0) L /S hn J¥va  8LLY1I8TST  (LOSIYPLST) T SI[O POOIq MM
SUBOLIOWY UBDLIJY
(Kouanbaxy
(%) [ J[R[® 1991J9)
QouarRjey  AeuaSoreley anfeA 4 (AS) V19  2l°[® 109534 uonejouuy’ Niklogy dANS ('sod) yD Jreny,

ponunuod ¢ dqe],

pringer

A's



Hum Genet (2011) 129:307-317

315

such that common variants in these candidate genes should
be covered similarly in these two ethnic groups (Keating
et al. 2008). We analyzed 12 phenotypes and identified two
new loci that reach genome-wide significance: G6PD
rs1050828 is associated with RBC count, Hb, Hct, and
MCV in African Americans, and TPM4 rs8109288 is
associated with PLT count in Caucasians and African
Americans (Table 2). Since clinical processes such as iron
deficiency or inflammation can influence hematological
traits, we sought to confirm that the associations observed
at G6PD and TPM4 were independent of these conditions.
When we adjusted our analyses for iron levels [using fer-
ritin or iron levels, or total-iron binding capacity (TIBC)]
or inflammation [using C-reactive protein (CRP) levels],
association results remained largely unchanged (data not
shown), suggesting that the associations at G6PD and
TPM4 are independent of iron and inflammation status. In
addition to the novel associations at G6PD and TPM4, we
replicated 36 previously reported associations (Table 3).
Glucose-6-phosphate dehydrogenase protects red blood
cells against oxidative damage. Inherited deficiency of
glucose-6-phosphate dehydrogenase is an X-linked enzy-
mopathy that has a higher prevalence in areas of the world
where malaria is endemic. Many variants of G6PD have
been described with wide ranging levels of enzyme activity
and associated clinical symptoms. Rare severe mutations in
G6PD have been linked to neonatal jaundice and to acute
and chronic hemolytic anemia (including congenital non-
spherocytic hemolytic anemia) in the presence of oxidative
stress (Cappellini and Fiorelli 2008). To our knowledge,
our study is the first to report associations between the mild
G6PD A-variant and erythrocyte phenotypes in normal
populations, although it was recently associated with Hb
levels in sickle cell anemia patients (Nouraie et al. 2010).
We have conducted one of the first well-powered genetic
association studies where several complex human traits are
analyzed in two ethnic groups, allowing a direct comparison
of the architecture of these phenotypes in individuals of
European and African descent. The overlap in loci that control
hematological traits in Caucasians and African Americans
was small, with only SNPs at the BAKI and TPM4 genes
found consistently associated with the same trait at
P <2 x 107° (PLT count in both cases) (Soranzo et al.
2009b). This lack of overlap might be partially explained by
the difference in sample sizes: 7,112 African Americans and
23,439 Caucasians were available in our analyses. Conse-
quently, when more African American datasets become
available, more loci will likely be shown to control blood cell
phenotypes in both of these two ethnic groups. It is also
possible that difference in allele frequencies might affect
discovery power between Caucasians and African Americans.
However, it is also apparent that differing selective
pressures have shaped the genetic regulation of

hematological traits in European- and African-derived
populations (see Supplementary Table 7 for iHS values).
The HFE rs1800562 missense SNP (C282Y) is associated
with erythrocyte phenotypes (Hb, Het, MCV) (Ganesh et al.
2009; Soranzo et al. 2009b) and iron status (Benyamin et al.
2009), and causes hereditary hemochromatosis (MIM
#235200) in Caucasians (Table 3). The minor A-allele of
rs1800562 is absent in populations of African ancestry but
relatively frequent in Caucasians (5-10%), and is located on
a long haplotype of low diversity indicative of positive
selection (Ajioka et al. 1997; Thomas et al. 1998). Similarly,
it was recently shown that the SH2B3 locus associated with
variation in all three main blood cell type (RBC, WBC, and
PLT) indices is also under natural selection (Soranzo et al.
2009b). Genetic variation at the SH2B3 locus is also asso-
ciated with activation of the innate immune system, sug-
gesting a possible role in protection against bacterial
infection (Zhernakova et al. 2010). In African Americans,
the three major loci associated with WBC and RBC trait
variations are DARC, HBA2-HBA 1, and G6PD. These three
loci are known to carry alleles that confer resistance to
malaria and to be under strong positive selection in African-
derived populations. The minor alleles for DARC rs2814778
and G6PD rs1050828 are common in African Americans
(>10%) but extremely rare (or absent) in Caucasians. The
minor A-allele for HBA2-HBAI rs1211375 is common in
both Caucasians (35%) and African Americans (27%), but
only associates with erythrocyte phenotypes in African
Americans. A recent survey of structural variants in the
human genome has shown a copy number polymorphism
(CNVR6569) at the a-globin locus in HapMap samples from
Yoruba, Nigeria (YRI) that is absent in HapMap CEU
individuals (Conrad et al. 2009). Of the SNPs at the «-globin
locus surveyed by the IBC array, rs1211375 is the best tag
for CNVR6569 (+* = 0.37). Thus, it is likely thatrs1211375
captures variation in the number of a-globin genes in Afri-
can Americans. This is consistent with the clinical epide-
miology of a-thalassemia, which is known to modulate RBC
phenotypes. As cross-ethnic association studies are per-
formed for additional phenotypes, it will be interesting to
compare the genetic architecture of complex human diseases
and traits between ethnic groups, and to assess the role of
natural selection in shaping the differences.
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