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€ Writing group.

Introduction metabolite of vitamin D, 1,25(OH)y-D. Despite heritability

estimates of 33-78%, the genetic determinants of serum calcium

Normal calcium homeostasis is regulated by three major
hormones acting on their corresponding receptors in gut, kidney,
and bone: parathyroid hormone (PTH) release governed by the
calcium-sensing receptor (CASR), calcitonin, and the active
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are poorly understood [1,2,3]. We have previously reported a
variant in CASR associated with calcium concentrations in
European-ancestry individuals [4,5]. To detect additional loci,
we conducted a two-stage genome-wide association meta-analysis
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of serum calcium and studied expression of identified genes in key
calcium homeostatlc organs in the mouse under various calmum
diets.

Results

Genome-WIde assoctatxon meta- anaIySIS in Europeans
The discovery analysis consisted of 39,400 individuals from 17

population-based cohorts of European descent (Table 1 and

Table S1). There was little ‘evidence for population stratification
at study level (median genomic inflation factor, A = 1.006) or meta-
analysis level (A =1.03), and we detected an excesé of association
signals beyond those ‘expected by chance (Figure S1). :

The CASR locus, previously identified in Europeans, was
confirmed in our meta-analysis (P=6.5E-59, Figure S2) [4,5].
In addition, SNPs from five independent regions reached genome-
wide significance (P<5E-08) in the overall discovery meta-analysis
(Figure 1, Table 1, Table 82): rs1550532 (in DGKD, P=4.60E-
08), rs780094 (in -GCER; P=3.69E-11),- rs17711722 . (near
VKORCILI, P=2.78E-11), 17481584 (in  CARS, P=9.21E- 10)
and rs1570669 (near CYP24A41; P=3.98E-08).

Fourteen SNPs from Stage 1 were sent for Stage 2 validation in
=21,679 additional Europeans: the twelve independent (=1 Mb
apart) SNPs with lowest P values (6.5E-59 to 8.1E-06) in
Europeans - and - two —additional -genome-wide significant - loci
(rs9447004 and rs10491003) from a combined sample including
8318 Indian-Asians (Table 1). Of the fourteen SNPs; seven were
considered successfully replicated (i.e. were in the same direction
of effect as the discovery meta-analysis, had a one-side replication
P<0.05 and were genome-wide significant (P<5E-8) in combined
meta-analysis of discovery and replication sets). These were
rs1801725 in CASR, rs1550532 in DGKD, rs780094 in GCKR,
1rs7336933 near KIA40564 and DGKH, rs10491003 (closest gene
GATA3), rs7481584 in CARS and rs1570669 near CYP2441
(Table 1). Regional association plots are presented in Figure
83. Details on the seven SNPs that did not replicate are presented
in Table 8$2. Association results for serum calcium in Caucasians
for all SNPs with P value<5*E-5 are listed in Table 83. In a

secondary analysis, all SNPs identified in the primary analysis

showed consistent and significant association with serum calcium
adjusted for serum albumin (Table $4, Figure S4), as well as an
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excess of association signals beyond those expected by chance
(Figure 85); no additional locus was identified using albumin-
corrected serum calcium (Table SS).

Copy number variations (CNVs) and eQTL analyses

We found no significant association of the 7 replicated SNPs
known to provide reliable tags for copy number variations (CNVs)
in people of European-descent from the Hypergene dataset. For all
the SNPs, the calculated correlation was below 0.002. We also
explored a list of SNPs. tagging CNVs from the GIANT
consortium.- Out the 7. SNPs tested only the rs1570669. was. in
slight linkage - disequilibrium - (r? = 0.54) with one ‘SNP. of the
WTCCC2 list (rs927651).- The  corresponding SNP - tags the
CNVR7875.1 CNV located 455b from the SNP of interest.:

For each of the 7 replicated SNPs, we identified all proxy SNPs
with 12>0.8 in HapMap CEU (releases 21; 22, and HapMap 3

‘version 2) " using the online SNAP  database *(http:/ /www.

broadinstitute.org/mpg/snap/). This led to the identification of
40 SNPs. We then’ queried each of these SNPs in the eQTL
database of the University of Chicago (http://eqtl.uchicago.edu/
cgi-bin/gbrowse/eqtl/). Three of the seven SNPs are in strong
linkage disequilibrium with an éQTL, as illustrated in Table S6.

Information on genes mapping |nto the rephcated
genomlc reglons )

- Proposed functions of the genes mapping into the associated
intervals (250 kb) are in Box 1 and in Table 87 for the gene-
rich GCKR region. We report in Table S8 the mechanism and/or
location of all available biological processes, cellular components

- and molecular- functions related to the genes mapping into the
< .associated intervals from the AmiGo 1.8 gene ontology database.

We also queried the OMIM database for each genes located
within £250 kb of the replicated loci (Table S9)

Validation across ethnicities

‘In Indian-Asians, ‘all ‘7 replicated SNPs had - beta-coefficients
that . were - direction-consistent with - the -primary analysis and 3
were statistically significant (P<0.05): rs1801725 (CASR, P=1.4E-
31), 151550532 (DGAD, P=0.002) and rs10491003 (GATAS,
P=0.009) (Table $10). In Japanese, 3 SNPs had betas that were
direction-consistent with the primary analysis, but only rs1801725
(CASR) was associated with serum calcium (P=0.001) (Table
$10).

Associations with related phenotypic traits

We conducted analyses of related bone mineral and endocrine
phenotypic traits for the 7 replicated loci (Table 2). Several SNPs
were associated (P<0.05) with bone mineral density (BMD) in the
GEFOS consortium [6]: rs1801725 at CASR (P=0.025; previously
reported [4, 5]) and rs780094 (GCKR) at the lumbar spine
(P=0.006), 'rs1570669 at CYP2441 at the femoral neck
(P=0.04), and 151550532 at DGKD at both the lumbar spine
(P=0.003) and the femoral neck (P=0.003). For endocrine
phenotypes, rs1570669 at CYP24AI was associated with higher
PTH concentrations (P=0.0005) and rs1801725 at CASR with
higher serum PTH concentrations (£=0.028) and lower serum
phosphate concentrations, as previously reported [4,5]. No SNP
was associated significantly with circulating 25-OH vitamin D
concentrations (all £>0.05) in the SUNLIGHT consortium [7].

Animal studies
We selected biologically plausible gene(s) at each locus for i vivo
studies in a mouse model as described in Methods® section. We
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Table 1. Genome-wide significant and replicated loci for serum calcium in Europeans.
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P values are corrected for inflation using genomic control. Repiication criteria; overall genome-wide significance (P<5E-8) and one-sided replication P<0.05. |>.was zero for rs1801725, rs1550532, rs10491003, rs7336933 and

151570669 (12 P>0.20). For rs780094 and rs7481584, 1> were 0.79 and 0.43 with I? P 0.03 and 0.19, respectively. For these latter SNPs, sample size weighted meta-analysis P values were 2.93E-10 and 2.03E-10, respectively.

Chr, chromosome. Effect A1

*one-sided P values.

beta regression’ coefficient for allele A1; SE, standard error.

doi:10.1371/journal.pgen.1003796.t001
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first analyzed gene expression in the three primary calcium-
handling organs: duodenum, kidney and bone (tibia). CASR for the
rs1801725 locus, DGKD for the rs1550532 locus, GATAS3 for the
rs10491003 locus, CARS, NAPIL4 and CDENIC for the rs7481584
locus, DGKH and KIAA0564 for the rs7336933 locus, were
expressed in all organs, whereas CYP24A41 (rs1570669 locus) was
solely, and PHLDA? (rs7481584 locus) mainly, expressed in the
kidney (Figure 2). No significant expression of GCKR (rs780094
locus) was observed in any organ tested, which is of interest
considering the strong attenuation of the association of rs780094
with serum calcium after adjustment for albumin (Table $4). In
micro-dissection of nephron segments [8,9], DGKD, DGKH, CARS,
KIAA0564 and CYP24A1 were primarily transcribed in the

‘proximal tubule, CASR in the thick ascending limb, and GATA3

predominantly in the distal nephron and collecting duct
(Figure 3). :

In order to determine regulation of gene expression by calcium
intake, we measured gene expression levels in mice fed low and
high calcium diets (0.17% vs. 1.69% calcium) for one week, with
normal diet as control (0.82%) (Figure 4 and Table S11). In the
kidney, both DGKD and DGKH were upregulated in response to
low calcium diet (P=<0.05; Figure 4). In the tibia, CASR was
markedly upregulated in response to low calcium diet (2.5-fold
increased expression), as were GATA3, KIAA0564 and CARS
(P=0.05 for all; Figure 4), findings that suggest regulation by
1,25(0H)%-D. DGED and DGKH were upregulated in the tibia in
response to high and low calcium diet (P=0.05 for all; Figure 4).

- The expression in duodenum of the majority of genes was not

modified by dietary calcium, with the exception of NAPIL4 and
CDENIC. ' :

Discussion

We have identified and replicated one known and six new loci
for serum calcium near genes linked to bone metabolism and
endocrine control of calcium.- Of ‘these, 4 loci (DGKD, GCER,
CASR, and CYP2441) were nominally associated with BMD in the
general population. In supporting mouse studies, we demonstrate
expression of several of these genes in tibia, and show regulation of
gene expression in response to dietary calcium intake. We also
demonstrate expression in nephron segments known to regulate
calcium homeostasis. Taken together, these results shed new light
on the genetics of calcium balance.

The vast majority of total body calcium is bound in the skeleton
as hydroxyapatite and other calcium-phosphate complexes [10].
Apart from providing skeletal strength, bone serves as a calcium
reservoir to maintain tightly controlled circulating concentrations
vital to cellular signaling, muscle contraction and coagulation [10].
However, the genetic basis of the dynamic cross talk that occurs
between ‘these compartments is poorly understood. Our results
advance our understanding in this area. Eight genes identified in
the GWAS are constitutively expressed in bone and are regulated
in response to dietary calcium, in particular low calcium diet,
whereas no clear change was observed in kidney or duodenum.
This bone reactivity in response to dietary calcium intake is
consistent with what was recently reported for CASR [11]. Further,
of the eight genes expressed in bone and regulated in response to
dietary calcium, we show that rs1550532 (DGKD) and rs1801725
(CASR) are associated with BMD in humans, the primary
determinant of fracture risk.

The A allele of rs1570669 (CYP2441 locus) was associated with
reduced BMD at the femoral neck although CYP2441 was not
found to be expressed in bone in mice experiment, which suggests
an indirect role in bone mineralization. This may occur via its
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Figure 1. Genome-wide association for serum calcium in discovery analysis in Europeans. Manhattan plot showing —log;o(P values) for
all SNPs in the discovery GWAS for uncorrected serum calcium in Europeans (N =39,400), ordered by chromosomal position. The plot is truncated at
—log10 P values of 10 (truncated —log;cP values for GCKR ‘and CASR). The values correspond to the association of .uncorrected serum calcium,
including age and sex as covariates in the model-as well as study-specific covariates if needed. The gene closest to the SNP with the lowest P value is
listed at each locus. Six loci reached genome-wide significance (P<\5E-08) at discovery analysis (GCKR, DGKD, CASR, VKORCILT (in grey on
chromosome 7), CARS and CYP24A1. The seven loci that reached genome-wide significance at the combmed analysis following replication are
highlighted in red (GCKR, DGKD, CASR, GATA3, CARS, DGKH-KIAA0564 and CYP24A7). .

doi:10.1371/journal.pgen.1003796.9001

documented role in vitamin D metabolism, discussed below, and/
or its association with higher PTH concentrations 1clent1ﬁed in the
present analysis.

We observed specific expression patterns of several genes in
the mouse nephron: DGKD, DGKH, CARS, KIAA0564 and
CYP24A1 were primarily transcribed in the proximal tubule,
CASR expression was mostly localized to the thick ascending
limb, whereas GATAS was predominantly found in the distal
part of the nephron and the collecting duct. This pattern of
expression in segments known to be involved in calcium
reabsorption suggests a role in renal calcium handling and is
consistent with previous exploratory transcriptome analyses in
humans and -mice - [12,13]. Both- DGKD and DGKH were
significantly upregulated in the kidney in. response to low
calcium diet, suggesting specific involvement of these genes in
renal calcium handling.

Several of the newly identified loci harbor genes linked to the
hormonal control of serum calcium. First, the association of CASR
with PTH concentrations is consistent with its known role in PTH
signaling. Second, several lines. of evidence implicate rs1570669
(CYP24A1) in the vitamin D pathway: its association with serum
calcium and PTH concentrations, its selective expression in the
proximal tubule where 1,25(OH)2-D metabolism occurs, and that
loss-of-function :CYP244] mutations cause - vitamin - D-induced
hypercalcemia -in children (idiopathic -infantile hypercalcemia).
Third, we identified variants linked to 2 chromosomally ‘distinct
isoforms of diacylglycerol kinase, part of the phosphoinositol
second messenger system, that may interact with each other at the
protein level [14,15].

Strengths of this study are the large sample size and consistent
mouse studies to support the statistical associations and advance
our knowledge of the biology at these loci. Human and mice
largely share physiological processes linked to calcium metabolism,
including tissue-specific gene expression. Limitations include the
lack of a direct marker of bone remodeling and the potential for
bias in gene selection for experimental follow-up. Mice may
display subtle differences in the regulation of the genes tested
compared to humans.

PLOS Genetics | www.plosgenetics.org

We have identified and replicated one known and six new loci
for serum calcium near genes linked to bone metabolism and
endocrine control of serum calcium. Supporting experimental
mouse studies suggest a role for dietary calcium in bone-specific
gene expression. Further 'work is needed to identify the causal
variants and to understand how they influence calcmm homeo-
stasis.

Materials and Methods

Ethics statement

In each human study, the local institutional review board
approved the study and participants signed written informed
consent; including for DNA analyses. The experimental protocol
in mice was approved by the local veterinarian authorities and
fulfilled Swiss federal regulations for experiences with animals.

Participating studies (human data)
Discovery and replication cohorts. A list of all discovery
and replication studies, their sample size, mean serum calcium
levels, age and serum albumin as well as proportion of women can
be found in Table S1. We replicated findings using de. novo
genotyping in the Bus Santé Study and in siico data in all other
cohorts. In most studies, serum calcium was measured using a
colorimetric assay. The size of discovery tables varied from 488 to
9,049 for a total of 39,400 participants. A detailed description of
the characteristics of discovery and replication cohorts, including

laboratory method for serum calcium measurement, can be found
in Table S12.

Genotyping

Detailed information on the genotyping plateforms and data
cleaning procedures for each discovery and replication cohort can
be found in Table S13. De novo replication genotyping was
perfomed in 4670 participants to the Bus Santé Study using
KASPar v4.0 after whole genome amplification by primer
extension pre-amplification * (PEP) using thermostable DNA
polymerases.
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250H Vitamin D
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Serum phosphorus
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—0.009

—0.024 0.009 0.006 32946

Lumbar bone density

rs780094

08 20366 —-1.630 0.1 4181 —0006 0011 06

0.

0.006
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0.2

31667 0.013 0.009

A
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rs7481584

0.010 0.0005

4181 0.035

20385 09

0.006
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32900
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0.009
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0.5
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NA, not available. P values<0.05 were considered as statistically significant. A1, effect allele. , regression coefficient for allele A1, SE, standard error: P, two-sided P value. Zscore, z score.

doi:10.1371/journal.pgen.1003796.t002
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Statistical analyses for the genome-wide association
meta-analysis e

In each discovery study, genotyping was performed using a
genome-wide chip and nearly 2.5 million SNPs were genotyped
or imputed using the HapMap CEU panels release 22 or 21 as
the - reference. Each study applied quality control before
imputation. Detailed imputation information is provided in
Table $13. Each SNP was modeled using an additive genetic
effect (allele dosage for imputed SNPs), including age and sex as
covariates in the model as well as study-specific covariates if
needed (e.g. principal components, study center). The primary
dependent variable in each discovery study was untransformed
and uncorrected serum calcium expressed in mg/dL. Beta
regression. coefficients and standard errors were used with at
least 5 decimal places. For secondary analyses, albumin-
corrected serum calcium was computed using the following
formula: ([4-plasma albumin in g/dL]x0.8+serum calcium in
mg/dL) and the same model as for the primary analyses was
used. Each file of genome-wide summary statistics underwent
extensive quality control prior to meta-analysis both for primary
and secondary analyses, including (1) boxplots of all beta
coefficients, as well ‘as all standard errors multiplied by the
square-root of the sample size, for each study separately; (2) the
range of P values, MAF, imputation qualities, call rates and

‘Hardy-Weinberg equilibrium P values and (3) QQ plots. In
“addition, we checked the direction and magnitude of effect at

the previously reported rs1801725 CASR variant. Genome-wide
meta-analyses were conducted in duplicate by two independent
analysts. For each SNP, we used a fixed effect meta-analysis
using inverse-variance weights as implemented in the meta-
analysis utility Metal [16]. Results were confirmed by-a z-score
based ‘meta-analysis.-Data were available for 2,612,817 geno-
typed or imputed autosomal ‘SNPs for the  primary and
secondary analyses. After the meta-analysis, genomic control
correction was applied (A\GC was 1.03 for both uncorrected and
corrected serum calcium). Our pre-specified criterion to declare
genome-wide significance was P value<5E-8 to account for 1
million independent tests according to the Bonferroni correc-
tion. We choose to move forward for replication all SNPs with
discovery P value<lE-7 in the European sample or genome-
wide significant SNP in the overall sample that included Indian
Asians. To choose a single SNP. per genome-wide associated
region for replication, we merged all SNPs within'1 Mb region
and selected the lowest P value for each region. Altogether,
fourteen SNPs were moved forward for replication. Up to
17,205 participants contributed information to. the replication
analyses i silico and 4,670 participants provided data for de novo

- genotyping. We used fixed-effects -inverse-variance weighted

meta-analysis to -combine discovery and - replication meta-
analysis results. Replication was considered as present whenever

~-a combined P value<5E-8 together with an effect-concordant

one-sided replication P value<<0.05 were obtained.

Data for look-ups of serum calcium loci with related
phenotypes

We conducted look-ups for femoral and lumbar bone density in
the GEnetic Factors of OSteoporosis (GEFOS) dataset [17]. Bone
mineral density (BMD) is used in clinical practice for the diagnosis
of “osteoporosis and bone ‘density at different skeletal sites is
predictive of fracture risk. BMID was measured in all cohorts at the
lumbar spine (either at L1-L4 or L2-14) and femoral neck using
dual-energy X-ray absorptiometry following standard manufac-
turer protocols [17]. Serum phosphorus was looked up from a
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Figure 2. Relative mRNA expression of replicated genes in three calcium-transporting tissues (kidney, duodenum, tibia). The
expression (based on delta CT [cycle threshold] normalized to actin) of the selected genes is compared to the expression of the CASR gene in the
duodenum, thereby providing a relative expression. Cut-off was set at delta CT=15. Data are means = standard error of the mean (SEM) of values
obtained from 5 mice fed a normal diet. GCKR was not expressed.

doi:10.1371/journal.pgen.1003796.g002

previously published 'GWAS meta-analysis, including 16,264 complex [18]. The 25-hydroxyvitamin D was Iooked;up in the
participants of European ancestry  [18]. Serum phosphorus SUNLIGHT consortium [7], which includes data from 33,996

concentrations were quantified using an automated platform in individuals of European descent from 15 cohorts. 25-hydro-
which inorganic phosphorus reacts with ammonium molybdate ~ xyvitamin D concentrations were measured by radicimmuno-
in an ‘acidic solution to form a colored phosphomolybdate assay, chemiluminescent assay, ELISA, or mass spectrometry
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Figure 3. Relative mRNA expression of identified genes in kidney tubule segments. The renal tubular segments analyzed were the
proximal tubule (PROX), the thick ascending limb of the loop of Henle (TAL), the distal convoluted tubule and connecting tubule (DCT-CNT), and the
cortical collecting duct (CCD). The expression (based on the delta CT [cycle threshold]) of the selected genes is compared to the expression of the
CASR gene in the PROX, thereby providing a relative expression. Data are means of values obtained from 3 mice fed a normal diet. GCKR was not
expressed.

doi:10.1371/journal.pgen.1003796.9003
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Figure 4, Relative mRNA expression of identified genes from mice fed a low (0.17%) and high (1.69%) calcium diet compared to
mice fed a normal calcium diet (0.82%). Data are means* SEM of values obtained from 5 mice for each diet group. Expression levels were
normalized to actin. Statistical significance of the difference between diets was calculated using unpaired t-test. *: P<0.05 (low compared to high); §:

P=0.05 (low compared to normal); # P=0.05 (high compared to normal).

doi:10.1371/journal.pgen.1003796.g004

[7]. PTH was looked-up in the SHIP and SHIP-Trend studies.
The serum parathyroid hormone concentration was measured
on the IDS-iSYS Multi-Discipline Automated Analyser with the
IDS-iSYS Intact PTH assay (Immunodiagnostic Systems Lim-
ited, Frankfurt am Main, Germany) according to the instruc-
tions for use. This chemiluminescence immunoassay detects the
full-length parathyroid hormone (amino acids .1-84) and the
large parathyroid hormone fragment (amino acids 7-84). The
measurement range of the assay was 5-5000 pg/mL. The limits
of blank, detection and quantitation were 1.3 pg/mlL; 1.4 pg/
mL, and 3.6 pg/mL, respectively. As recommended by the
manufacturer, three levels of control material were measured in
order to verify a decent working mode. During the course of the
study, the coefficients of variation were 14.02% at low, 6.64% at
medium, and 6.84% at high serum parathyroid hormone
concentrations in the control material in SHIP and the
corresponding percentages were 16.8% at low, 10.7% at
medium, and 9.0% at high serum parathyroid hormone
concentrations in the control material in SHIP-Trend.

Copy Number Variation (CNV) analysis

The Hypergene dataset (a 4206 samples case-control study
concerning hypertension genotyped using the Illumina 1M chip)
has been used to call CN'Vs and to check their correlation with the
SNPs of interest. The CNVs calls have been done using pennCNV
software [19]. A SNP by sample matrix with the copy number
status was created. Then the square correlation (Pearson
correlation) between value of each SNP of interest and the SNPs

copy number status in a +/—2 Mb region was calculated. The

SNPs of interest for which no correspondence has been found in
the Hypergene dataset have been replaced by the closest SNPs in
high linkage disequilibrium (LD) and present in the Hypergene
dataset. LD between the SNPs of interest and a list of SNPs
tagging CNVs from the GIANT consortium has also been
calculated. The SNPs from the GIANT list are in LD higher
than 0.8 with their corresponding CNV.

Gene ontology classification analysis

We queried the AmiGo 1.8 gene ontology database for each
gene located within *250 kb of the seven replicated SNDPs,
including rs1801725 (CASR). (http://amigo.geneontology.org/ cgi-
bin/amigo/go.cgi, last accessed November 6, 2012). We used
Homo sapiens as a filter for species.

Expression quantitative trait locus (eQTL) Analyses

For each of the 7 replicated SNPs, we identified all proxy SNPs
with r*>0.8 in HapMap CEU (releases 21, 22, and HapMap 3
vers. 2) wusing the online SNAP = database = (http://www.
broadinstitute.org/mpg/snap/). We then queried each. of these
40 SNPs in the eQTL database of the University of Chicago
(http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/).

Rationale for gene selection for experimental analyses in
mouse

The rs1801725 SNP encodes a missense variant in exon 7 of
the CASR gene leading to an alanine to serine substitution
(A9868S). Given the key physiological role of CASR in calcium

PLOS Genetics | www.plosgenetics.org

homeostasis (monogenic disorders of calcium balance), this gene
was the logical candidate for analysis in mouse at this previously
identified locus.

For the 6 newly identified loci, the precise rationale for gene
selection varied from one locus to the other, but the main
criteria was to -focus on the most biologically relevant gene.
Rs1550532 on chromosome 2 is an intronic SNP of DGKD,
which was the most likely biological candidate for this locus and
was therefore selected for analysis in mouse. None of the other
genes located in this region (£250 Kb) has a known link with
calcium homeostasis (Box 1) and rs1550532 is.not in strong
linkage disequilibrium with an eQTL (Table 86). We also took
into account the fact that another member of the DGK family,
namely DGKH was located near one of the other replicated
loci, on chromosome 13.

Rs780094, on chromosome 2, is located in intro 16 of GCER
and is in strong linkage disequilibrium (r* =0.93) in Caucasians
[20], with a common non-synonymous SNP (P446L, rs1260326)
associated with glucokinase activity # vitro [20,21]. This SNP has
been associated with'multiple other phenotypes in previous GWAS
and it is in strong linkage disequilibrium with an eQTL (Table
$6). Previous fine mapping analysis of this locus has attributed the
signal from rs780094 to the functional rs1260326 variant [20]. The
GCER locus may indirectly influence calcium concentrations via its
assoclation with albumin levels [22]. In line with this, we observed
an attenuation of .the association of rs780094 with albumin-
corrected . serum _calcium compared to the association with
uncorrected - serum calcium and we found GCKR not to be
expressed in any of the key organs involved in calcium homeostasis
that we tested in mice. We selected GCER for analysis in mouse at
this locus. e :

Rs10491003 on chromosome 10 is located within a long non-
coding RINA: For this locus, we selected GATA3, the nearest and
only gene located within this region, for analysis in mouse.
GATAS3 is implicated in monogenic disorders of calcium balance.

Rs7481584 is located within CARS (intronic. SNP) in an
imprinted region known to play a role in multiple cancers, which
makes this locus a plausible candidate for malignancy-related
hypercalcemia. Other plausible biological candidates in this locus
are NAPIL4, PHLDA2 and CKDNIC (Box 1). Rs7481584 is in
strong LD with 2 eQTLs, one associated with the expression of

NAPIL4 (rs2583435) and the other one associated with the

expressions of SLC22418 and SLC224184S. We selected CARS,
NAPIL4, PHLDAZ2 and CKDNIC for analyses in mouse. o

For rs7336933, we selected the two only genes (DGKH and
KIAA0564) located under this association peak on chromosome 13
for analyses in mouse.

- Finally, 51570669 is an intronic SNP of CYP2441, a strong
biological candidate implicated in monogenic disorders of calcium
balance. The two other genes of this region (BCAS! and PFDN%)
have no. known link with calcium homeostasis. Furthermore,
151570669 and PEDN4 are separated by a recombination hot spot.
We selected CYP24A1 for analysis in mouse.

As animal experiments started while the replication process was
underway, we had also initially selected the following genes for
analysis in mouse: RSG14 and SLC3441 at locus rs4074995
(discovery P value =2.4E-07), VKORCILI at locus rs17711722
(discovery P value = 2.8E-11), PYGB at locus rs2281558 (discovery
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P value = 6.4E-07), CD109. at locus rs9447004 (discovery . P
value = 8.1E-06). No gene was selected for the rs2885836 and
rs11967485 and rs12150338 loci in the absence of obvious

candidate. Results for these unreplicated: loci .can be found in -

Figures $6, S7 and S8. We present these results for quality
control purposes: SLC3441 (also known as NAPI-3 or NPT2),
which encodes solute ~carrier family 34 (sodium phosphate),
member 1, was expressed in the kidney, but neither in duodenum
nor in bone, as expected hased on current knowledge on this
phosphate - transporter. - In the - kidney “SLC3441  was ‘mainly
expressed proximally and SLC34A41 expression was upregulated
under low calcmm dzct which is in line with the known function of
this gene.

Mouse experlments

Five G57bl/6 mice (Janvier) per group were fed, for one week,
three different diets in which the percentage of calcium were
0.17% (low calcium diet), 0.82% (normal calcium diet) and 1.69%
(high calcium diet) and had free access to water. 12:12 hours light/
dark alternance was imposed. At the end of the week of the specific
diet, spot urine were collected and mice were anesthetized. Blood
was collected by retro-orbital puncture. Organs were immediately
harvested and snap frozen. RNA was extracted using Trizol
(Invitrogen) and reversed -transcribed with ‘PrimeScriptTM RT
reagent ‘Kit' (Takara Bio Inc). Calcium, sodium, phosphate and
creatinine in plasma and urine were analyzed at the central lab of
the Lausanne *University hospltal usmg a Cobas-Mira analyzer
(Roche).

Microdissection. ~A separate " set of three mice was kept
under normal  calcium diet. Proximal Tubule | (Prox),” thick
ascending limb of the loop of Henle (TAL), distal convoluted
tubule and connecting tubule (DCT-CNT) and cortical collecting
duct (CCD) were isolated by microdissection of the left kidney
after the mice were perfused with Liberase TM (Roche
Diagnostics) [23]. RINA was extracted from the above mentioned
tubules following TRI Reagent Solution. protocol (Applied
Biosystems) and purified with- RNeasy. Micro Kit (Qjagen).
Reversed transcription was: performed with PrimeScriptTM RT
reagent Kit (Takara Bio Inc). Quantitative PCRs were performed
(7500 Software v 2.0.4.) using TagMan gene expression assays for
the different genes (Applied Biosystems) and -comparative CT
method was applied. Expression levels were normalised to beta
actin as endogenous reference gene.

Statistics. Comparison of ‘groups was performed - using
unpaired Student’s t-test.

Supporting Information

Figure 81 QQ)-plot of uncorrected serum calcium GWAS meta-
analysis. Quantile-quantile plot showing observed p-values of the

PLOS Genetics |- www.plosgenetics.org

uncorrected serum calcium méta—analysis vs. expected p values by
chance. The second genomic control step was applied to correct
for the post meta-analysis of A= 1.03. i
(PDE) :

Fxgure S2 Reglonal association plot for . the CASR locus.
Regional association plot showing - —logl0 p-values ‘for the

‘association of all SNPs ordered by their chromosomal position

with uncorrected serum calcium at the CASR loci. The —logl0 P
value for each SNP is colored according to the correlation of the
corresponding SNP. with the SNP showing the. lowest p-value
(index SNP) within the locus: using different colors for selected
levels ‘of 'linkage disequilibrium - (r?). - Correlation  structures

‘correspond to HapMap 2 CEU.

(PDF)

Figure 83 Regional association plot for the newly identified loci.
Regional association plot showing —logl0 p-values for the
association. of -all SNPs ordered by their chromosomal position
with uncorrected. serum calcium ‘within the replicated loci. The
—logl0 P wvalue for each SNP is colored according to the
correlation of the corresponding SNP with the SNP showing the
lowest p-value (index SNP) within the locus using different .colors
for selected ‘levels of linkage disequilibrium (r®). Correlation
structures correspond to HapMap 2 CEU. ;
(PDT)

Figure S$4 Manhattan plot of corrected serum calcimn. Man-
hattan plot showing —loglO (P values) for all SNPs analyzed,
ordered by their chromosomal position. The values correspond to

the association of albumin-corrected serum calcium, including age

and sex-as covariates in the model as well as.study-specific
covariates if needed.

(PDF)

Figure 85 QQ-plot of corrected serum calcium. Quantile-
quantile plot. showing observed p-values of the corrected serum
calcium meta-analysis vs. expected P values by chance in
Europeans at discovery. The second genomic control step was

applied to correct for the post meta-analysis of A= 1.03.
(PDT)

Figure S6 Relative expression of genes in non-replicated loci in
kidney, duodenum and tibia. The expression (based on delta CT
normalized to actin) of the selected genes is compared to the
expression of the CASR gene in the duodenum, thereby providing
a relative expression. Cut-off was set at delta CT=15. Data are
means = SEM of values obtamed from 5 mice fed a normal diet.

(PDF)
Figure 87 Relative expression in segments of kidney tubules of

genes located in non-replication loci. The renal tubular segments
analyzed were the proximal tubule (PROX), the thick ascending
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limb of the loop of Henle (TAL), the distal convoluted tubule and
connecting tubule (DCT-CNT), and the cortical collecting duct
(CCD). The expression (based on the delta CT) of the selected
genes is compared to the expression of the CASR gene in the
PROX. Data are means of values obtained from 3 mice fed a
normal diet. GCKR was not expressed.

(PDF)

Figure S8 Relative expression of genes in non-replicated loci
under various calcium diets. Data are means* SEM of values
obtained from 5 mice fed a low (0.17%) and high (1.69%) calcium
diet compared to mice fed a normal calcium diet (0.82%).
Expression levels were normalized to actin. Statistical difference
was calculated using unpaired t-test. * P value=0.05 (low
compared to high); 8: P value=0.05 (low compared to normal);
#: P value=0.05 (high compared to normal).

(PDF)

Table S1  Characteristics of study participants in discovery and
replication cohorts. Data are mean (SD) unless otherwise specified
for each discovery and replication studies.

DOCX)

Table 82 SNPs brought forward for replication that did not
replicate. Chr, chromosome. Al, effect allele. A2, non-effect allele.
Effect Al, regression coeflicient for the Al allele. SE, standard
error. Freq Al frequency of allele Al.

DOCX)

Table $3  SNPs with P value<5*E-05 for uncorrected calcium in
Europeans (discovery). Chr, chromosome. Position, position on
build 36. A1, allele 1 (effect allele). A2, allele 2. Freq Al, frequency
of allele 1. InRefGen, gene symbol if SNP is located within a
specific gene.

DOCX)

Table S4 Comparison of association with uncorrected versus
corrected serum calcium. Chr, chromosome. Freq Al, frequency
of allele Al. Beta, regression coefficient for the Al allele. SE,
standard error. Al, allele 1 (effect allele). Only replicated loci are
included in this table.

DOCX)

Table S5 Genome-wide significant loci for corrected calcium in
Europeans (discovery). Chr, chromosome. Position, position on
build 36. Al, allele 1 (effect allele). A2, allele 2. Freq Al, frequency
of allele 1. InRefGen, gene symbol if SNP is located within a
specific gene.

DOCX)

Table S6 eQTL analysis for the seven genome-wide replicated
loci for serum calcium. We used the online eQTL database of the
University  of Chicago  (http://eqtl.uchicago.edu/cgi-bin/
ghrowse/ eqtl/., last accessed, November 5, 2012). All eQTL were
acting in ¢is.

(DOCX)

Table S7
region.

(DOCX)

Table S8 Gene Ontology classification (AmiGo). Data are GO
numbers, ontology and mechanism/location from the AmiGo

Details on genes located in the GCKR genomic
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Introduction

Peptic ulcer is the most common disease in the gastrointestinal
tract with symptoms of nausea, vomiting, and abdominal pain,
and sometimes. causes - bleeding and perforation ~with -acute
peritonitis. Lifetime prevalence of ‘peptic ulcer is 10-15% in the
Japanese and 4-10% in Caucasians [1-3]. Approximately 70% of

gastric ulcer patients and 90% of duodenal ulcer patients are.

associated with H. pylori infection [4]. Since eradication of H. pylori
by antibiotics in combination with proton pomp inhibitor can
effectively cure peptic ulcer [5], H. pylor: is shown to be the major
cause of peptic ulcer. Although nearly 50% of individuals on the
earth are infected with H. pylor, most of them remain asymptom-
atic indicating that the clinical outcome after the H. pylor: infection
varies substantially between individuals. These inter-individual
diversities are affected by various factors including bacteria
subtypes, host response, and their interaction. Duodenal ulcer
promoting gene A (dupd) in H. pylori was indicated to induce
interleukin (IL)-8 that increases the risk of duodenal ulcer and
decreases the risk of gastric. cancer [6,7]. Nonsteroidal anti-
inflammatory drugs (NSAIDs) and smoking are known risk factors
for peptic ulcer [8,9]. In addition to these bacterial and
environmental factors, host genetic factors had been implicated
to have some roles in the risk of peptic ulcer. Proband-wise
concordance rate of peptic ulcer in monozygotic twins was as high
as 23.6% while that in dizygotic twins was 14.8%. Several
candidate gene approaches revealed the possible association of

PLOS ONE | www.plosone.org

genetic variations in IL-6, IL-8, IL-10 [10], TNF, LTA [11], and
COX1 [12] with peptic ulcer risk. '

In our previous genome wide association study (GWAS) of
duodenal ulcer using a total of 7,035 cases and 25,323 controls, we
identified the significant association of genetic variations at PSCA
(prostate stem cell antigen) and the ABO blood group with duodenal
ulcer [13]. The C allele of 52294008 at PSCA increased the risk of
duodenal ulcer (odds ratic (OR) of 1.84 with P value of
3.92x107%) in a recessive model, while it decreased the risk of
gastric cancer (OR of 0.79 with P value of 6.79x107'?) as
reported previously [14]. Our functional analyses revealed that the
T allele of SNP 1rs2294008 creates an upstream ' translational
initiation codon and add the signal peptide sequences at the N-
terminal portion, resulting in alteration of the protein subcellular
localization from cytoplasm to cell surface. SNP 15505922 on ABO
was also associated with duodenal ulcer in a recessive model (OR
of 1.32 with P value of 1.15x10™ 19), Since H. pylori infection and
non-steroidal anti-inflammatory drugs induce gastroduodenal
mucosal injury which would cause duodenal and gastric ulcer,
we examined the role of variants in the PSCA and ABO genes on
gastric ulcer risk among Japanese population.

Results

A total of 4,291 gastric ulcer cases and 22,665 controls without
having the past history of duodenal ulcer or continuous NSAID
intake were recruited from the BioBank Japan and the Aichi
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Cancer ‘Center (Table 1). We then genotyped SNP 152294008
and rs505922 in two case-control sample sets and examined the
association with- gastric ulcer in three genetic models (additive,
recessive, and dominant model) (Table 2). To increase the
statistical power of this study, we used subjects with either of 22
diseases as control samples. Therefore we evaluated the con-
founding effect of disease mix control samples used in this analysis.
SNPs 152294008 and rs505922 did not show significant association
between case-mix controls (n=19,884) and healthy volunteers
(n=2,781) (Table S1). In addition, both SNPs did not show the
significant deviation from HWE (Hardy-Weinberg equilibrium) in
each disease group. Therefore disease mix controls seem not to
largely affect the association result in our analysis. -

The results of association analyses revealed that gastric ulcer
patients had a higher frequency of C allele at rs2294008 than the
control group in both sets (39.7% vs 36.9% and 40.1% vs 37.0%,
respectively). A’ meta-analysis -of the two studies showed the

significant association of rs2294008 in an additive model with no

evidence” of heterogeneity (P=5.85x10"" with OR of 1.13),
although the association was. not statistically significant among
Aichi Cancer Center cohort probably due to smaller sample size.
Risk alleles (C-allele at rs2294008) in the ‘two sample sets were
consistent between duodenal ulcer and gastric ulcer, indicating the
role of PSCA variation as common genetic factors for peptic ulcer.
However impact of this variation on gastric ulcer risk was not as
strong as those on duodenal ulcer reported previously [13].

On the other hands, SNP rs505922 showed inconsistent results
between two cohorts. A T allele of rs505922 increased gastric ulcer
risk in all three genetic models in BioBank Japan cohort. However,
gastric ulcer patients exhibited lower frequency (53.5%) of a T
allele than the healthy controls (55.1%) in the Aichi Cancer Center
cohort. - Therefore, - further: association analysis -is essential  to
determine the role of ABO variations on gastric ulcer susceptibility.

Since we have genotyping results of 1,862 gastric ulcer cases and
17,482 controls analyzed by Illumina Human Hap610-Quad
genechip, we conducted whole genome screening using these
sample set. Although 62 SNPs exhibited suggestive associations
with P values of less than 1x10™%, no SNPs cleared genome wide
significant threshold (Table S$2 and Figure SI). Thus, our
sample set did not have sufficient statistical power to detect gastric
ulcer susceptibility loci by GWAS.

We also investigated the association of previously reported genes
with gastric ulcer (Table 3). We selected 32 SNPs at five gene loci
that had been genotyped by Illumina Human Hap610-Quad
genechip. As a result, two loci at L74 and PTGSI mdicated
suggestive association (P = 1.64x1072 and 0.0376), although these

Table 1. Characteristics of study population.

PSCA as a Gastric Ulcer Susceptibility Gene

associations ‘were not statistically “significant after Bonferroni’s
correction (P<0.00156 =0.05/32). Thus further analyses are
necessary to elucidate the role of these variations on gastric ulcer.

Discussion

The development of gastric ulcer is determined by the interplay
between. gastric acid secretion and mucosal resistance, however
their underling pathogenesis has not been fully elucidated. Gastric
mucus, a gelatinous material secreted by gastric mucous cells,
serves as an unstirred layer through which the diffusion of acid and
pepsin is reduced. We here found that variation in the PSCA gene
was significantly associated with gastric ulcer. PSCA was initially
identified as a tumor antigen that was highly expressed in prostate,
bladder, and pancreatic cancer tissues [15,16]. Since tumor. cells
treated with anti-PSCA antibody exhibited a growth suppressive
effect [17,18], cell - surface-PSCA is considered ‘to play an
important' role in' cell ‘proliferation. In contrast, down-regulation
of PSCA in gastric and esophageal cancer tissues was also reported
[19,20].  Thus the role “of 'PSCA’ in  carcinogenesis “is still
controversial [21]. These diverse effects of PSCA among various
cancer types might be partially explained by the effect of genetic

- variation. Individuals carrying the T allele at rs2294008 express

PSCA proteins with an additional fragment of nine amino acids at
the N-terminal portion [13].. On the -other hand, individuals
carrying the C allele at rs2294008 express a shorter PSCA protein
which lacks the signal peptide and is predicted to be localized in
the cytoplasm without glycosylation [22]. We also found that the
cytosolic shorter PSCA protein was more susceptible to protea-
somal degradation than the long PSCA protein at the cell-surface.
Since PSCA-derived. peptides were reported to be a target of T-
cell-based immunotherapy for advanced prostate cancer [23], the
shorter PSCA protein'would cause the activation of CD4-positive
and/or CD8-positive T cells and subsequently promote epithelial
mucosal injury [24]. In contrast, the long PSCA protein at the cell
surface might facilitate mucosal repair by enhancing epithelial cell
proliferation. In addition, T allele of SNP rs2294008 was shown to
be associated with higher mRNA and protein expression [25].
Thus the impact of PSCA on gastric ulcer and carcinogenesis
could be regulated by the PSCA variation. i

H. pylori plays an important role in the development of gastritis,
peptic ulcers, and gastric cancer, and the eradication of H. pylori
was shown to reduce the recurrence of gastric ulcer [26] and
prevent the onset of gastric cancer [27]. Since vertical transmission
during childhood is the major source of infection, family history of
H. pylori infection or H. pylori-related diseases is a risk factor for H.
pylori infection [28-30]. In addition, recent accumulated evidences

Samples Source Platform

Invader assay

Control® BioBank Japan® Hlumina HumanHap 610

Aichi Cancer Center

TagMan

. Number of samples

17,482 54.1 (%)

1874 387 (%)

Female (%)

Age (mean +/- SD)

66.5+/-11.7

62.2+/-13.0

53.7+/-146

doi:10.1371/journal.pone.0063698.t001
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*Subjects with a history of gastric cancer or duodenal ulcer were excluded from cases and controls.

EControl samples consist of patients with colon' cancer, breast cancer, diabetes, arteriosclerosis obliterans, atrial fibrillation, brain infarction, drug response, amyotrophic
lateral sclerosis, liver cancer, liver cirrhosis, osteoporosis, fibroid, cervical cancer, chronic hepatitis B, ovarian cancer, pulmonary tuberculosis, keloid, drug eruption,
hematological cancer, uterus cancer, heat cramp, endometriosis, and 907 healthy volunteers.
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revealed a number of risk factors of gastric cancer (T allele at
52294008, blood type A, decreased gastric acid, intake of proton
pump inhibitor/Hy blocker, and Cagd in H. pylori [31]) or peptic
ulcer (C allele at rs2294008, blood type O, NSAID intake, dupAd in
H. pylori) [32]. In addition, CYP2CI19 genotype was associated with
the response to triple anti-H. pylor: therapy including proton pump
inhibitor [33]. However, our previous analysis revealed that SNP
rs2294008 and 1s505922 did not associated with H. pylor
prevalence [13]. Taking the above information into account, the
estimation of disease risk and drug efficacy would enable us to
determine the appropriate treatment protocol for H. pylori carriers.

Here we found that PSCA variant was significantly associated
with gastric ulcer. In our previous analysis, PSCA variation did not
associate with H. pylori prevalence [13]. Since H. pylori infection
was associated with many diseases such as MALT lymphoma [34],
idiopathic thrombocytopenic purpura [35], atrophic gastritis [36],
and NSAID-induced gastric ulcer, it is very interesting to evaluate
the effect of PSCA variation on these diseases. We hope our
findings would contribute to the elucidation of disease pathogen-
esis as well as to the establishment of personalized ‘medical
treatments in the future.

(1.08-1.24)

2.60x107° bt

Dominant

(1.09-1.31)

1.20

Methbds

‘Recessive
8.94x

Ethics Statement

"This research project was approved by the ethical committees at
the University of Tokyo, RIKEN, and Aichi Cancer Center. All
participants provided written informed consent as approved by the
ethical committees of the University of Tokyo and Aichi Cancer
Center.

(1.08-1.18)

Study participants

The demographic details of study participants are summarized
in Table 1. A total of 3,866 gastric ulcer patients, and 20,791
gastric ulcer negative controls were obtained from BioBank Japan
that was initiated in 2003 with the funding from the Ministry of
Education, Culture, Sports, Science and Technology, Japan [37].
In the BioBank Japan Project, DNA and serum of patients with 47
diseases were collected through collaborating network of 66
hospitals throughout Japan. The List of participating hospitals is
shown “in the ‘following = website " (http://biobankjp.org/plan/
member_hospitalhtml). A total of 425 gastric ulcer cases and
1,874 healthy controls were obtained from the Aichi Cancer
Center. The diagnosis of gastric ulcer was based on clinical,
endoscopic, and ‘histological features. List of disease-mix control
samples used in this study was shown in Table S1. We excluded
patients with duodenal ulcer or gastric cancer from both cases and
controls. Deregulation of PSCA was reported in many types of
malignancy such as prostate, pancreatic, lung, bladder, gastric,
cholangiocarcinoma, and esophageal cancer [14-16,20,38,39]. In
addition, ABO locus was previously shown to be associated with
various diseases such’ as myocardial infarction and pancreatic
cancer ' [40,41]. Therefore, we excluded ‘subjects with these
diseases from case mix controls. We also excluded the subjects
with continuous NSAID intake. '

##4

Additive
5.85x1077

Control

Case

SNP Genotyping )

Genotyping platforms used in this study are shown in Table 1. A
total of 1,862 gastric ulcer cases and 20,791 gastric ulcer negative
control samples were genotyped with Ilumina Human Hap610-
Quad or with Human Hap550v3. The other samples were
genotyped by the Invader assay system (Third Wave Technologies,
Madison, WI) or Tagman assay.

meta?

bP values were obtained using chi-square test. To calculate odds ratios (OR), non risk alleles were considered as:references.

“Heterogeneity across two stages was assessed by Cochran Q test. o
90R and P values were obtained using the Mantel-Haenszel fixed-effects model in the meta analysis.

We analyzed 4,291 gastric ulcer cases and 22,665 controls.
doi:10.1371/journal.pone.0063698.t002

2rs2294008 (C allele) and rs505922. (T allele).

SNP

Table 2. Association of PSCA and ABO SNPs with gastric ulcer.

152294008
824/PSCA
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Table 3. Association of variations on candidate genes with Gastric ulcer.

SNP Gene

relative loc Chr

53024505 Lo 1044

151554286 1o [ 1
153024490 - - IL10 0 1
rs1800896

152009658 LTA —1849 6

151800683 o LTA. - -2 6
152229092 LTA 0 6

153093662 TNF

rs833068 VEGFA' 0 6

153025010 VEGEA , 0 e

VEGFA o 6
1s2069837 IL6 0 7

151554606

PTGS1 0 9

151236913
rs4836885 PTGST 0 9

PTGST 0 9

rs10306163

Statistical Analysis

The association of SNPs rs2294008 and r5505922 with gastric
ulcer was tested by chi-square test. The Odds ratios were
calculated by considering the protective allele as the reference
allele. The association of SNPs genotyped by Illumina Human
Hap610-Quad with gastric ulcer was tested by multivariate logistic
regression analysis upon adjusting for age at recruitment and
gender using PLINK . [42]. Heterogeneity across two stages was
examined by Cochran Q test [43].

Supporting Information

Figure S1 Manhattan plot showing the genome-wide P
values of association. The P values were obtained by logistic
regression analysis upon adjustment for age and gender. The y-
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Position

2,05E+08
2.05E+08 0.911
2,05E+08
2.05E+08
31646223
31648050
31648736 HHH#
31652168
43850505
43855555
43859337
22734552
22735232
1.24E+08
1.24E+08

1.24E+08

Gastric ulcer

0.817

#H#H# (0.71-1.31)

#44(0.93-1.08)

0902 HAL - (093-1.07)

(0.87-1.20)

Hd

(0.94-1.14)

1.64x1073 #f4 - (0.83-0.96)

(0.90-1.42)

#H#

#HH

0.389 0.74-1.12)

#HHF

0.964 (0.82-1.23)

#

0.119 sk

(0.80-1.03)

We analyzed 1,862 ‘gastric ulcer cases and 17,482 controls in this analysis. Chr,chromosome, Postion in the NCBI Build 36.3.
®p values were calculated by Cochran Armitage trend test.

POR, odds ratio was calculated by considering the major allele as the reference.
doi:10.1371/journal.pone.0063698.t003

axis represents the —logl0 P values of 480,566 SNPs, and their
chromosomal positions are shown on x-axis.

(TIF)

Table S1 Genotype frequency of two SNPs in disease
mix controls.

(DOCX)

‘Table $2 The result of association analysis of Gastric

ulcer in GWAS.
(DOCX)
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Introduction

Age at menarche (AAM), the onset of the first menstrual period
in girls, -is considered as a landmark of female pubertal
development. Menarche generally occurs after a series of complex
neuroendocrine events leading to full activation of the hypotha-
lamic-pituitary-gonadal axis [1]. Menarche is associated with
physical, emotional, and social -development [2]. In addition,
AAM was shown to be associated with the risk of various diseases.
Early AAM is reported to be one of the significant risk factors for
depression [3], eating disorders [4], obesity [5], diabetes [6], breast
cancer [7], and coronary heart disease [8]. On the other hand, late.
AAM has been associated with osteoporosis [9] and taller adult
stature [10]. Therefore, the identification of loci contributing to
variation in AAM could lead to a better understanding of a wide
range of phenotypes.

AAM is known to be a complex trait determined by an array of
genetic- and environmental variables [11-13]. Twin and family
studies suggest a significant genetic contribution to AAM with a
heritability of more than 50% [12,14]. Several genetic variations
within candidate genes such as the estrogen receptor genes (ESRI
and ESR2) [15,16], CYPI941[17], and the SHBG gene [18] were
shown to be associated with AAM. To date, a number of genome-
wide linkage analyses [14,19,20] and genome-wide association
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studies (GWAS)[21-25] for genes underlying variation in AAM
have been performed. In 2009, the association of genetic
variations in LIN28B'with AAM was identified by four indepen-
dent groups. Currently, more than 30 loci have been shown to be
significantly associated with AAM. However, most of these studies
were conducted using women of European ancestry. Here we
performed a large scale meta-analysis of GWAS using more than
15,000 Japanese female samples.

Results

A total of 15,495 Japanese female subjects from four GWAS
using different SNP genotyping systems were enrolled in this
analysis. Characteristics of samples and genotyping methods are
summarized in Table 1. All the subjects were of Japanese origin
and obtained from the Biobank Japan Project [26]. Samples
consist of patients that were classified into 33 disease groups. The
average and S.D. of AAM in each disease cohort is shown in
Table S1. Some diseases such as breast cancer and osteoporosis
are likely to be associated with early or late AAM, as reported
previously [7,9]. We also found that AAM was negatively
associated with birth year (p<<0.0001). Thus we used disease
status and birth year as covariates in this study. Genotyping was
performed with over 500,000 SNP markers using I[lumina
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HumanHap 550 Genotyping BeadChip, llumina610-Quad Ge-
notyping BeadChip, or Ilumina Omni Express (Ilumina, CA,
USA). We applied stringent quality control criteria as mentioned
in the methods section. We also conducted principal component
analysis [27] to evaluate potential population stratification. To
extend the genomic coverage and conduct meta-analysis, we
subsequently performed a whole-genome imputation of the SNPs,
using HapMap Phase II genotype data [28]. After the imputation,
we performed SNP quality control (minor allele frequency=0.01
and an imputation score (Rsg value by MACH software [29])=0.7)
and found that more than two million autosomal SNPs satisfied
these criteria. ) i

The associations of these imputed SNPs with AAM were
evaluated using a linear regression model [30] and meta-analysis.
Quantile-Quantile plots of P-values indicated the Inflation factors
to be as low as 1.039 (Figure 1), suggesting no .substantial
population stratification existed in our study population. Although
we could not identify significant association that satisfied the
genome-wide significant threshold (P<<5x10—8), SNP rs364663
which is located within intron 2 of the LIN28B gene at 6q21
indicated the strongest association with a P-value of 5.49x1077

(Table 2, Figure 2). SNP rs364663 exhibited the association with :

AAM in all four cohorts without significant heterogeneity in both
effect sizes and directions (P-value for heterogeneity =0.29;
Table 3), suggesting that the observed associations at LIN28B
are not the result of false-positives -due- to study-specific bias.
Regional p-value plots indicated that all of the AMM-associated
SNPs were clustered ‘around :the - LIN28B locus: (Figure 2).
Previously - reported SNPs 1s314263 and 157759938 near the
LIN28B locus [21,24] also associated with AAM (P=1.03x10—6
and 1.12x10—6, respectively) in the same direction. In addition to
the 6q21 locus, 17 SNPs in seven genomic regions. exhibited
suggestive association with a p-value of<1x10—5 (Table 2). To
further investigate the physiological role of these loci, the
associations of these variations with body mass index (BMI) and
height were evaluated using previously published results in 26,620
Japanese subjects [31]. SNP rs9404590 near the LIN28B locus
associated with height with p-value of 0.0003 (Table S2), but we

did not find significant association (P<<0.01) between these loci and

BMI (Table S2).

Since  AAM 1is associated with various disease risks, we
conducted separate analyses for each disease and then performed
meta-analysis for the top 42 loci. As a result, some SNPs showed
slightly stronger association, but none cleared the genome wide
significant threshold (Table $3). Similar to the current study, our
group had previously conducted QTL analyses using disease status
as a covariate and successfully identified many QTL loci [31-35].
Therefore, different background due to disease status was unlikely
to significantly affect the result of association analysis.

Additionally, we examined the loci already known to show
significant association with AAM in women of European ancestry
[22-25,36]. We selected 37 SNPs for this candidate analysis and
successfully obtained the genotyping results of 33 SNPs (Table 4),
and the risk allele was consistent with previous reports for 31
SNPs. In addition, eight SNPs in or near RXRG, CCDC854,
LOCI100421670, TMEM38B, ZNF483, ARNTL, and CA10 indi-
cated possible associations with AAM (P<<0.05). Among them,
rs4452860 and rs7028916 at the TAMEMS38B locus exhibited
significant  association even - after Bonferroni’s correction
(P<<0.0015=0.05/33). Taken together, these variations as well
as LIN28B are likely to be common AAM loci, although their effect
sizes are different between women of European ancestry and those
of Japanese.
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Table 1. Characteristics of study population.

Inflation
factor

Number of
Samples

Diseases

Age (S.D.)

SNP number

Platform

Source

Cohorts

GWAS of Age at Menarche in Japanese

cholangiocarcinoma,

hematopoietic,

esophageal,

tion, heat

ovarian, pancreas, liver), chronic hepatitis B, pulmonary tuberculosis, keloid,

Cancer (cervival, uterus,
d

umina HumanHap 550

BioBank Japan

doi:10.1371/journal.pone.0063821.t001
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GWAS of Age at Menarche in Japanese

15

10

study. : :
doi:10.1371/journal.pone.0063821.9001

Discussion

AAM is a complex trait that is influenced by both genetic and
environmental factors. In recent years, genome wide association
analyses have become a standard method to identify genetic

Figure 1. Results from meta—ariélysis ‘of four genome-wide association studies. A total of 15,495 female samples were analyzed in this

factors related with various diseases and phenotypes. In 2002 our
group performed the first GWAS for myocardial infarction and
successfully identified LT74 as a disease susceptibility gene. Using
this method, we have identified a number of loci associated with
various phenotypes and common diseases [37-42].
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Figure 2. Regional association plot at rs364663. Upper panel; P values

of genotyped SNPs are plotted (as —log, values) against their physical

location on chromosome 6 (NCBI Build 36). Estimated recombination rates from HapMap JPT shows the local LD structure. Inset; Colors of other SNPs
indicate LD with rs2596542 according to a scale from =0 to r*=1 based on pair-wise 72 values from HapMap JPT. Lower panel; Gene annotations

from the University of California Santa Cruz genome browser.
doi:10.1371/journal.pone.0063821.9002
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