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A genome-wide association study of northwestern
Europeans involves the C-type natriuretic peptide
signaling pathway in the etiology of human
height variation
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Northwestern Europeans are among the tallest of human populations. The increase in body height in these
people appears to have reached a plateau, suggesting the ubiquitous presence of an optimal environment in
which genetic factors may have exerted a particularly strong influence on human growth. Therefore, we per-
formed a genome-wide association study (GWAS) of body height using 2.2 million markers in 10 074 individ-
uals from three Dutch and one German population-based cohorts. Upon genotyping, the 12 most significantly
height-associated single nucleotide polymorphisms (SNPs) from this GWAS in 6912 additional individuals of
Dutch and Swedish origin, a genetic variant (rs6717918) on chromosome 2¢37.1 was found to be associated
with height at a genome-wide significance level (Peombinea = 3.4 X 107°). Notably, a second SNP (rs6718438)
located ~450 bp away and in strong LD (7 = 0.77) with rs6717918 was previously found to be suggestive of a
height association in 29 820 individuals of mainly northwestern European ancestry, and the over-expression
of a nearby natriuretic peptide precursor type C (NPPC) gene, has been associated with overgrowth and skel-
etal anomalies. We also found a SNP (rs10472828) located on 5p14 near the natriuretic peptide receptor 3
(NPR3) gene, encoding a receptor of the NPPC ligand, to be associated with body height (Pcombineda = 2.1 X
1077). Taken together, these results suggest that variation in the C-type natriuretic peptide signaling pathway,
involving the NPPC and NPR3 genes, plays an important role in determining human body height.
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INTRODUCTION

Human body height has a heritability of at least 80% (1) but, in
terms of its genetic complexity, it may still serve as a model
for the architecture of human complex traits in general.
Thus, recent genome-wide association studies (GWAS) have
revealed that tens to hundreds of loci with small individual
effects are likely to underlie the observed population variation
in body height (1-9). What is more, taken together, the 44
height loci identified in the five first GWAS (2,3,5,8,9) were
found to explain only 5% of this variation, with the most
strongly associated single variant accounting for not more
than 0.3% (1). The Genetic Investigation of Anthropometric
Traits consortium is currently assembling a collection of at
least 100 000 individuals from different GWAS worldwide,
trying to achieve the power necessary to identify the hundreds
or even thousands of genetic variants expected to influence
human height and to jointly explain ~15-20% of its popu-
lation variation (1). However, it must be kept in mind that
the genetic basis of body height may show regional differences
owing to, for example, genetic heterogeneity or variable pat-
terns of gene—environment interaction (7,10). Genetic associ-
ations with small effects therefore may have been obscured in
instances where individuals of different origin were pooled in
meta-analyses or used for the confirmation of findings made in
other populations (2,3,5,6,11). Finally, different environments
may result in different levels of heritability for complex traits,
including height (12). We therefore decided to perform a
GWAS of human stature that focused upon northwestern
European individuals. In these people, adult height has poten-
tially stabilized at a biologically determined maximum,
suggesting environmental conditions that are more hom-
ogenous than in populations with an ongoing secular trend
in height, such as the southern Europeans (13,14). Conse-
quently, our study employed Dutch and German individuals
in the stage 1 meta-analysis and Dutch and Swedish samples
in the stage 2 meta-analysis. In addition to corroborating
height associations from previous multi-regional studies, our
data also revealed a region of height association that achieved
genome-wide statistical significance for the first time.

RESULTS

Meta-analysis of height GWAS in the stage 1 data
set (n =10 074)

Genome-wide single nucleotide polymorphism (SNP) data
from three Dutch and one northern German cohort, comprising
a total of 10 074 individuals, were used to search for genetic
variants associated with human height in stage 1 of the analy-
sis (Table 1). These samples included individuals from the
initial Rotterdam study cohort (RS-I; n = 5746), from an
extension of the Rotterdam study (RS-II; »n = 1891), the
Erasmus Rucphen family study (ERF; n = 1473) and from
the Kiel PopGen biobank study (PopGen-KIEL; n = 964). In
each study, we performed an association analysis of up to
2 543 888 SNPs, including genotypes that were imputed with
reference to the International HapMap Project CEU panel
release 22. Genotype imputation is an approach to overcome
the missing data problem in the analysis of data from different
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genotyping platforms. A recent pan-European study (15),
including a subset of the samples used here, revealed that
the HapMap CEU samples are genetically closest to western
and northern Europeans. Therefore, the CEU data can be
assumed to represent an appropriate basis for genotype impu-
tation for the present study. Following quality control (QC),
summary statistics from each study for the 2 228 850 remain-
ing SNPs were subjected to the stage | meta-analysis. In
agreement with previous recommendations (16), results were
deemed significant at a genome-wide level if the locus-specific
unadjusted P-value was smaller than 5 x 10~° (17).

In the stage 1 data set, the strongest association with height
was observed for rs3118905 (P = 3.1 x 10~'), thereby con-
firming a previously reported association of a locus near the
DLEU?7 gene (5). In addition, the previously identified associ-
ations with height in or around HMGAI, ZBTB38, CDKG,
HGMA2, CABLESI, NPR3, GPRI26 and GDF5 (2,3,5,18)
were also replicated with P <5 x 107° (Fig. 1). In total, 29
of 48 independent height loci totally known so far
(2,3,5,6,8,9,18), signified by 38 of 57 SNPs in our study,
attained nominal statistical significance (P < 0.05) in the
stage 1 data set (Supplementary Material, Table S1). Inspec-
tion of the Quantile—quantile (Q—Q) plot (Fig. 2) of all
SNPs included in the meta-analysis indicated an excess of sig-
nificantly associated markers. Upon exclusion of all markers
in LD with the most significant SNPs from the 48 known
height loci (2,3,5,6,18), a deviation from the expected plot
under the null hypothesis was still prevalent, suggesting the
presence of additional, significantly associated loci in our
data. After excluding all loci previously reported to be associ-
ated with human height, we ascertained 12 genetic variants
with P<5x107° (Fig. 2 and Supplementary Material,
Table S2) for further analysis.

Combined meta-analysis of the 12 novel height-associated
SNPs from stage 1 and stage 2 (n = 16 986)

The 12 putative height-associated SNPs newly identified in the
stage 1 data set were next scrutinized in 4462 additional indi-
viduals of northern European ancestry (Table 1), namely 3522
Dutch from the Netherlands Twin Register study and the Neth-
erlands Study of Depression and Anxiety (NTR/NESDA) and
940 Swedes from the Gothenburg Osteoporosis and Obesity
Determinants (GOOD) study. Furthermore, de novo genotyp-
ing of the 12 SNPs was carried out in another 2450 individuals
from two additional Dutch population-based studies: 752 par-
ticipants of the Longitudinal Aging Study Amsterdam study
(LASA) and 1698 participants of the European Prospective
Osteoporosis  Study (EPOS), thereby bringing the total
number of Dutch, German and Swedish individuals in the
combined stage 1 and stage 2 data set to 16 986.

The combined analysis of all samples identified SNP
rs6717918 on chromosome 2q37.1 as being associated with
body height at a genome-wide significant level (P = 3.4 x
1077). In the stage 1 data set, several SNPs in this region
showed suggestive association with height and were only in
relatively weak LD (0.2 < »* < 0.5) with rs6717918 (Fig. 3).
The direction of the association between rs6717918 and
height was consistent across all sub-samples, without signifi-
cant evidence for any inter-study heterogeneity (Q-statistic
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Table 1. Characteristics of the study samples used for stage 1 and stage 2 meta-analyses

Study Population origin Gender Average age, years (SD) Average height, cm (SD)
RS-1 Dutch Male (n = 2372) 68.13 (8.16) 174.85 (6.76)
Female (n = 3374) 70.32 (9.60) 161.35 (6.57)
RS-1I Dutch Male (n = 862) 64.68 (7.82) 175.49 (6.59)
Female (n = 1029) 65.65 (8.86) 162.36 (6.27)
PopGen-KIEL German Male (n = 506) 51.27 (14.24) 180.31 (7.45)
Female (n = 458) 50.79 (14.92) 167.16 (6.73)
ERF Dutch Male (n = 557) 51.12 (15.73) 174.00 (7.73)
Female (n = 916) 49.99 (15.82) 161.50 (7.01)
Stage 1 data set n=10074
LASA Dutch Male (n = 371) 72.25 (6.49) 173.35 (6.64)
Female (n = 381) 72.56 (6.51) 160.44 (6.27)
EPOS Dutch Female (n = 1698) 50.01 (2.14) 164.67 (6.10)
NTR/NESDA Dutch Male (n = 1211) 46.09 (13.42) 181.59 (7.17)
Female (n = 2311) 42.65 (13.25) 169.06 (6.37)
GOOD Swedish Male (n = 940) 18.90 (0.56) 181.38 (6.74)
Stage 2 data set n=6912
Combined stage 1 and stage 2 data set n=16986
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Figure 1. Manhattan plot of the height association test results (log;o(P)) for all SNPs in the stage 1 data set (» = 10 074). Red and grey lines are the suggestive
(5 x 107%) and genome-wide significance (5 x 10~%) P-value thresholds, respectively. Signals passing the suggestive threshold, and with the respective gene
name given in red, are previously known regions of height association. Twelve loci for which SNPs were selected for the stage 2 analyses are emphasized

by a blue circle.

P =0.74) (Fig. 4). The T-allele of rs6717918 was associated
with an increase in height by 0.44 cm per allele copy
(Table 2). At the genome-wide significance level, two more
loci, namely rs139909 mapping to the trinucleotide repeat con-
taining 6B (TNRC6B) gene on chromosome 22 (Supplemen-
tary Material, Fig. S1) and rs10472828 near the natriuretic
peptide receptor 3 (NPR3) gene on chromosome 5 (Sup-
plementary Material, Fig. S2), showed suggestive evidence
for an association with height in the combined data set (P <
5 x 1077; Table 2).

Next, we aimed at replicating the putative association of one
or the other of the 12 SNPs in recently published GWAS
results (2,3,5,6,8,9,18). We found additional evidence for an
association with height only for the 2q37.1 region, using the
Illumina data provided by Gudbjartsson et al. (2) for 25 174
Icelanders, 2876 Dutch and 1770 European Americans.

However, all nine SNPs typed in the 2q37.1 region in the
original study failed to attain genome-wide significance
there. The strongest evidence for an association was obtained
for rs749052 (P = 1.4 x 10~ °). In a regional meta-analysis of
their and our data SNP rs6718438, a proxy for rs6717918 in
strong LD (#* = 0.77) and only 456 bp away from it, was
found to be the most significantly height-associated SNP
(P = 8.4 x 10~ '%). Furthermore, all nine SNPs in the 2q27.1
region attained genome-wide significance (P <4 x 10°%;
Supplementary Material, Table S3 and Fig. S3). To determine
whether the association with rs749052 observed by Gudbjarts-
son et al. (2) was independent of rs6718438 or whether it was
due to LD between the two SNPs (> = 0.17), we conducted
conditional association analyses of rs749052 controlling for
the effect of rs6718438. A meta-analysis of the respective
results for RS-I, RS-II and GOOD revealed that the height
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Figure 2. Quantile—quantile (Q—Q) plot of the height association test results (log;o(P)) for all SNPs passing quality control (red line) in the stage 1 analysis
including 10 074 subjects, excluding variants in 48 independent loci previously associated with height on a genome-wide level (black line). Depicted
P-values were corrected for population stratification using the over inflation factor Agc = 1.049.
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Figure 3. Local plot of the height association test results (log;o(P)) around SNP rs6717918 (blue diamond). P-values are as obtained from the meta-analysis of
the stage 1 data set. The combined P-value from the meta-analysis of stage 1 and stage 2 data sets equals 3.4 x 10~ for rs6717918. The coloring of SNPs
indicates the strength of LD with rs6717918, coded as red (strong, r* > 0.8), orange (moderate, 0.5 < < 0.8), yellow (weak, 0.2 < * < 0.5) or white
(limited or none, ~ < 0.2). The blue line depicts local recombination rates.

association of rs749052 remained nominally significant (P= DISCUSSION

0.01). Taken together, the available data therefore provide

conclusive evidence for an association between human body Northwestern Europeans are among the tallest of human popu-
height and genetic variation at 2q37.1. lations (13). The average Dutch male, for example, is currently
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Figure 4. Forrest plot for the most significant SNP (rs6717918) in the com-
bined meta-analysis of both the stage 1 and the stage 2 data sets. Beta: increase
in height per SNP allele. Blue squares represent effect size estimates
(measured in standard deviations of height) and 95% CI for each study. The
red diamond represents the summary effect size estimate.

almost 20 cm taller than 150 years ago (13). Over the last
50 years, however, average human body height has increased
much less in northern than in southern Europe (13,14). This
suggests that height has approached a biologically determined
maximum in the north, and that this leveling off has occurred
against an optimal and comparatively homogeneous environ-
mental background as regards growth-relevant factors
(13,14). With an aim to identify new genetic variants deter-
mining human body height, we therefore conducted a two-
stage meta-analysis of GWAS of 16 986 northwestern Eur-
opeans, comprising individuals of Dutch, German and
Swedish origin. The first stage of this study not only confirmed
the phenotype association of common genetic variants pre-
viously described as determinants of human stature in popu-
lations of various (mostly European) origins (Fig. 2,
Supplementary Material, Table S1), but also pointed to
additional putative height loci followed-up in the second-stage
analysis using independent samples. Since GWAS are only
suited to find phenotype associations with common genetic
variants, however, we cannot exclude that rare alleles with
large effects may also have contributed to the height variation
observed in our samples. Similarly, environmental effects (e.g.
diet) and gene—environment interaction effects may have con-
tributed as well, but such considerations fell outside the scope
of the current project.

In the combined stage 1 and stage 2 meta-analysis, we found
for the first time that a locus at 2q37.1 is associated with human
height at the genome-wide significance level. The strongest
association was observed with intronic SNP rs6717918 in the
DIS3 mitotic control homolog (Saccharomyces cerevisiae)-like
2 (DIS3L2) gene which, until very recently, had been considered
a hypothetical protein-coding sequence only (MGC42174).

Since there is no LD-based evidence for extensive recombination
in the surrounding 500 kb region, however, it would still appear
plausible that other genes in the vicinity of DIS3L2 may have con-
tributed to the observed height association (Fig. 3), most notably
the natriuretic peptide precursor type C (NPPC) gene ~350 kb
away from rs6717918 and only 6 kb away from another height-
associated SNP, rs749052. In fact, we regard variation in the
NPPC gene as the most likely cause of the height association
observed with 2q37.1, represented by both rs6717918 and
1s749052. The NPPC gene encodes the C-type natriuretic
peptide (CNP), a molecule that regulates endochondral ossifica-
tion of the cartilaginous growth plate and, hence, influences
longitudinal bone growth (19,20). Recently, a balanced t(2;7)
translocation has been reported in a patient with unusually high
stature (>97th percentile), Marfanoid habitus and skeletal
anomalies (19). The respective breakpoint on chromosome 2
was located halfway between rs6717918 and the NPPC gene
and was shown to induce over-expression of CNP and consequent
skeletal overgrowth. Furthermore, transgenic mice with CNP
over-expression in osteoblasts exhibit a phenotype similar to
the skeletal abnormalities of that patient (19). It has also been
demonstrated that over-expression of CNP in chondrocytes can
counteract dwarfism in a mouse model of achondroplasia (21).
Taken together, these findings suggest that the association
between human height and variation at 2q37.1, as observed in
our study, reflects differential regulation of the NPPC gene
expression with an impact on bone growth regulation and conse-
quent body height.

Although not statistically significant at a genome-wide level
in our study, the pronounced height association observed with
rs10472828 on chromosome 5pl4 deserves further attention.
This is because rs10472828 is located only100 kb upstream of
NPR3, a gene that encodes a receptor of the CNP ligand.
Indeed, Soranzo et al. (18) recently found that this SNP is sig-
nificantly associated with human height (P =3.0 x 10 ") ina
collection of British and Dutch individuals (which included
the subset of the RS-I participants). When combining all our
data with those provided by Soranzo et al. (18) in their Sup-
plementary Material, Table S2, while excluding samples from
the Rotterdam study (remaining n = 14 052), the combined
P-value of 3.5 x 10~ '! attains genome-wide significance. Fur-
thermore, two SNPs near NPR3 (rs3811958 and rs13154066)
showed a suggestive height association (P < 5 x 10~ °) in the
study by Gudbjartsson et al. (2), but these polymorphisms
were not in strong LD with rs10472828. The NPR3 gene
encodes one of three CNP receptors (NPR-C), and knock-out
of NPR-C was found to result in significant skeletal overgrowth
inmice (22). It has also been suggested that NPR-C may act as a
clearance receptor modulating the effect of CNP (22,23).
Recently, CNP-induced differentiation of osteoblasts was
found to switch from NPR-B to NPR-C with aging in rat cells
(24), thus implying an important role of NPR-C in the late
stages of bone formation. The identification of SNPs near
both the NPPC and the NPR3 genes as being strongly associated
with human height clearly points to a prominent role of the CNP
signaling pathway in the etiology of body height variation, at
least in northwestern Europeans.

Meta-analyses of GWAS are not without limitations. False-
positive associations due to multiple hypothesis testing or
population stratification are inherent possibilities. Here, we
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Table 2. Most significant height associations in the stage one, stage 2 and combined stage 1 and stage 2 meta-analyses
SNP Chr. Position (bp)* Genes Effect. allele Freq. effect. ~ Per-allele Stage 1 data  Stage 2 data Combined
allele change in height P-value P-value data P-value
in cm (SE)® (n=10074) (n=06912) (n=16986)
rs6717918 2 232863344 DISC3L2 ALPP NPPC T 0.78 0.44 (0.12) 446 x10°¢ 14x10* 34x107°
r$139909 22 39027527 TNRC6B T 0.68 0.25 (0.11) 453 %1077 22x107% 1.7x1077
rs10472828 5 32924575 NPR3 C 0.56 0.22 (0.09) 813x 1077 20x102 34x1077

Only associations with an overall P < 5 x 10~ are shown.
*Position relative to Build 36.2.
From the stage 2 data of the study only.

minimized the impact of multiple testing by adopting a strin-
gent genome-wide significance level. To alleviate the possible
effects of population stratification, we adjusted all relevant test
statistics by the inflation factor Ag¢c (17) and by principal com-
ponents (PC) derived from the multidimensional scaling
analysis of identity-by-state distances between individuals
(25). Furthermore, all studies included in our meta-analyses
were confined to individuals of northwestern European
descent and, consequently, the overall inflation factor of the
stage 1 data set (Agc = 1.049) was low for a study of this
size (26). This notwithstanding, the ERF samples exhibited a
relative high inflation factor (Agc = 1.950) most likely due
to intricate family relationships. We therefore conducted a
sensitivity analysis, excluding the ERF samples, which
revealed that the association between rs6717918 and height
remained significant at the genome-wide level (P = 7.8 x
10~?). Taken together, multiple testing, population stratifica-
tion and cryptic relatedness are therefore unlikely to have con-
founded our association findings.

In conclusion, we have unequivocally identified variation at
2q37.1 as being associated with human body height in northwes-
tern Europeans. The fact that this locus has not been found in pre-
vious studies may either be due to chance (i.e. sampling variation,
power differences etc.) or may be explicable in terms of a higher
level of genetic and environmental heterogeneity in the other
samples, compared with ours. Thus, sufficiently powered
studies of additional, geographically confined populations are
needed to clarify whether the observed height association of
the 2q37.1 region we observed represents a region-specific
effect or not. We further propose that the observed association
is due to variation in the NPPC gene (encoding the CNP
ligand), the most plausible functional candidate in the 2q37.1
region. The strong association observed with SNPs in the vicinity
of the NPR3 gene on chromosome 5pl4 (encoding the CNP
receptor) lends additional support to the view that common var-
iants in the CNP signaling pathway play a prominent role in the
regulation of normal height variation in humans.

MATERIALS AND METHODS
Subjects

All studies were approved by the institutional ethics review com-
mittees of the respective organizations and all participants pro-
vided written informed consent. The RS-I is a prospective
population-based cohort study of chronic disabling conditions
in Dutch individuals aged 55 years or above (http:/www.

epib.nl/ergo.htm) (27,28). The RS-II is an extension of the
RS-1, which started in 1999 and used the same inclusion criteria
and design as the original cohort. In short, 3011 individuals
(response rate 67%) who had turned 55 years of age or had
moved into the study district of Ommoord, Rotterdam, since
the start of the original study in 1990 was included in the exten-
sion cohort. The ERF study is a family-based study of a genetic
isolate in the southwestern Netherlands to identify genetic risk
factors for complex disorders (29). The PopGen-KIEL is a cen-
tralized platform for the recruitment and follow-up of probands
for genetic epidemiological studies in Schleswig-Holstein, the
most northern part of Germany. Since its establishment in
2003, PopGen-KIEL has assembled a collection of biomaterials,
phenotypic and genotypic data from more than 60 000 individ-
uals. This includes nearly 1000 controls for which height and
genome-wide SNP genotype data were available for inclusion
into the present study. The EPOS (30) is a cross-sectional
study of 5896 women born between 1941 and 1947, and cur-
rently living in the city of Eindhoven, The Netherlands. DNA
was available for 1798 of these women. The LASA study (31)
is a population-based cohort study, including 919 individuals
for whom DNA was available. NTR/NESDA: the two parent
projects that supplied data are the Netherlands Study of
Depression and Anxiety (NESDA) (32) and the Netherlands
Twin Registry (NTR) (33). NESDA and NTR studies were
approved by the Central Ethics Committee on Research Invol-
ving Human Subjects of the VU University Medical Center,
Amsterdam (IRB number IRB-2991 under Federal wide
Assurance-3703; IRB/institute codes, NESDA 03-183; NTR
03-180). The sample consisted of 1777 NTR and 1763
NESDA participants. For NTR participants, longitudinal
(1991-2004) survey and data on height were combined. Only
one subject per family was selected. For NESDA participants,
height was assessed during a visit to the clinic. The GOOD
study was initiated to determine both environmental and
genetic factors involved in the regulation of bone and fat mass.
Male study subjects were randomly identified in the greater
Gothenburg area in Sweden using national population registers,
contacted by telephone and invited to participate (34). To be
enrolled in the GOOD study, subjects had to be between 18
and 20 years of age. There were no other exclusion criteria,
and 49% of the study candidates agreed to participate.

Genotyping and QC

The six GWAS were carried out using either the Illumina Infi-
nium HumanHap550 Beadchip (RS-I and RS-II), the Illumina
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Infinium HumanHap610 (GOOD), the [llumina Infinium Human-
Hap300 (ERF), the Perlegen 600K (NTR/NESDA) or the Affy-
metrix Dual Nspl/Styl GeneChip 2 x 250K (PopGen-KIEL).
De novo genotyping of 12 SNPs in the LASA and EPOS
samples was performed using Taqman allelic discrimination
(Applied Biosystems Inc., Foster City, CA, USA) according to
the manufacturer’s protocols and QC standards (assay numbers
and primer designs can be found in Supplementary Material).
The following sample QC criteria were applied in the GWAS
of RS-I, RS-II, PopGen-KIEL, ERF and GOOD: sample call
rate >97.5%, gender mismatch with typed X-linked markers, evi-
dence for DNA contamination in the samples using the mean of
the autosomal heterozygosity >0.33, exclusion of duplicates or
first-degree relatives identified using IBS probabilities, exclusion
of outliers (three SD away from the population mean) using multi-
dimensional scaling (MDS) analysis with four PC and exclusion
of samples with missing height measurements. Complete infor-
mation on genotyping protocols and QC measures for NTR/
NESDA cohorts have been described elsewhere (35). The exclu-
sion/filtering criteria for SNPs are described in Supplementary
Material, Table S4.

Genotype imputation

Genotype imputation was used to evaluate the height associ-
ation of one and the same SNP across samples typed on differ-
ent genotyping platforms. Genotypes were imputed for all
polymorphic SNPs (minor allele frequency >0.01) using
either the MACH (36) or the IMPUTE (37) software, based
upon phased autosomal chromosomes of the HapMap CEU
Phase II panel (release 22, build 36), orientated on the positive
strand. Imputation QC metrics from MACH and IMPUTE
were used for filtering out SNPs with low-quality data.
Detailed descriptions of the QC and imputation procedures
are provided in Supplementary Material, Table S4.

GWAS

In each GWAS, the association between a SNP and height was
assessed using sex-specific, age-standardized residuals that
were analyzed under an additive (per allele) genetic model. To
adjust for population substructure, we included as covariates in
the regression analysis of RS-I, RS-II and PopGen-KIEL the
four most important PC, derived from an MDS analysis of IBS
distances using the PLINK (38) software. In the analysis of
imputed genotypes, uncertainty in genotype prediction was
accounted for by utilizing either the dosage information from
MACH (36) or the genotype probabilities from IMPUTE (37).
We carried out association testing for imputed SNPs using a
linear regression framework as implemented in MACH2QTL
(36), SNPTEST (37) and ProbABEL (39) (Supplementary
Material, Table S4). A linear regression analysis (1 df) as
implemented in PLINK (38) was performed for the genotype
data in the EPOS and LASA samples, where genotyping had
been carried out on Tagman assays.

Meta-analysis

The genomic control method (17), as implemented in METAL,
was used to correct for any residual population stratification or

relatedness not accounted for by the four most important PC.
The estimated inflation factors were 1.089, 1.006, 1.000, 1.950,
1.086 and 1.030 for RS-I, RS-II, PopGen-KIEL, EREF,
NTR-NESDA and GOOD, respectively. SNPs with a minor
allele frequency<<0.05, a MACH observed/expected allele
dosage variance <<0.05 or a SNPTEST proper_info <0.4 were
excluded from the meta-analysis. A detailed description of
each study is provided in Supplementary Material, Table S4.
We obtained the combined results of 2 228 850 SNPs, pooling
effect sizes by means of a fixed effects inverse variance
meta-analysis as implemented in METAL. Estimated heterogen-
eity variance and forest plots were generated using the Rmeta R
package. Regional association plots of the meta-analysis results
were obtained with SNAP (40).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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