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Abstract

A genome-wide association study was performed in 1,130 premenopausal women to detect
common variants associated with three serum iron-related phenotypes. Total iron binding capacity
was strongly associated (p=10"14) with variants in and near the TF gene (transferrin), the serum
iron transporting protein, and with variants in HFE (p= 4x10~7), which encodes the human
hemochromatosis gene. Association was also detected between percent iron saturation (p=108)
and variants in the chromosome 6 region containing both HFE and SLC17A2, which encodes a
phosphate transport protein. No significant associations were detected with serum iron, but
variants in HFE were suggestive (p=107%). Our results corroborate prior studies in older subjects
and demonstrate that the association of these genetic variants with iron phenotypes can be detected
in premenopausal women.
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Introduction

Iron deficiency anemia is a common disease, particularly among women of reproductive age
due to menstrual blood loss[1, 2]. Iron overload is relatively uncommon, but causes toxicity
in a variety of cell types and tissues[3]. Iron balance is regulated at the level of the
enterocyte and absorbed iron is bound to serum transferrin for transport to the tissues. Serum
iron concentration, along with the unsaturated iron binding capacity of transferrin, reflect to
a large extent the state of the iron cycle in an individual. Consequently, clinical
measurement of serum iron, total iron binding capacity (TIBC) and percent iron saturation
may be used in assessing critical parameters indicating iron status[4]. Substantial portions of
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the variation in iron phenotypes among individuals have been attributed to genetic factors in
several populations[5, 6]. Importantly, Benyamin[7], Tanaka[8],McLaren[9] and Li[10]
have conducted genome-wide association studies (GWAS) of serum iron and related
measures to detect common genetic polymorphisms contributing to the observed variation in
these measures. They found significant evidence of association between these iron-related
phenotypes and single nucleotide polymorphisms (SNPs) in genes known to be involved in
iron metabolism (hemochromatosis, HFE; transferrin, TF; transmembrane protease serine 6,
TRMPSS6), as well as at other loci.

These GWAS have included few or no premenopausal women, either because of concerns
regarding the influence of menstrual blood loss on serum iron levels, or because younger
women were absent from the cohorts. Thus, it is unclear at which age the genetic
polymorphisms contributing to variation in serum iron-related phenotypes have their
effect[11]. The aim of this study was to provide data regarding genes that influence iron
metabolism in healthy premenopausal women; and further, by comparing these results with
those from published studies, to provide information on the period of life in which genetic
variants may have their primary effect. To address these aims, we performed GWAS studies
of serum iron, total iron binding capacity (TIBC) and percent iron saturation in a cohort of
1,130 healthy, premenopausal European-American women.

Material and Methods

Subjects

Full sibships consisting of healthy European-American premenopausal women were
recruited for a genetic study of bone mineral density in Indiana, along with additional
unrelated women or half-sibships meeting the same criteria[12]. DNA was isolated from
whole blood, and an additional blood sample was collected to obtain serum at the baseline
visit (age 20-45) or during a second visit 4-5 years later (for subjects yet to reach
menopause by that time)[13]. Studies were performed at the General Clinical Research
Center of the Indiana University School of Medicine. Informed, written consent (Indiana
University IRB: 8502-23) was obtained from all participants.

Iron measures

Iron and unsaturated iron binding capacity (UIBC) were measured on stored serum samples
collected in subjects after an overnight fast using a spectrophotometric assay (Randox
Laboratories; Antrim, Northern Ireland, United Kingdom). TIBC was calculated as the sum
of serum iron and UIBC. Iron saturation was calculated as serum iron / TIBC and expressed
as a percentage.

Genotyping and Imputation

Genotyping was performed on the Illumina Human610Quadvl_B BeadChips (lllumina, San
Diego, CA, USA) by the Center for Inherited Disease Research (CIDR) using the lllumina
Infinium Il assay protocol. This array contains 592,532 markers. Genotype calls and quality
control filters were applied as described previously[12]. Briefly, DNA samples with a 98%
SNP call rate and genotypes consistent with reported family structures were included. A
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principal component analysis was performed in Eigenstrat[14] to cluster these samples with
HapMap reference samples (CEU, YRI, CHB, and JPT). Only samples consistent with
European ancestry were retained. Subsequently, individual SNP metrics were computed.
SNPs having a call rate less than 95%, estimated minor allele frequency (MAF) less than
0.03 or significant deviation (p<0.0001) from Hardy Weinberg equilibrium were removed
from further analysis. The genotype dataset taken forward for imputation contained 539,566
SNPs.

The IMPUTEZ2 software[15, 16] was used to generate genotype data for the 1000 Genomes
Phase I SNP map in chromosomal regions with genome-wide significant evidence of
association (p<5x1078) to one or more of the iron phenotypes. The integrated variant set for
samples of European descent was used as the source of reference haplotypes. The original
genotype call was not overwritten for the set of SNPs genotyped on the Illumina array. A
large subset of rare and low-frequency variants (MAF < 0.03) or those of lower imputation
certainty (IMPUTEZ2 info score < 0.3) were excluded from association analyses.

Statistical analysis

Results

For each of the phenotypic measures, distributions were evaluated and transformations
applied as necessary to remove skewness or kurtosis. Pearson correlation coefficients (r)
between the measures were computed using SASv9.1 (SAS Institute, Cary, NC, USA), and a
subset of phenotypes selected for GWAS analyses to minimize the number of tests
performed.

For each genotyped SNP in the filtered dataset, association tests were performed separately
for each of the selected phenotypes. These models were fitted with R package GWAFv2.1,
using a mixed model to account for relatedness within our sample[17]. Genome-wide results
for each phenotype were evaluated for evidence of inflation of the association statistics.
Genomic control as implemented in METAL[18] was applied as needed to correct for
cryptic admixture or phenotypic non-normality. Imputed SNPs in chromosomal regions with
evidence of association to one or more phenotypes were tested for association in the same
manner.

Evaluation of the iron phenotype distributions showed that only iron concentration was not
normally distributed (skewness=0.71); this was corrected by a natural-logarithm
transformation (skewness=0.11). Summary statistics for the iron phenotypes and subject
demographics are provided in Table 1, and Pearson correlation coefficients (r) between the
four iron phenotypes are shown in Table 2. Serum samples from study visits 4-5 years after
baseline were included for 7 premenopausal subjects among the subset of our GWAS cohort
included in the current report, when serum from the baseline visit was unavailable. Table 1
shows that demographic parameters are unchanged from the previous publication. Pairwise
values of |r| greater than 0.5 with all other phenotypes were observed for UIBC; therefore,
TIBC, iron, and iron saturation were selected as outcome measures for quantitative GWAS
analyses.
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Results for the genome screen for TIBC are shown in Fig. S1A (Supplementary material).
There was evidence of inflation of the genome-wide association statistics (A=1.18) and
genomic control was applied. Evidence of association for TIBC far surpassing the typical
threshold for genome-wide significance (5x1078) was found on chromosome 3 (133.48 Mb,
build 37 coordinates), with the most significant results found for a group of relatively
common SNPs (MAF=0.33) in the region of the transferrin (TF) gene (Fig. 1A). SNPs at or
above the genome-wide significance level spanned the full length of the TF gene, extending
from the region 5” of TF, to the 5’ region of the neighboring gene, SRPRBS.

Results of the association analysis of the iron saturation phenotype are shown in Fig. S1B.
Inflation of the full set of test statistics was minimal (A=1.05) and corresponding corrections
were not applied. Genome-wide significant evidence for association (p=2x1078) was
observed for iron saturation near the major histocompatibility complex (MHC) region on
chromosome 6, with SNPs of modest allele frequency (MAF=0.06-0.08). These included
the nonsynonymous variant rs1800562 (C282Y) in the hereditary hemochromatosis (HFE)
locus (Fig. 1B). SNPs in this region also approached the significance threshold with the
other iron phenotypes as well (p<1x1078; Tables S1A-S1C, Supplementary material).

Results of the GWAS for iron level are shown in Fig. S1C. As for iron saturation, genomic
control correction was not necessary (A=1.04). None of the genotyped or imputed SNPs
demonstrated genome-wide evidence of association.

Discussion and Conclusions

Our GWAS, in a sample of healthy premenopausal women for three iron phenotypes,
detected highly significant associations with several loci previously reported in samples of
older subjects. The strongest evidence for association was observed with TIBC in the region
of the gene for transferrin (TF) on chromosome 3 with p<10~13 after genomic control
correction. This is consistent with the finding observed in older individuals [9, 19], using a
case-control approach for iron deficiency. This association clearly reflects the importance of
genetic variants in transferrin, the main protein responsible for transporting iron in blood, to
variation among individuals in the iron cycle.

The iron saturation phenotype demonstrated significant evidence of association on
chromosome 6, with the hemochromatosis gene (HFE) variant C282Y [20] and nearby
SNPs. Evidence of association to this region has been observed in studies of iron-related
measures in older individuals [8, 9]. Recessive defects in this gene are responsible for
hemochromatosis, a hereditary iron storage disease. The wild-type HFE protein modulates
signaling of iron-bound transferrin through receptors co-localized to the hepatocyte
membrane, stimulating hepcidin production and down-regulating enteric iron transporter
ferroportin, resulting in decreased iron absorption [3]. The reason for the association of iron
saturation and HFE variants among individuals without hemochromatosis is unclear, but
may reflect the dependence of TIBC values on both iron-saturated and unsaturated binding
sites; TIBC also demonstrates suggestive evidence of association to the HFE region in our
sample (p=4x1077).
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A highly significant association of serum iron concentration with SNPs in TRMPSS6 on
chromosome 22, a gene involved in regulation of iron absorption in which mutations cause
iron-deficiency anemia, has been reported in studies of iron phenotypes in older subjects of
both sexes [8, 19]. Only minimal evidence of association at this locus was present in our
study (p=0.005-0.01 for iron phenotypes). It is possible that this lack of association could be
due to limited power, but it is consistent with a smaller effect of variation at this locus in
premenopausal women.

There was large degree of overlap between our most significant GWAS findings and those
of studies conducted by others for a variety of iron-related phenotypes. However, large
GWAS studies of hemoglobin levels have typically detected effects at only a subset of these
loci[21, 22]. Anemia only occurs at more severe iron deficiency, but we were unable to
make a direct comparison of genetic association results for hemoglobin due to lack of
hematologic measures on our subjects. We also were unable to assess other measures of total
body iron stores such as ferritin or the soluble transferrin receptor; however, our strongest
association findings with serum iron coincide with the loci detected by GWAS studies of
these measures[7, 9]. Assessments of iron or ferritin may be complicated by acute changes
in levels during infection or inflammatory responses[23]; however, our subjects were
healthy young adult volunteers recruited for a genetic study of bone density, unlikely to have
infection or inflammatory responses that might cause acute changes in iron and ferritin
levels at time of sampling. Within this population, FGF23 and other factors related to
mineral homeostasis have also been linked to serum iron concentration [24]. FGF23 has also
been associated with ferritin concentration and hemoglobin, but not with inflammation[25,
26].

Our GWAS for iron phenotypes in a sample of healthy premenopausal women provides
strong evidence that the genetic variants which have been shown to influence iron
phenotypes in older people also influence these traits in during the premenopausal period.
Continued studies of these effects across the lifespan will help elucidate the complex genetic
architecture of both normal variation and disease states involving iron metabolism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Genome-wide significant results for key phenotypes: A) TIBC and TF gene on
chromosome 3; B) Iron Saturation and HFE gene on chromosome 6
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for association. The most significantly associated SNP is shown with purple diamond and its
dbSNP identifier is indicated. The extent of LD (as measured by r?) between each SNP and
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Table 2

Pearson correlation coefficients (r) for the assayed or calculated iron-related phenotypes (n=1130)

Variable TIBC Iron Iron
saturation

Iron 0.08

Iron saturation -0.22  0.90

UIBC 0.77 -0.55 -0.79
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