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Red blood cell disorders such as anemia and erythrocytosis are broadly 
associated with multiple comorbid conditions including hyperten-
sion and other cardiovascular diseases, yet the genetic determinants 
of erythrocyte traits in the general population are poorly defined. 
Erythrocytes, which comprise approximately 40–50% of blood vol-
ume, are a key component for the transport of oxygen and carbon 
dioxide for cellular respiration. In clinical practice, measures of eryth-
rocyte quantity, size and composition are routinely tested to diagnose 
and monitor hematologic diseases as well as the overall health of 
patients. Variation in erythrocyte measures even within normal ranges 
are related to other nonhematologic diseases and mortality1–3.

Erythrocyte production and quality are under various environ-
mental and genetic influences. Although environmental exposures, 
dietary intake of vitamins and iron, and the anemia associated 
with chronic diseases all contribute substantially to abnormali-
ties of erythrocyte measures, the heritability of erythrocyte traits 
ranges from 40 to 90%4–6. Disorders of hemoglobin production and 

hemoglobinopathies are some of the most common genetic diseases 
in the world. Some known low-frequency mendelian variants also  
lead to interindividual variability in erythrocyte traits among the 
general population7,8. Candidate gene studies have identified a few 
nonhemoglobin loci, including EPOR and HBS1L, related to variation 
in erythrocyte traits8–10. Early GWAS and linkage studies of erythro-
cyte measures, which have identified a few associations, such as that at 
chromosome 6q23, lacked statistical power for association and genetic 
resolution for testing competing hypotheses6,11–13.

To search for genetic determinants of erythrocyte traits in the general 
population, we carried out GWAS and meta-analysis within multiple 
community-based cohorts comprising the CHARGE Consortium14, 
followed by replication in additional independent cohorts from the 
HaemGen Consortium. We identified 23 genetic loci associated with these  
erythrocyte traits. We further extend these findings to investigate possible 
links between these traits and vascular diseases, reporting associations of 
a few of the 23 identified loci with blood pressure and hypertension.
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Measurements of erythrocytes within the blood are important clinical traits and can indicate various hematological disorders. 
We report here genome-wide association studies (GWAS) for six erythrocyte traits, including hemoglobin concentration (Hb), 
hematocrit (Hct), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin 
concentration (MCHC) and red blood cell count (RBC). We performed an initial GWAS in cohorts of the CHARGE Consortium 
totaling 24,167 individuals of European ancestry and replication in additional independent cohorts of the HaemGen Consortium 
totaling 9,456 individuals. We identified 23 loci significantly associated with these traits in a meta-analysis of the discovery and 
replication cohorts (combined P values ranging from 5 × 10−8 to 7 × 10−86). Our findings include loci previously associated 
with these traits (HBS1L-MYB, HFE, TMPRSS6, TFR2, SPTA1) as well as new associations (EPO, TFRC, SH2B3 and 15 other loci). 
This study has identified new determinants of erythrocyte traits, offering insight into common variants underlying variation in 
erythrocyte measures.
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We studied six erythrocyte traits: hemoglobin concentration 
(Hb), hematocrit (Hct), mean corpuscular volume (MCV), mean 
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin 
concentration (MCHC) and red blood cell count (RBC), as defined 
in Supplementary Table 1. When cohort results were combined, 
831 SNP associations at 23 independent loci (r2 < 0.3 between loci) 
across the six traits reached the genome-wide significance threshold of  
P < 5 × 10−8. The –log10 (P value) genome-wide association plots for 
the meta-analysis of each of the six traits are shown in Figure 1, and 
corresponding quantile-quantile plots are shown in Supplementary 
Figure 1a. To assess population structure, we examined the per-cohort 
genomic control inflation factor, λGC, demonstrating that these values 

RESULTS
Meta-analysis of GWAS for erythrocyte traits
The total sample size for the individual cohort genome-wide asso-
ciation analysis and the CHARGE meta-analysis was 24,167 (the Age, 
Gene/Environment Susceptibility Reykjavik Study (AGES) N = 3,205; 
the Atherosclerosis Risk in Communities Study (ARIC, N = 7,803; the 
Cardiovascular Health Study (CHS) N = 3,256; the Framingham Heart 
Study (FHS) N = 3,359; and the Rotterdam Study (RS) N = 5,523). We 
also included an Italian cohort study, the Invecchiare in Chianti Study 
(InCHIANTI; N = 1,021), in these analyses. Characteristics of the study 
participants, including age, sex and trait summaries, are presented in 
Table 1.

Table 1  CHARGE cohort description
AGES ARIC CHS FHS RS InCHIANTI

Number of individuals eligible for GWAS 3,219 8,127 3,275 3,381 5,523 1,206

Percent women 58 53 61 54 60 56

Mean age (years) 51 (6) 54 (6) 72 (5) 38 (9) 68 (8) 68 (16)

Hb (g/dl) 13.40 (1.45) 14.80 (1.02) 14.11 (1.23) 14.46 (1.37) 14.12 (1.28) 13.77 (1.35)

Hct (%) 40.35 (3.53) 43.60 (2.86) 42.14 (3.54) 43.00 (3.9) 41.36 (3.35) 40.63 (3.49)

MCH (pg) 30.91 (1.69) NA NA 30.64 (1.85) 30.16 (1.81) 3.05 (1.99)

MCHC (%) 33.57 (0.70) NA NA 33.67 (0.91) 34.17 (1.15) 33.84 (1.05)

MCV (fl) 92.08 (4.49) 90.7 (4.22) NA 90.7 (5.0) 88.29 (4.30) 90.22 (4.84)

RBC (1 M cell/mm3) 4.39 (0.41) NA NA 4.73 (0.46) 4.69 (0.44) 4.51 (0.43)

Years of baseline examinations 1968–1991 1987–1989 1989–1990 1971–1975 1990–1993 1998

Years of DNA collection 2002–2006 1987–1998 1989–1990 1996–1999 1990–1993 1998–2001

Sample sizes and summary statistics of covariates and erythrocyte traits measured in each cohort in CHARGE. Erythrocyte traits are abbreviated as follows: Hb, hemoglobin  
concentration; Hct, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; RBC, erythrocyte 
count. The sample sizes presented are the range of numbers of individuals with both genotype and erythrocyte measures, after the exclusion of individuals with values  
beyond 3 s.d. of the population mean for each erythrocyte trait. Values for age and each erythrocyte trait are presented as mean (s.d.). NA, data not available.

Figure 1  Overview of CHARGE meta-analysis results for six erythrocyte traits: hemoglobin concentration (Hb), hematocrit (Hct), mean corpuscular 
hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), mean corpuscular volume (MCV) and erythrocyte count (RBC). –log10 (P 
value) is plotted on the y axis against the genomic position of each SNP. Genomic loci with significant association (P < 5 × 10−8) are plotted in red,  
and loci with suggestive evidence are in blue (P < 4 × 10−7).
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were consistently below 1.08 (Supplementary Table 2). The genomic 
control inflation factor post meta-analysis, which was not corrected 
at the meta-analysis level, showed no systematic inflation (Hb λGC 
= 1.066; Hct λGC = 1.045; MCH λGC = 1.014; MCHC λGC = 0.995; 
MCV λGC = 1.029; and RBC λGC = 1.029; Supplementary Table 2). 
The meta-analysis results for all traits are summarized in Table 2, 
which is organized by the 23 independent loci and includes gene anno-
tation information for each locus. The table also lists for each trait 
the number of SNPs exceeding the significance threshold. Altogether, 
there were 45 trait-locus combinations with at least one genome-wide 
significant SNP. The complete set of SNP associations identified by 
the CHARGE meta-analysis is provided in Supplementary Table 3. 
Replication and further analysis focused on the 45 SNPs that gave the 
smallest P values for each of the 45 trait-locus findings in CHARGE.

Replication studies
We pursued replication of the 45 SNPs identified from the initial meta-
analysis in the CHARGE datasets, with a meta-analysis of association 
data in 9,456 independent European-ancestry individuals from five pop-
ulation-based cohorts of the HaemGen Consortium (Supplementary 
Note). A combined meta-analysis of the HaemGen and CHARGE data 
showed lower P values for all but two SNPs selected for replication. For 
one of the two SNPs (rs1800562) that did not show an improvement 

in P value when associated with Hct, the association to the Hb trait 
was significant after Bonferroni correction, and for the second SNP 
(rs4466998), the association to MCV in the joint analysis of CHARGE 
and HaemGen data remained genome-wide significant (P = 4.91 × 
10−8). Significant independent replication for at least one trait was 
observed at 13 of 23 loci, using a Bonferroni-corrected significance 
threshold of P < 0.0011, or 0.05/45 , and the distribution of replication 
P values is shown in Supplementary Figure 1b. Taking the joint meta-
analysis results in sum, these data provide supportive evidence that 
the 23 loci from the discovery meta-analysis are true positives. Table 3 
provides the full replication results, including beta coefficients, standard 
errors and P values, for the primary CHARGE findings, the HaemGen 
replication and a combined meta-analysis of the two datasets.

For each lead SNP in the 23 independent loci, percent variance 
explained for each of the lead SNPs in the corresponding trait is pro-
vided in Table 3, averaging the percent variance explained for each 
SNP across the CHARGE cohorts. The combination of lead SNPs from 
each of the trait loci showed that average percent variance explained 
by the combination of lead SNPs, beyond the variance explained by 
age and gender, was 1.14% of Hb variation (7 SNPs); 1.16% of Hct 
variation (8 SNPs); 4.53% of MCH variation (9 SNPs); 0.63% of 
MCHC variation (2 SNPs); 5.98% of MCV variation (17 SNPs); and 
0.85% of RBC variation (2 SNPs).

Table 2  CHARGE discovery meta-analysis results, ordered by genomic locus
Number of SNPs per trait Gene annotation

Locus  

no. Chr Hb Hct MCH MCHC MCV RBC In RefGene RefGenes within 60 kb

Closest  

RefGene

1 1q23.1 0 0 0 8 0 0 SPTA1 OR10Z1; SPTA1; OR10X1; OR6Y1

2 2p21 3 6 0 0 0 0 PRKCE PRKCE

3 2p16.1 0 0 0 0 27 0 BCL11A BCL11A

4 3q29 0 0 4 0 11 0 TFRC TFRC

5 4q12 0 0 0 0 8 0 None None KIT

6 6p22.2 49 3 72 0 133 0 HFE; LRRC16; SCGN; SLC17A1; SLC17A3; 

SLC17A2; TRIM38; HIST1H4B; ZNF322A

HFE; SCGN; LRRC16; SLC17A1; SLC17A2; SLC17A3; 

SLC17A4; ZNF322A; ABT1; TRIM38

7 6p21.1 0 0 51 0 65 0 PRICKLE4; FRS3; TFEB; MED20; USP49; 

CCND3; BYSL

PRICKLE4; FRS3; PGC; TFEB; MED20; USP49; 

CCND3; BYSL; TAF8; PGC; FRS3

8 6q21 0 0 0 0 5 0 None CD164

9 6q23.3 0 14 43 13 83 24 HBS1L; MYB ALDH8A1; HBS1L; MYB

10 6q24.1 0 0 9 0 13 0 None None CITED2

11 7p12.2 0 0 0 0 5 0 IKZF1 IKZF1

12 7q22.1 0 2 0 0 2 2 TFR2; ZAN GNB2; PCOLCE; FBXO24; TFR2; ACTL6B; HRBL; 

MOSPD3; LRCH4; ZAN; EPO; POP7; PERQ1; EPHB4

13 7q36.1 1 3 0 0 0 0 PRKAG2 PRKAG2

14 9p24.1 0 0 9 0 19 0 RCL1 RCL1; AK3

15 10q11.21 0 0 0 0 4 0 MARCH8 MARCH8; ALOX5

16 10q21.3 1 3 0 0 0 0 HK1 HK1

17 12q24.12 10 9 0 0 0 0 SH2B3; ATXN2; c12orf30; PTPN11 SH2B3; ATXN2; BRAP; ACAD10; ERP29; TMEM116; 

C12orf30; TRAFD1; C12orf30; RPL6; PTPN11

18 14q23.3 0 0 0 0 9 0 MAX; FNTB MAX; RAB15; FNTB

19 16p13.3 0 0 1 0 1 0 ITFG3 LUC7L; PDIA2; AXIN1; ITFG3; RGS11; ARHGDIG

20 19p13.13 0 0 6 0 25 0 MAN2B1; RTBDN; MAST1;  

DNASE2; GCDH; FARSA

MAN2B1; MORG1; ZNF490; TNPO2; DHPS; FBXW9; 

ZNF791; C19orf56; JUNB; HOOK2; PRDX2; RNASE-

H2A; RTBDN; GADD45GIP1; KLF1; FARSA; RAD23A; 

CALR; MAST1; GCDH; DNASE2; DAND5; NFIX

21 20q13.2 3 0 0 0 0 0 None None TSHZ2

22 22q12.3 13 2 9 0 36 0 C22orf33; TST; MPST; TMPRSS6 IL2RB; C22orf33; KCTD17; TST; TMPRSS6; MPST

23 22q13.33 0 0 0 0 12 0 TMEM112B; NCAPH2; SCO2;  

ECGF1

TMEM112B; ADM2; MIOX; ECGF1; KLHDC7B; 

LOC440836; SAPS2; SCO2; NCAPH2; SBF1; MAP-

K8IP2; MIOX; CHKB; CPT1B

CHARGE meta-analysis results, showing the chromosomal position of each locus identified and the number of SNPs identified within each locus for each erythrocyte trait with 
meta-analysis P value < 5 × 10−8. Annotation for SNPs within genes (In RefGene), within ±60 kb of annotated RefGenes (RefGene within 60 kb); in cases where no annotated 
gene was identified within 60 kb, the nearest gene is reported (Closest RefGene).
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Annotation of associated loci
For 20 of the identified loci, top associated SNPs were identified 
within a window of ±60 kb of a RefSeq gene (Table 2). For three 
loci, chromosomes 4q12, 6q24.1 and 20q13.2, no genes were identi-
fied within this window, with the nearest genes being approximately 
116 kb, 89 Mb and 50 Mb away, respectively. Of the 23 loci, previ-
ously reported mutations or genetic associations for erythrocyte 
traits, markers of iron status or fetal hemoglobin levels have been 
noted at six loci containing the genes HFE, TFR2, TMPRSS6, SPTA1, 
HBS1L and MYB (two closely adjacent genes), and BCL11A. Most of 

the remaining loci have not previously been reported to be associ-
ated with erythrocyte traits, though several genes are known to have 
important roles in erythrocyte biology or erythropoiesis. Genes iden-
tified near the associated loci, and their associated erythrocyte traits, 
are presented in Table 2 and Figure 2. Gene annotations, includ-
ing gene information, known genetic mutations causing hemato-
logic and nonhematologic diseases, and previously defined roles in 
hematologic and cardiovascular systems, are listed in Supplementary 
Table 4. We confirmed the association of the known mutations in the 
HFE gene resulting in the C282Y (rs1800562) and H63D (rs1799945) 

Table 3  CHARGE meta-analysis results, ordered by locus and trait, and HaemGen replication analysis
CHARGE HaemGen CHARGE + HaemGen

Locus 
no. Trait SNPID Chr PhysPos min_all MAF Gene % var Beta s.e.m. P Beta s.e.m. P Beta s.e.m. P

2 Hb rs10495928 2 46206670 G 0.341667 PRKCE 0.10% 0.011 0.011 5.926 × 10-10   0.0537 0.0152   0.000414 0.0631 0.0088 7.052 × 10-13

6 Hb rs1800562 6 26201120 A 0.041667 HFE 0.17% 0.0224 0.0224 3.592 × 10-16   0.1167 0.0322   0.000295 0.1617 0.0182 5.737 × 10-19

13 Hb rs10224002 7 151045974 G 0.258333 PRKAG2 0.14% 0.011 0.011 4.605 × 10-08   0.0964 0.0164 4.19 × 10-09 0.0714 0.0091 3.025 × 10-15

16 Hb rs16926246 10 70763398 T 0.110169 HK1 0.21% 0.0192 0.0192 1.036 × 10-09   0.0863 0.0329 0.008721 0.1099 0.0164 2.116 × 10-11

17 Hb rs11065987 12 111076069 A 0.333333 TRAFD1 0.16% 0.0107 0.0107 1.345 × 10-10   0.0427 0.0151 0.004591 0.0585 0.0086 1.159 × 10-11

21 Hb rs6013509 20 50751758 A 0.183673 TSHZ2 0.15% −0.0699 0.0116 1.963 × 10-09 −0.0479 0.0206 0.01999 −0.0646 0.01 1.054 × 10-10

22 Hb rs855791 22 35792882 A 0.391667 TMPRSS6 0.20% −0.0962 0.011 2.044 × 10-18 −0.0845 0.0157 7.97 × 10-08 −0.0923 0.0089 3.25 × 10-25

2 Hct rs10168349 2 46208555 C 0.341667 PRKCE 0.16% 0.201 0.0283 1.176 × 10-12   0.1524 0.0471 0.001212 0.1875 0.0238 3.748 × 10-15

6 Hct rs1800562 6 26201120 A 0.041667 HFE 0.09% 0.3747 0.0608 7.204 × 10-10   0.1167 0.1004 0.245 0.3073 0.0513 2.035 × 10-09

9 Hct rs9483788 6 135477194 C 0.177966 HBS1L-MYB 0.13% 0.2172 0.0328 3.551 × 10-11   0.2147 0.0527 4.55 × 10-05 0.2166 0.0274 2.811 × 10-15

12 Hct rs7385804 7 100073906 C 0.377358 TFR2 0.17% −0.1592 0.0286 2.745 × 10-08 −0.1269 0.0478 0.00799 −0.151 0.0242 4.45 × 10-10

13 Hct rs10224002 7 151045974 G 0.258333 PRKAG2 0.22% 0.1691 0.0299 1.492 × 10-08   0.2727 0.0493 3.08 × 10-08 0.1963 0.0252 6.045 × 10-15

16 Hct rs16926246 10 70763398 T 0.110169 HK1 0.13% 0.337 0.0513 4.986 × 10-11   0.3094 0.096 0.00127   0.3315 0.0445 9.636 × 10-14

17 Hct rs11065987 12 110556807 G 0.341667 SH2B3-ATXN2 0.15% −0.1809 0.0288 3.343 × 10-10 −0.1438 0.0465   0.001983 −0.171 0.0241 1.363 × 10-12

22 Hct rs2413450 22 35800170 T 0.381818 TMPRSS6 0.10% −0.162 0.0279 6.333 × 10-09 −0.2082 0.0467 8.13 × 10-06 −0.1736 0.0236 1.846 × 10-13

4 MCH rs11915082 3 197293536 A 0.425 TFRC 0.24% 0.0041 0.0007 4.888 × 10-09   0.0035 0.0009 5.66 × 10-05 0.0038 0.0005 7.729 × 10-13

6 MCH rs1408272 6 25950930 G 0.033898 SLC17A3 0.41% −0.0134 0.0015 1.369 × 10-18 −0.0183 0.0019 2.37 × 10-22 −0.0153 0.0012 3.868 × 10-39

7 MCH rs9349205 6 42033137 A 0.196429 CCND3/BYSL 0.29% −0.0066 0.0008 1.785 × 10-16 −0.0037 0.0009 2.11 × 10-05 −0.0053 0.0006 8.198 × 10-20

9 MCH rs7776054 6 135460609 G 0.220339 HBS1L/MYB 1.02% −0.0092 0.0008 1.976 × 10-33 −0.0107 0.0009 4.33 × 10-36 −0.0099 0.0006 7.356 × 10-69

10 MCH rs628751 6 139880112 C 0.491667 CITED2 0.34% −0.0049 0.0007 3.84 × 10-13 −0.0034 0.0008 7.24 × 10-06 −0.0043 0.0005 1.262 × 10-17

14 MCH rs10758658 9 4846877 A 0.186441 RCL1 0.18% −0.0048 0.0008 1.634 × 10-08 −0.0048 0.0009 5.14 × 10-07 −0.0048 0.0006 2.166 × 10-14

19 MCH rs1122794 16 249156 A 0.224138 ITFG3 0.28% 0.0054 0.001 2.992 × 10-08    0.0036 0.0012 0.00299 0.0047 0.0007 2.675 × 10-10

20 MCH rs11085824 19 12862547 G 0.366667 GCDH 0.20% −0.0041 0.0007 8.105 × 10-09 −0.003 0.0009 0.000532 −0.0037 0.0005 1.415 × 10-11

22 MCH rs2413450 22 35800170 T 0.381818 TMPRSS6 0.41% −0.006 0.0007 8.818 × 10-17 −0.0068 0.0008 5.34 × 10-18 −0.0064 0.0005 8.77 × 10-34

1 MCHCrs857721 1 156879172 A 0.316667 SPTA1 0.33% −0.0022 0.0004 3.414 × 10-09 −0.0013 0.0004 0.00266 −0.0018 0.0003 1.033 × 10-10

9 MCHCrs9373124 6 135464902 C 0.220339 HBS1L-MYB 0.30% −0.0023 0.0004 6.486 × 10-10 −0.0018 0.0004 2.6 × 10-05 −0.0021 0.0003 7.003 × 10-14

3 MCV rs2540917 2 60462263 C 0.433333 BCL11A 0.24% −0.0031 0.0005 2.127 × 10-11 −0.0022 0.0006 0.000192 −0.0028 0.0004 1.125 × 10-14

4 MCV rs9859260 3 197284944 C 0.35 TFRC 0.23% 0.003 0.0005 3.246 × 10-10 0.003 0.0008 0.000166 0.003 0.0004 8.499 × 10-14

5 MCV rs172629 4 55102519 G 0.116667 KIT 0.27% −0.0043 0.0007 1.36 × 10-09 −0.0051 0.001 2.22 × 10-07 −0.0046 0.0006 9.816 × 10-16

6 MCV rs1800562 6 26201120 A 0.041667 HFE 0.58% 0.0115 0.0011 1.425 × 10-27   0.0137 0.0015 5.02 × 10-20 0.0122 0.0009 1.012 × 10-46

7 MCV rs9349205 6 42033137 A 0.196429 CCND3-BYSL 0.58% −0.0055 0.0005 1.756 × 10-24 −0.0043 0.0008 8.48 × 10-08 −0.0051 0.0004 1.121 × 10-31

8 MCV rs9374080 6 109723113 C 0.375 CD164 0.22% −0.0026 0.0005 3.695 × 10-08 −0.0017 0.0006 0.003738 −0.0023 0.0004 4.198 × 10-10

9 MCV rs4895441 6 135468266 G 0.225 HBS1L-MYB 1.12% −0.008 0.0005 1.004 × 10-57 −0.0083 0.0008 3.03 × 10-27 −0.0081 0.0004 7.241 × 10-86

10 MCV rs643381 6 139881116 A 0.489362 CITED2 0.50% −0.0039 0.0005 2.663 × 10-18 −0.0037 0.0007 1.63 × 10-07 −0.0039 0.0004 4.665 × 10-25

11 MCV rs12718597 7 50395922 A 0.275 IKZF1 0.26% 0.0032 0.0005 8.138 × 10-12   0.0018 0.0007 0.0145 0.0028 0.0004 4.689 × 10-13

12 MCV rs7786877 7 100051951 G 0.208333 TFR2 0.13% 0.0032 0.0005 5.452 × 10-09   0.0024 0.0008 0.002081 0.003 0.0004 2.543 × 10-11

14 MCV rs10758658 9 4846877 A 0.186441 RCL1 0.29% −0.0041 0.0006 4.354 × 10-13 −0.0045 0.0008 4.65 × 10-08 −0.0043 0.0005 3.184 × 10-20

15 MCV rs11239550 10 45344735 G 0.228814 MARCH8 0.15% −0.0028 0.0005 1.873 × 10-08 −0.0022 0.0007 0.003496 −0.0026 0.0004 1.346 × 10-10

18 MCV rs4466998 14 64545293 A 0.478723 FNTB 0.17% 0.0027 0.0005 8.925 × 10-09   0.0008 0.0006 0.2061 0.002 0.0004 4.907 × 10-08

19 MCV rs7189020 16 244804 T 0.431034 ITFG3 0.19% −0.0031 0.0005 1.081 × 10-09 −0.0024 0.0007 0.000871 −0.0029 0.0004 1.819 × 10-12

20 MCV rs7255045 19 12793269 A 0.25 RTBDN 0.27% −0.0037 0.0006 1.233 × 10-11 −0.0018 0.0008 0.0266 −0.0032 0.0004 2.173 × 10-12

22 MCV rs2413450 22 35800170 T 0.381818 TMPRSS6 0.65% −0.0054 0.0005 1.078 × 10-30 −0.0046 0.0007 7.62 × 10-11 −0.0052 0.0004 2.772 × 10-41

23 MCV rs131794 22 49318618 A 0.166667 ECGF1 0.22% −0.0044 0.0006 2.189 × 10-13 −0.0029 0.0009 0.001795 −0.004 0.0005 1.033 × 10-15

9 RBC rs9483788 6 135461324 G 0.225 HBS1L-MYB 0.65% 0.0141 0.0016 3.115 × 10-19   0.0155 0.0013 2.19 × 10-30 0.0141 0.001 1.148 ×1 0-47

12 RBC rs2075671 7 100183042 A 0.225 EPO 0.20% 0.0086 0.0016 3.058 × 10-08   0.0047 0.0016 0.003383 0.0068 0.0011 1.123 × 10-09

Replication test results for the lead SNP per locus and per erythrocyte trait (45 SNPs). Results are organized by trait, then by locus, as indicated in Table 1. Results from a combined CHARGE 
and HaemGen Consortium meta-analysis are presented. SNPID, SNP Identifier; min_all, minor allele; PhysPos, physical position. Minor allele frequency (MAF) is presented based on HapMap 
CEU. P values in bold font meet a Bonferroni-corrected significance threshold for replication of P < 0.0011 (0.05/45). Units were: Hb, g/dl; Hct, %; MCH, pg; MCHC, g/dl; MCV, fl; RBC,  
1 million cells/mm3.

 

 

©
20

09
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.



Nature Genetics  volume 41 | number 11 | november 2009	 1195

A rt i c l e s

substitutions, mutations that are already known to underlie heredi-
tary hemochromatosis, with Hb, Hct, MCH and MCV.

Gene expression in blood and 
endothelial cell lines
RNA expression levels for genes within a 1-Mb 
interval of each of the 23 loci we identified 
are presented in Supplementary Figure 2, for 
erythroblasts (EBs), human umbilical vein 
endothelial cells (HUVECs) and seven other 
blood cell lines. For the top associated locus, 
chromosome 6q23.3, four genes were identi-
fied (ALDH8A1, HBS1L, MYB, AHI1) within 
the 1-Mb interval. A heat map showing gene 
expression levels for each of these four genes 
is shown in Figure 3, demonstrating approxi-
mately twofold expression of MYB in EBs as 
compared to other cell lines. Gene expression 

was detected for genes in multiple loci (Supplementary Fig. 2). Because 
the identification of gene expression in biologically relevant tissues pro-
vides a rationale for prioritization of candidate genes for further genetic 
or functional investigations, we noted broad categories of expression 
patterns in EBs and HUVECs. The most highly expressed genes in EBs 
were on chromosomes 3q29 (TFRC), 6p22.2 (HIST1H4C, which is near 
HFE), 6p21.1 (CCND3), 10q21.3 (HK1), 16p13.3 (HBZ, HBA1), and 
22q12.3 (TST, RAC2). The genes most highly expressed in HUVECs 
were on chromosomes 6p22.2 (HIST1H4C), 7q22.1 (SERPINE1) and 
22q13.3 (MFNG).

Association with blood pressure
The results of association testing for the 45 lead SNPs within 23 loci, 
as identified from the CHARGE meta-analysis, are summarized in 
Supplementary Table 5a. We identified associations at a Bonferroni-
corrected significance threshold of P < 0.00135 (0.05/37, as 37 of the 
45 SNPs are unique) on chromosomes 12q24.1 (SH2B3) and 7q36.1 
(PRKAG2). The previously reported association of the chromosome 
12q24.1 locus SH2B3 with systolic blood pressure (SBP) and diastolic 
blood pressure (DBP) was the most significant association (rs1106598, 
SBP P = 1.2 × 10−6, HTN P = 0.0035; rs1763023, DBP P = 4.2 × 10−8). 
In the reported blood pressure and HTN analysis, signals at this locus 
spanned 700 kb, from rs3184504 to rs11066188, and association sig-
nals in Hb and Hct spanned 987 kb, from rs3184504 in SH2B3 to 
rs11066301 in PTPN11, and contained multiple genes15. Inspection 
of RNA expression data (Supplementary Fig. 2) showed that among 

MCV, MCH
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Figure 2  Results of the CHARGE meta-analysis are organized into a 
Venn diagram, demonstrating the overlap of loci meeting a genome-wide 
significance threshold of P < 5 × 10−8.
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Figure 3  Gene expression in blood and 
endothelial cells for genes in the chromosome 
6q23.3 region. (a) SNPs in the locus are plotted 
against recombination rates as observed in 
HapMap CEU, using a window of ±500 kb 
around the lead SNP identified in this locus, 
which is plotted in blue. SNPs identified by 
the CHARGE meta-analyses are color coded 
according to correlation with the lead SNP (red, 
r2 ≥ 0.8; orange, 0.5 ≤ r2 < 0.8; yellow, 0.2 
≤ r2 < 0.5; white, r2 < 0.2 white; gray, no r2 
value provided). The P value for the lead SNP in 
this region is provided. (b) A heat map of gene 
expression levels in nine blood and endothelial 
cell lines is shown, including all genes, as 
annotated by ENSEMBL 54, within the ±500-kb 
window of the locus. MK, megakaryocyte; EB, 
erythroblasts; HUVEC, human umbilical vein 
endothelial cells; CD14, monocytes; CD66b, 
granulocytes; CD19, B lymphocytes; CD56, NK 
cells; CD8, cytotoxic (Tc) T lymphocytes; CD4,  
T helper (Th) lymphocytes.
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genes in this region, SH2B3 and ATXN2 are highly expressed in eryth-
roblasts and endothelial cells. Nominal associations (P < 0.05) were 
identified in the chromosomes 6p22.2 (HFE), 6q24.1, 7q22.1 (TFR2) 
and 20q12.3 (Supplementary Table 5a); results of the evaluation of 
SNPs associated with blood pressure and hypertension are presented 
in Supplementary Table 5b.

DISCUSSION
In this meta-analysis of genome-wide association data from 24,167 
individuals of European ancestry from six cohort studies in the 
CHARGE Consortium, we identified 23 loci associated with at least 
one of the six erythrocyte traits Hb, Hct, MCH, MCHC, MCV and 
RBC. We sought evidence for replication in an additional 9,456 
individuals of European ancestry from cohorts of the HaemGen 
Consortium. In the joint meta-analysis, combining CHARGE and 
HaemGen datasets, all 23 loci had P values <5 × 10−8, meeting our 
genome-wide significance threshold and suggesting that they merit 
further study. Among the 23 loci, six were previously known quantita-
tive trait loci (QTLs), and 17 are newly associated loci, some of which 
include candidate genes whose products are known to be involved 
with iron homeostasis, erythropoiesis, globin synthesis and erythro-
cyte membrane function. Finally, an investigation of possible links 
between these erythrocyte traits and blood pressure and hypertension 
confirmed overlap at the previously known SH2B3 locus and identi-
fied additional suggestive associations, although none of these met 
our genome-wide significance threshold.

The six erythrocyte traits examined here include some that are 
highly correlated, and as expected, we observed a high degree of con-
cordance in the results across the six traits. Notably, MCHC, a ratio 
of Hb and Hct, two directly measured traits, is uniquely associated 
with chromosome 1q23.1 (SPTA1), a gene with several rare mutations 
known to cause deformation of erythrocytes16,17. Reviewing the over-
all association results, we observed there were generally three patterns 
of significant associations among the six traits (Fig. 2). Results were 
generally similar for (i) Hb and Hct, which are mainly quantitative 
measures of hemoglobin in the blood; (ii) MCH and MCV, repre-
senting erythrocyte size and quantity of hemoglobin per erythrocyte; 
and (iii) MCHC, the ratio of Hb to Hct, which appears somewhat 
distinct from the other traits. Across the six traits studied, the strong-
est signal was found in the HBS1L-MYB locus on chromosome 6q23, 
which was observed for five of the six individual traits (Hct, MCH, 
MCHC, MCV and RBC) at the genome-wide significance level. This 
locus also provided a modest but nonsignificant result for the sixth 
trait, Hb (rs4895441, P = 4.8 × 10–4). In addition, the Hb/Hct and 
MCH/MCV patterns overlapped for associations to the chromosome 
6p22.2 (HFE), 22q12.3 (TMPRSS6) and 7q22.1 (TFR2-EPO) loci. The 
RBC results represent a subset of the overlap between the Hb/Hct 
and MCH/MCV patterns, with associations observed in the 7q22.1 
(TFR2-EPO) and 6q23 (HBS1L-MYB) loci. Across the erythrocyte 
traits, overlap occurs where known patterns of traits characterize 
various clinically observed hematologic diseases, providing a possible 
context in which to interpret the overlap of associations.

We annotated and categorized the findings of our analyses by asso-
ciation with known genetic disorders, biologic function or altered 
function of the hematopoietic system, to assist with interpretation of 
the findings (Supplementary Table 4). We here consider these mul-
tiple findings in light of their potential role in several processes criti-
cal to erythrocyte biology, including iron homeostasis, erythrocyte 
membrane function, erythropoiesis and globin synthesis.

We identified genome-wide significant association of SNPs within 
the HFE gene with Hb, Hct, MCH and MCV. The mutation in HFE 

encoding the C282Y substitution is the principal cause of hereditary 
hemochromatosis, a common autosomal recessive iron overload dis-
ease in individuals of northern European descent18. This mutation was 
associated with increased MCV and Hb concentrations in a study of 
individuals drawn from a screening study for hemochromatosis and 
iron overload7, and this variant was the lead association result for both 
Hb and Hct in our study. Individuals heterozygous for either allele do 
not manifest clinical iron overload but may have an increased iron 
uptake and resistance to anemia, and the C282Y-encoding mutation 
may increase the risk of coronary heart disease by increasing iron stores 
and lipid oxidation19,20. The HFE gene induces expression of the iron 
regulatory hormone hepcidin. Hepcidin has recently emerged as the 
likely link between the inflammatory response and the handling of 
iron for erythropoiesis through its actions in both downregulating the 
absorption of iron in the intestine and inhibiting the release of iron 
from macrophages21–24. SNPs within TMPRSS6 were associated with 
Hb, Hct, MCH and MCV. TMPRSS6 was identified by linkage and asso-
ciation studies in five families and two sporadically affected individuals 
with iron-refractory iron-deficiency anemia, a rare mendelian disease25. 
TMPRSS6 encodes a type II transmembrane serine protease produced 
by the liver that regulates the expression of hepcidin25. The transferrin 
receptor (encoded by TFRC, also called TFR1) and transferrin receptor 
2 (TFR2) are highly homologous type II transmembrane proteins in 
the transferrin protein family. SNPs within TFRC were associated with 
MCH and MCV, and SNPs within TFR2 were associated with Hct and 
MCV. Reduced TFRC expression is associated with anemia26. Existing 
evidence indicates that TFR2 is also a modulator of hepcidin expression 
and that mutations in TFR2 cause hemochromatosis type 3 (ref. 27).

Two loci, chromosome 2p16.1 (BCL11A) associated with MCV, and 
chromosome 6q23.3 (HBS1L-MYB) associated with all traits except 
for Hb, are related to variation in fetal hemoglobin and hemoglobin-
β levels28,29. BCL11A is an oncogene related to B-cell malignancies30 
and regulates fetal hemoglobin expression31. BCL11A is expressed in 
erythroid precursors, and we observed BCL11A expression in EBs 
(Supplementary Fig. 2), making it a biologically plausible candidate 
gene for erythrocyte trait variation32. A healthy-population study 
showed that polymorphisms in HBS1L and MYB influences erythro-
cyte, platelet and monocyte counts10. Although the role of HBS1L is 
unknown, MYB has been associated with proliferation, survival and 
differentiation of hematopoietic progenitor cells33,34. MYB is also asso-
ciated with eosinophil counts in blood and atopic asthma35. There 
are strong associations between SNPs within this locus and multiple 
erythrocyte traits (lead SNP rs4895441, Hb P = 4.8 × 10−4; Hct P = 
9.7 × 10−10; MCH P = 7.8 × 10−32; MCHC P = 4.5 × 10−9; MCV P = 
1.0 × 10−57; and RBC P = 2.2 × 10−15). These strong genetic effects 
may explain why several earlier linkage analyses of erythrocyte traits 
have identified this chromosomal region6,11,13. SNPs within SH2B3 
are associated with Hct and Hb. Notably, the SNPs within this gene 
are associated with blood pressure, myocardial infarction, type 1 dia-
betes and celiac disease15,35–39. SH2B3 is expressed in hematopoietic 
precursor cells and increases hematopoietic progenitors of erythroid, 
megakaryocytic and myeloid lineages35,40. SH2B3 is also expressed 
in vascular endothelium, where it promotes inflammation and may 
thereby contribute to vascular disease. Expression in different cell line-
ages and tissues may underlie the diverse pleiotropic effects of SH2B3 
on hematopoietic traits, autoimmune diseases and vascular diseases. In 
the same locus, the PTPN11 gene product interacts with the transcrip-
tion factor SHP2, which has an essential role in blood development 
that has been demonstrated in a murine Shp2−/− model41, and PTPN11 
mutations cause Noonan’s and LEOPARD syndromes and juvenile 
myelomonocytic leukemia42–44. Lastly, we identified associations for 
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Hct, MCV and RBC near the EPO gene. Erythropoietin, the EPO gene 
product, a glycoprotein hormone that controls erythropoiesis, is the 
first human recombinant hematopoietic protein approved for human 
use and is now used widely for the treatment of anemia. EPO variants 
have previously been described in association with diabetic retinal and 
renal vascular complications45 but not with erythrocyte traits.

SNPs within the SPTA1 gene were associated with MCHC. SPTA1 
encodes erythroid spectrin, a protein in the erythrocyte membrane 
that is essential in determining the shape and deformability of eryth-
rocytes. Spectrin mutations have been previously associated with 
hemolytic anemia, elliptocytosis, spherocytosis and propoikilocytosis, 
but not with variations in MCHC outside of disease states16,17.

The gene expression data may be viewed as additional annotation of 
the 23 loci we identified, confirming which genes are expressed in cell 
types of interest. These data may be used to generate further specific 
hypotheses that can then be tested at a functional and molecular level.

Multiple lines of evidence formed the basis of our rationale for study-
ing the relationship of the SNPs identified through the study of eryth-
rocyte traits to blood pressure and hypertension. Earlier studies have 
shown that Hb and Hct levels are associated with increased risks for 
hypertension and a variety of other vascular diseases and for mortal-
ity1–3,46–49. From a rheologic perspective, blood viscosity depends largely 
on Hb or Hct levels and is a determinant of blood pressure50–53. There 
is an inverse relationship between viscosity and vascular blood flow54, 
and elevated Hct thereby hampers organ perfusion. Given these findings, 
we are intrigued by the overlap between the association results for Hb 
and Hct from our study and the recently reported associations for blood 
pressure and hypertension15,36. We observed overlap of associations in 
the chromosome 12q24.12 region across a 98-kb linkage disequilibrium 
block containing SH2B3, ATXN2, BRAP, C12orf03, TRAFD1, ACAD10, 
TMEM116 and PTPN11. We also identified associations within the 
7q36.1 region containing PRKAG2; this gene does not have specifically 
known hematologic or vascular roles, but mutations in the gene cause 
cardiomyopathy and disorders of the cardiac conduction system55,56. 
Neither causality nor independence of these associations is necessarily 
supported by these findings. However, the associations suggest that com-
mon genetic bases may underlie some of the correlation seen between 
erythrocyte, blood pressure and hypertension traits. Further confirma-
tion in large independent cohorts may provide stronger evidence for the 
strength and consistency of the associations with hypertension.

One limitation of the current analyses is that our study cohorts 
were limited to individuals of European ancestry. Several mutations 
affecting spectrin and globin have been identified in African American 
kindreds, and the prevalence of hemoglobinopathies of various types 
is generally higher among individuals of African ancestry, highlighting 
the need for further investigation of these findings in individuals of 
non-European ancestry57. As with any meta-analysis of genome-wide 
association results across different cohorts, population structure and 
other sources of heterogeneity may have caused false positives or false 
negatives. In the replication analysis, for those loci that did not meet a 
conservative replication test, power may have been limited, and many 
of these associations are likely to improve with additional study. Finally, 
the interpretation of multiple analyses of correlated traits requires cau-
tion, particularly in attributing causality or independence of effects. 
We take the findings from our analyses of the six erythrocyte traits to 
indicate a set of loci that are of interest with regard to erythrocyte pro-
duction, homeostasis and function. Specific differences in association 
patterns between the individual traits examined may highlight differ-
ent pathways, but further studies are needed to characterize these.

In summary, we have identified and validated common variants at 
several known and novel loci that influence the levels of six clinically 

relevant red blood cell measures in population-based cohorts. These 
QTLs have implications for understanding a variety of hematologic 
diseases as well as correlates of erythrocyte traits, such as blood pres-
sure and hypertension. Further studies are needed to examine these 
associations in ethnically diverse populations and to characterize the 
functional impact of variants at the implicated candidate genes.

Methods
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS
CHARGE Consortium organization and study samples. We performed a 

cross-sectional analysis of genotype and phenotypic data on erythrocyte 

traits in the CHARGE Consortium14, which includes five cohort studies that 

have genotyped high-density SNP markers and have phenotypic data on 

erythrocyte traits (AGES N = 3,205; ARIC N = 7,803; CHS N = 3,256; FHS 

N = 3,359; RS N = 5,523) and InCHIANTI (N = 1,021). Each participating 

study was approved by its corresponding Institutional Review Board, and all 

study subjects provided informed consent for participation in the study and 

genetic research. Participants were excluded if they were of non-European 

ancestry, as determined by self-report, and also by principal component anal-

ysis in ARIC and RS. Detailed methods for each of the participating cohorts 

are provided in the Supplementary Note. Genotyping and imputation. Brief-

ly, each study genotyped samples using high-density SNP marker platforms 

(Affymetrix SNP6.0, ARIC; Affymetrix 500K; FHS, Illumina 370K; AGES 

and CHS, Illumina 550K; InCHIANTI, RS). Genotypes were then imputed 

to a set of approximately 2.5 million HapMap SNPs using Phase II CEU 

HapMap individuals for reference using either MACH (ARIC, AGES, FHS,  

InCHIANTI, RS) or BIMBAM58 (CHS) software.

Erythrocyte phenotypes. Erythrocyte parameters studied were (i) hemoglobin 

concentration (Hb), the concentration of hemoglobin within whole blood;  

(ii) hematocrit (Hct), the percentage of whole blood comprising cellular eryth-

rocyte elements; (iii) red blood cell count (RBC), the number of red blood cells 

per volume of blood; (iv) mean corpuscular volume (MCV), the average eryth-

rocyte volume; (v) mean corpuscular hemoglobin (MCH), the average quan-

tity of hemoglobin per erythrocyte; and (vi) mean corpuscular hemoglobin 

concentration (MCHC), the ratio of Hb to Hct. The definition and units for 

each trait are provided in Supplementary Table 1. Blood was drawn from each 

participant using standard phlebotomy methods, and erythrocyte measures 

were obtained using standard clinical assays in certified laboratories.

Phenotype modeling and statistical analysis. All traits studied were con-

tinuous. Based on prior convention and visual inspection of the data, MCH, 

MCHC and MCV were natural log transformed, RBC was square root trans-

formed, and Hb and Hct were not transformed before analyses. In order to 

focus on determinants of variation of these traits in the general population 

rather than on specific hematologic diseases, which are overrepresented at 

the tails of the distribution for each of the traits, we restricted analysis to 

those individuals within 3 s.d. of the sample mean within each cohort. For 

each SNP meeting quality control criteria, linear regression was used to assess 

association with trait, separately for all six traits. An additive genetic model 

was used throughout. These regressions were adjusted for age, gender and site 

in the multicenter cohorts. In FHS, linear mixed effects models were used to 

account for relatedness, and these models included adjustment for principal 

components, computed using Eigenstrat 2.0 (ref. 59). The genome-wide level 

of significance threshold was set at P < 5 × 10−8.

The result for each cohort, including regression coefficients, standard 

errors, sample size, imputation quality, minor allele designation and minor 

allele frequency, were forwarded to a central repository. Before meta-analysis, 

we performed genomic control on each cohort-specific distribution of the 

association test statistics for each trait60. We also filtered out SNPs with allelic 

frequency <1% or poor imputation quality (the ratio of observed variance 

of imputed allele counts to the expected variance of imputed allele counts 

>1.1 from the imputation software output). Separately for each SNP and  

trait, within-cohort association results were combined in an inverse  

variance–weighted meta-analysis, as implemented in METAL. After meta-

analysis, the genomic control inflation factor, λGC, was again calculated to 

assess stratification between the cohorts and resulting inflation of the test 

statistics. Genomic control was not applied to the final meta-analysis results. 

The SNAP program was used to estimate linkage disequilibrium between the 

associated loci. Percent variance explained within each cohort was calculated 

from the r2 estimate derived from a linear regression model for individual 

lead SNPs at each trait locus and the combination of all lead SNPs per trait, 

accounting for age and gender as well.

Replication samples and analysis. The replication set included samples from the 

five population-based cohorts of individuals of European ancestry that comprise 

the HaemGen Consortium (Study of Health in Pomerania (SHIP), N = 3,200; UK 

Blood Services Common Control (UKBS1-CC1), N = 1,290; Twins UK adult twin 

registry, N = 1,510; Kooperative Gesundheitsforschung in der Region Augsburg 

(KORA)-F3 500 K study population, N = 1,643; and KORA-F4 1000 K study 

population, N = 1,814). Further information on these cohorts is provided in the 

Supplementary Note. Trait definitions were identical to those for our initial study. 

Analysis for each of the six traits undergoing replication was implemented in the 

same way as for the CHARGE analyses. For replication, we used a Bonferroni 

correction for the number of SNPs tested by the HaemGen Consortium. 

Given the smaller sample size available for the HaemGen replication analysis 

relative to the CHARGE discovery analysis, we performed a combined meta-

analysis on the top trait-locus SNPs identified by the CHARGE meta-analysis,  

to assess the impact of increasing sample size on the association signals.

Gene expression in blood cell subtypes and endothelial cells. To assist with 

prioritization of the candidate genes identified in this study, we evaluated RNA 

expression in eight blood cell lines (stem cell–derived EBs and megakaryocytes 

(MKs), CD14+ monocytes, CD56+ natural killer (NK) cells, CD4+ T helper 

(Th) lymphocytes, CD8+ cytotoxic T (Tc) lymphocytes and CD66b+ granu-

locytes) using an established catalog of gene expression in these lineages61; 

we also examined gene expression in cultured HUVECs62. For each of the 23 

identified loci, we examined the transcript levels in the nine cell types of all 

genes within a ±500-kb window centered on the lead association SNP.
Briefly, EB and MK samples were obtained by culturing CD34+ hematopoi-

etic stem cells purified from cord blood cultured, respectively, for 10 d with 
erythropoietin, interleukin-3 and stem cell factor (EPO-IL3-SCF) and for 7 d 
with thrombopoietin (TPO) and interleukin-1β (TPO-IL1β)61. Cultured cells 
were sorted by fluorescence-activated cell sorting using a monoclonal antibody 
either against CD235a (glycophorin A) or against CD41 (αIIb integrin). The 
other six blood cell types were purified from the peripheral blood of seven 
healthy subjects using the corresponding CD markers. Blood cell types were 
hybridized onto Illumina V2 Ref6 gene expression bead arrays; the detailed 
methods for isolation of other hematologic cell types, RNA extraction and 
microarray analysis are described elsewhere61. Cultured HUVECs and expres-
sion profiles were ascertained as has been described elsewhere62 and using the 
same microarray platform61.

Raw data was transformed with the variance-stabilizing transform (which 
optimally stabilizes the expression variance across the intensity range for 
Illumina bead arrays) using the R/Bioconductor package “lumi”63 and then 
subjected to quantile normalization. The mode of the transformed signal 
intensity is 7.94 and can be taken as the background intensity. The maximum 
probe intensity was 15.85, corresponding to a signal intensity of 59,000 in a 
linear scale. For each cell type and probe, a Grubbs test for outlier identifica-
tion was used, and samples with P values <0.01 were removed (implemented 
in the R package “outliers”). This was not done for the MK, EB or HUVEC cell 
types due to their smaller sample sizes (4, 4 and 3, respectively). Probe map-
pings were obtained from reannotation efforts available online.

Annotation of genetic loci. To determine genes within or neighboring each 

locus, we examined RefSeq gene annotations, build 36. To annotate the loci 

and genes, we reviewed the literature, OMIM64 and the Genetic Association 

Database65 (Supplementary Table 4).

Blood pressure and hypertension analyses. Following the observation that 

epidemiologic studies have identified a strong yet unexplained link between 

Hb and Hct and blood pressure, we examined the associations of these SNPs 
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to those previously reported meta-analysis within the CHARGE Consortium 

for systolic blood pressure (SBP), diastolic blood pressure (DBP) and hyper-

tension1,2,15. The CHARGE cohorts that contributed samples to the blood 

pressure and hypertension analyses were AGES, ARIC, CHS, FHS and RS, 

with a total sample size of N = 29,136. SBP and DBP measured at the first 

visit attended were continuous traits, and hypertension was analyzed as a 

dichotomous trait15. We tested the association of the lead SNP per locus 

for each trait (45 SNPs) for association with SBP, DBP and hypertension15, 

using a Bonferroni-corrected threshold for the number of SNPs tested. We 

additionally reversed the analysis, examining the test statistics within each of 

the six erythrocyte traits for those SNPs reported to be associated with SBP, 

DBP or hypertension15.

URLs. AGES, http://www.hjarta.is/english/ages; ARIC, http://www.cscc.

unc.edu/aric/; Cardiovascular Health Study, http://www.chs-nhlbi.org/; 

Framingham Heart Study, http://www.framinghamheartstudy.org/about/index.

html; Rotterdam Study, http://www.epib.nl/research/ergo.htm; BIMBAM, 

http://stephenslab.uchicago.edu/software.html; EIGENSTRAT, http://gene-

path.med.harvard.edu/~reich/Software.htm; GenABLE and ProbABEL, http:// 

mga.bionet.nsc.ru/~yurii/ABEL/; HapMap, http://hapmap.org/; MACH  

version 1.0.15/16 http://www.sph.umich.edu/csg/abecasis/MaCH/index.html; 

PLINK, http://pngu.mgh.harvard.edu/purcell/plink; METAL, http://www.sph.

umich.edu/csg/abecasis/Metal/index.html; SNAP, http://www.broadinstitute.

org/mpg/snap; Illumina BeadChip Probe Annotation, http://www.compbio.

group.cam.ac.uk/Resources/Annotation/.

58.	Servin, B. & Stephens, M. Imputation-based analysis of association studies: 
candidate regions and quantitative traits. PLoS Genet. 3, e114 (2007).

59.	Price, A.L. et al. Principal components analysis corrects for stratification in genome-
wide association studies. Nat. Genet. 38, 904–909 (2006).

60.	Devlin, B. & Roeder, K. Genomic control for association studies. Biometrics 55, 
997–1004 (1999).

61.	Watkins, N.A. et al. A HaemAtlas: characterizing gene expression in differentiated 
human blood cells. Blood 113, e1–e9 (2009).

62.	da Costa Martins, P. et al. P-selectin glycoprotein ligand-1 is expressed on endothelial 
cells and mediates monocyte adhesion to activated endothelium. Arterioscler. 
Thromb. Vasc. Biol. 27, 1023–1029 (2007).

63.	Du, P., Kibbe, W.A. & Lin, S.M. lumi: a pipeline for processing Illumina microarray. 
Bioinformatics 24, 1547–1548 (2008).

64.	Hamosh, A (ed.). Online Mendelian Inheritance in Man (McKusick-Nathans Institute 
of Genetic Medicine, Johns Hopkins University (Baltimore, Maryland, USA) and 
National Center for Biotechnology Information, National Library of Medicine 
(Bethesda, Maryland, USA)). <http://www.ncbi.nlm.nih.gov/omim/>.

65.	Becker, K.G., Barnes, K.C., Bright, T.J. & Wang, S.A. The genetic association 
database. Nat. Genet. 36, 431–432 (2004).
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