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Serum gamma-glutamyl transferase (GGT) activity is a marker of liver disease which is also prospectively
associated with the risk of all-cause mortality, cardiovascular disease, type 2 diabetes and cancers. We
have discovered novel loci affecting GGT in a genome-wide association study (rs1497406 in an intergenic
region of chromosome 1, P 5 3.9 3 1028; rs944002 in C14orf73 on chromosome 14, P 5 4.7 3 10213;
rs340005 in RORA on chromosome 15, P 5 2.4 3 1028), and a highly significant heterogeneity between
adult and adolescent results at the GGT1 locus on chromosome 22 (maximum PHET 5 5.6 3 10212 at
rs6519520). Pathway analysis of significant and suggestive single-nucleotide polymorphism associations
showed significant overlap between genes affecting GGT and those affecting common metabolic and inflam-
matory diseases, and identified the hepatic nuclear factor (HNF) family as controllers of a network of genes
affecting GGT. Our results reinforce the disease associations of GGT and demonstrate that control by the
GGT1 locus varies with age.

INTRODUCTION

Gamma-glutamyl transferase (GGT) is a membrane-bound
enzyme which transfers glutamyl groups linked through the
gamma-carboxylic acid from peptides such as glutathione to
acceptors. In humans, the active enzyme is coded by GGT1
on chromosome 22. Its main physiological function is to
make cysteine available for regeneration of intracellular gluta-
thione and hence to protect against oxidative stress (1).

Measurement of GGT activity in serum is used clinically as a
liver function test and a biomarker for excessive alcohol con-
sumption (2), but there is also strong evidence of prospective
associations between GGT activity and all-cause mortality, car-
diovascular disease, type 2 diabetes and cancers. For example, a

study of .0.25 million people followed for a median of 7.6
years (3) showed a relative risk of death from any cause of 2.0
when the top 15% of participants were compared against the
bottom 37% for GGT at entry. Relative risk was similar for
cancer-related and non-cancer deaths. For hepatobiliary mortal-
ity in general and for hepatoma, these relative risks were 15- and
18-fold, respectively, while for the much more common cardio-
vascular deaths the ratio was 1.6. Other studies have examined
disease incidence rather than mortality, comparing rates of inci-
dent cardiovascular disease or type 2 diabetes by GGT at enrol-
ment. For cardiovascular disease (coronary heart disease or
stroke), the relative risk per unit increase in the natural logarithm
of GGT estimated from meta-analysis was 1.53, or 1.34 after
adjustment for potential confounders (4). Meta-analysis of
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studies on diabetes, contrasting participants in the bottom quar-
tile against the top quartile of GGT at entry, showed a relative
risk after covariate adjustment of 2.94 (5). The activity of
other enzymes used as liver function tests [alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST)] has shown
similar epidemiological associations with mortality or morbid-
ity but generally to a lesser degree.

Given this biological and epidemiological information
about GGT, identification of polymorphisms, genes and path-
ways influencing serum GGT should contribute to our under-
standing of the response to oxidative stress and the causes of
cardiovascular and metabolic risk. Significant allelic associa-
tions have been reported for single-nucleotide polymorphisms
(SNPs) near the GGT1 gene on chromosome 22 and HNF1A
on chromosome 12 (6–8). GGT1 codes for the active form
of GGT and SNP effects in this chromosome 22 region pre-
sumably regulate gene expression. The effects of the other
known locus are more diverse, as significant associations at
HNF1A have been reported for many phenotypes. Apart
from the known association with GGT, there are associations
with serum C-reactive protein (CRP) (9), low-density lipopro-
tein (LDL) cholesterol and coronary artery disease (10) and
type 2 diabetes (11). HNF1A codes for a regulator of the
expression of multiple genes in the liver and also in the pan-
creatic islet cells. As well as the reported allelic association
with type 2 diabetes, mutations throughout HNF1A cause
maturity-onset diabetes in youth type 3 (MIM 600496), pri-
marily through impaired insulin secretion (12).

As with many quantitative traits, the heritability of serum
GGT activity [50–60% in adults (13,14)] is substantially
greater than can be accounted for by identified and significant
SNP associations. We previously found heritability for GGT
of �70% in adolescents (15), with evidence for some
genetic effects common to ages 12, 14 and 16 and others
which change with age. There is also evidence for genetic cor-
relation between serum GGT, ALT and AST activity (13).

We have conducted a genome-wide association study
(GWAS) for serum GGT activity in 12 526 adults and adoles-
cents. Our aims were to identify novel loci, test whether they
affect other markers of liver function (ALT, AST) or only
GGT, and compare allelic effects between adults and adoles-
cents. Using both significant and suggestive SNP associations,
we searched for overlap between genes or pathways affecting
GGT and those affecting cardiovascular or diabetic risk.

RESULTS

We tested for SNP associations of serum GGT activity in two
Australian cohorts, of adults and adolescents, and compared
the adolescent results with the larger adult data set for replica-
tion and heterogeneity testing. This was followed by confirm-
ation of age heterogeneity at one locus using additional adult
and adolescent cohorts, and exploration of the disease associa-
tions of the significant or suggestive SNPs.

Allelic associations

Five genome-wide-significant associations (P , 5 × 1028)
were found for GGT in either the adult or the combined

adult and adolescent data (Table 1). There were three novel
associations, with rs1497406 (P ¼ 3.9 × 1028) in an inter-
genic region at 16 Mbp on chromosome 1; rs944002 (P ¼
2.3 × 10212) at 103 Mbp on chromosome 14 in C14orf73
and rs340005 (P ¼ 2.4 × 1028) at 61 Mbp on chromosome
15 in RORA. The previously reported associations for GGT
with HNF1A on chromosome 12 and GGT1 on chromosome
22 were confirmed. Plots for chromosome 1, 12, 14 and 15
loci are shown in Supplementary Material, Figure S1, and
the more complex results for chromosome 22 are presented
below. A list of SNPs with P ≤ 1025 for GGT in the combined
adult and adolescent data is provided in Supplementary Mater-
ial, Table S1. Further exploration of our results using gene-
based testing (16) showed only three significant regions.
These covered HNF1A, OASL and C12orf43 on chromosome
12, C14orf73 on chromosome 14 and C22orf36 and GGT1
on chromosome 22 (Supplementary Material, Table S2), con-
sistent with the SNP association results.

We compared results for additional liver function tests,
ALT and AST. There was no overlap between our
genome-wide-significant results for GGT and nominally sig-
nificant results for ALT or AST, or vice versa. An intergenic
region on chromosome 7 showed suggestive effects on all
three enzyme activities, with a block of SNPs showing
lowest P-values of 1.3 × 1026 for GGT, 8.3 × 1025 for
ALT and 1.2 × 1026 for AST (Supplementary Material,
Fig. S2). The reported association for AST on chromosome
10, in MRC1/MRC1L1 (8), was confirmed (rs691461, P ¼
7.3 × 10215), and that between ALT and PNPLA3 (7)
showed P ¼ 0.0010 at rs2281135 in our data. In view of the
associations between GGT activity and cardiometabolic risk
factors, we also tested whether the SNPs showing significant
associations with GGT had effects on BMI, lipids, glucose
and CRP. Results are shown in Supplementary Material,
Table S3; rs1169288 in HNF1A showed the expected associa-
tions with CRP and LDL-C but the other GGT-related SNPs
had no significant effects (after adjusting for multiple
testing) on the tested phenotypes.

Adult–adolescent heterogeneity

Comparison of our adult and adolescent results from the dis-
covery studies showed consistent allelic effects for all the sig-
nificant loci except GGT1 (Table 1). This locus showed
contrasting allelic effects (Fig. 1, Supplementary Material,
Fig. S3), with maximum adult-adolescent heterogeneity of
P ¼ 5.6 × 10212 at rs6519520. The adult SNP associations
are significant at 6 × 10211–8.7 × 10212 at 11 SNPs in the
block labelled A in Figure 1, where the adolescent data
show P-values down to 1.4 × 1025 but in the opposite direc-
tion. In the block labelled B in Figure 1, the association
P-values for the adolescent data are again highly suggestive
(minimum P in this region 3.1 × 1026), while the adult data
show only one SNP with P , 0.10 (rs17661237, P ¼ 9.7 ×
1026) and this SNP is not significant in the adolescents.
Details are given in Supplementary Material, Table S1.

We replicated this GGT1 × age effect in independent
samples from the Western Australian Pregnancy (Raine)
Cohort Study (adolescents in Perth, Australia) and the Nether-
lands Twin Registry (adults). Subjects in these additional
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studies had GGT results which were similar to those in the
adult and adolescent discovery cohorts (see Supplementary
Material, Table S4). In the replication, we concentrated on
rs6519519, which was genotyped in the QIMR data. The
outcome is shown in Table 2 and Figure 2, confirming the op-
posite allelic effects for this SNP at the GGT1 locus in adults
and adolescents.

Disease and pathway analysis

There was substantial overlap between genes containing sig-
nificant or suggestive SNPs for GGT and genes showing docu-
mented disease associations. For 321 genes identified by
Ingenuity Pathway Analysis from the list of SNPs with P ,
0.001 for GGT, an excess of disease associations was found
for the categories ‘coronary artery disease’, ‘hypertension’,
‘non-insulin-dependent diabetes’, ‘insulin-dependent dia-
betes’, ‘rheumatoid arthritis’, ‘Crohn’s disease’, ‘inflamma-
tory bowel disease’, ‘progressive motor neuropathy’ and
‘amyotrophic lateral sclerosis’, all at P , 10210 (by Fisher’s
exact test). The conditions and genes identified are summar-
ized in Supplementary Material, Table S5. Varying the list
of SNPs by raising the P-value required for inclusion to
1022 produced more significant P-values for these disease
associations, and showed P-values ,10210 for additional neu-
rodegenerative and psychiatric conditions. The pathway ana-
lysis at P , 0.001 also showed networks of genes in which
variation is associated with GGT activity, connected by previ-
ously documented effects (mainly effects of one gene product
on the expression of another gene). The most striking of these
networks is shown in Figure 3.

DISCUSSION

Two main points arise from our results. First, GGT activity has
been shown in many prospective studies to have important
disease associations, including cardiovascular disease and
type 2 diabetes. We and others have previously reported sig-
nificant phenotypic correlations with quantitative traits or bio-
markers defining dyslipidaemia, obesity and metabolic
syndrome, confirmed in our current data. Its allelic associa-
tions should be considered in the light of these, and we do
find that the set of significant and suggestive SNPs for GGT
in our data overlaps strongly with genes implicated by previ-
ous studies in complex diseases and with pathways related
to them. Secondly, there is a remarkable difference in allelic
effects of GGT1 SNPs on GGT activity at different ages. De-
velopmental changes in SNPs’ effects are potentially common
and biologically important, but there are few specific examples
for disease-related phenotypes in humans.

Allelic associations

We replicated previously reported associations between GGT
activity and SNPs in GGT1 and HNF1A. These are discussed
in more detail, in relation to the age heterogeneity and the
network analysis, below.

Of the novel loci, that on chromosome 1 is intergenic,
between EPHA2 and ARHGEF19, and shows some linkageT
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disequilibrium with each, but neither gene shows obvious con-
nections with GGT. We examined the ENCODE data (at
http://genome.ucsc.edu/ENCODE/) for the lead SNP in this
region, rs1497406, and found evidence of transcription
factor binding (including HNF4A, central to the network of
genes shown in Figure 3) spanning this location. This SNP
is also within a region showing ‘histone marks’ (evidence
for promoter activity) in several cell lines, including the liver-
derived HepG2. Functional studies of this region in relation to
GGT and other phenotypes reported to show associations with
members of the HNF gene family may clarify the role of this
locus.

The significant SNPs on chromosome 14 cover C14orf73
and include two non-synonymous coding SNPs (rs2297067,
Arg77His and rs10131298, Leu185His) with potential func-
tional effects. The protein from C14orf73 (or EXOC3L4)
was also known as SEC6-like protein, and SEC6 is a compo-
nent of the exocyst involved in insulin granule secretion (17).
This provides a potential connection between control of
glucose homeostasis and GGT activity, another parallel to
the known phenotypic associations.

The chromosome 15 locus contains RORA, a
retinoid-related orphan receptor. Knockout mouse studies

have implicated RORA in control of high-density lipoprotein
and triglycerides, obesity and accumulation of triglyceride in
the liver, indicating a potential connection with GGT as a
marker of hepatic steatosis (18).

Age heterogeneity

SNPs in and near GGT1 are known to be associated with
serum GGT activity (6–8), but the age effect means that
this relationship is more complex than previously thought.
This interaction is an unexpected result, although we have pre-
viously found evidence from a longitudinal twin study that
genetic effects on GGT activity differ with age across adoles-
cence (15). GGT activity is known to change with age and also
differs between men and women; in our data, the sex differ-
ence becomes apparent at about age 14 and there is a substan-
tial increase in mean GGT between the ages of 18 and 30 (see
Supplementary Material, Table S4). Similar differences
between mean GGT in adolescents and adults were present
in the replication cohorts. We cannot be more precise about
the age when this change occurs because our adult cohort con-
tained very few people aged ,30. Among adult men, GGT
changes little with age; the values in adult women increase

Figure 1. Comparison of the magnitude and direction of allelic effects on GGT activity at the GGT1 locus in adults (red diamonds) and adolescents (blue
squares). Gene locations are shown below the main panel, with the linkage disequilibrium (R2) between SNPs below that. Points shown are the unstandardized
betas for the minor-allele effect on log-transformed GGT activity in an additive model, and bars show standard errors. Between rs5760485 at 23 316 473 bp and
rs2001180 at 23 334 206 bp (shaded region A), the allelic effects are in opposite directions in adults and adolescents. Between rs6004233 at 23 404 863 bp and
rs5760590 at 23 420 768 bp (shaded region B), the allelic effects in adults are negligible but those for adolescents are similar to those for the 23.316–23.334 Mbp
region.
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with age but remain lower than those for men. As for other
biochemical phenotypes which change with age, existing
knowledge does little more than describe the changes which
occur and the mechanisms are poorly understood, but the ex-
istence of age-by-genotype effects for serum GGT adds to the
complexity and emphasizes genetic causes of differences
between people.

Detailed examination shows there are two sets of SNPs
(either side of GGT1) which show subtly different age
effects. For one group of SNPs, the direction of the allelic
effect is opposite in adults and adolescents, and for the other
group effects are present only in the adolescents (Fig. 1).
The block of SNPs which show the greatest age × allelic
effects includes rs5751901, which has been shown to affect
expression of GGT1, GGT2 and GGTLA4 in human liver
tissue (19); and rs6519519, which affects expression of the
same genes in lymphoblastoid cell lines (20). The second
block, which shows effects on GGT activity in adolescents
but not adults, is situated between GGT1 and PIWIL3 (see
Fig. 1 and Supplementary Material, Fig. S3), and there
appears to be no published information about effects within
this block on GGT expression.

Out of the GGT and GGT-related gene family, only GGT1 has
been shown to produce an active enzyme (21), although GGT
protein, GGT1 transcripts and other GGT genes have physio-
logical functions independent of enzymatic activity (22,23).

Multiple promoters give rise to at least four human GGT1 tran-
scripts, differing in the 5′UTR but leading to the same protein;
the SNPs with opposite effects in adults and adolescents cover
the region containing these promoters. Alternative splicing of
GGT mRNA is associated with tissue-specific expression and
developmental regulation (24). It is likely that the observed dif-
ferences in SNP effects on the GGT phenotype between adoles-
cents and adults, like the changes in expression during
embryonic development, are connected with differences in the
mRNAs and the control of splicing.

Results from the genome-wide assessment of heterogeneity
between adult and adolescent SNP associations showed an
excess of heterogeneity P-values in the range 1023–1025 (Sup-
plementary Material, Fig. S4). This suggests that other loci also
change their effects on GGT activity with age. A group of SNPs
in the CELF2 (CUGBP, Elav-like family member 2; CUGBP2)
gene show heterogeneity P-values of 8.8 × 1027, and this gene
has biological plausibility for trans effects on GGT expression.
The CUG-binding proteins coded by this gene family bind to
specific RNA sequences and control both alternative splicing
and mRNA translation and stability (25).

Disease and pathway associations

Although only five loci met genome-wide significance criteria
for GGT, many other variants with smaller effect sizes or

Table 2. Comparison of allelic effects for rs6519519 at the GGT1 locus between adults and adolescents

Adult studies Adolescent studies Comparison
b SE (b) P-value b SE (b) P-value PHet

GGT1
rs6519519 (QIMR) 0.121 0.018 1.50E211 20.140 0.034 3.40E205 1.67E211
rs6519519 (NTR) 0.059 0.015 1.14E204 – – – –
rs6519519 (Raine, age 13–15) – – – 20.092 0.041 0.027 –
rs6519519 (raine, age 16–18) – – – 20.112 0.045 0.013 –

Betas are reported as the per-allele effect of the minor allele (T) on log10(GGT).

Figure 2. Allelic effects at rs6519519 on log10GGT, by age group; QIMR data by age, and results from replication in RAINE adolescent and NTR adult studies.
Error bars show SE for each estimated beta.
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lower minor-allele frequencies (MAFs) must contribute to the
heritability of this phenotype. Gene- and pathway-based ana-
lyses can aid our understanding of these. Results from the in-
genuity analysis showed substantial overlap between genes
containing these SNPs and genes showing documented
disease associations. An excess of disease associations was
found for cardiovascular disease and hypertension, both type
1 (insulin-dependent) and type 2 (non-insulin-dependent) dia-
betes, inflammatory conditions (rheumatoid arthritis, Crohn’s
disease, inflammatory bowel disease) and rather unexpectedly
for progressive motor neuropathy and amyotrophic lateral
sclerosis. All these were significant at P , 10210 when
SNPs showing P , 0.001 for GGT were included, and
became stronger when the list of SNPs was expanded to
P , 0.01 for GGT. In view of the known phenotypic associa-
tions between GGT and cardiovascular diseases and diabetes,
some of these gene overlaps are consistent with expectations
but those with inflammatory and neurological conditions are
novel. The association with amyotrophic lateral sclerosis
may be because of the role of oxidative stress in that condition
(26,27) and the function of GGT in replenishing glutathione.

This pathway analysis also showed networks of genes in
which variation is associated with GGT activity, connected
by previously documented effects (mainly effects of one
gene product on the expression of another gene). Figure 3
emphasizes the existence of a group of genes whose variation
affects GGT activity and which are controlled by or connected

with the Hepatic Nuclear Factor family. Multiple genes, which
are controlled by HNF1a, HNF4a or both, contain SNPs which
are associated with GGT activity at P , 0.001, and SNPs in
both HNF4A and (even more strongly) HNF1A have
apparently direct effects on GGT. This reinforces the
phenotypic associations between serum GGT and obesity
and inflammation, while the SNP-disease associations are
consistent with the predictive validity of serum GGT for
diabetes, cardiovascular disease and overall mortality.

Limitations

As with other GWASs, only the genetic variants which are
tagged by the SNPs included in the genotyping process can
be tested for association with the phenotype. Those which
are not in linkage disequilibrium with tagging SNPs are not
included, and those with low MAF require large samples to
give adequate power even if they are typed or imputed.
However, this limitation does not lead to false-positive asso-
ciations. Our study focused on people of European descent,
and variants which are monomorphic in Europeans but poly-
morphic in other populations [such as rs671 in ALDH2 (8)]
would not be detected. The age comparison of the effects of
SNPs at GGT1 is based on independent cohorts, and compar-
isons based on longitudinal measurements of GGT or on
within-family comparisons such as parent-offspring data
would be desirable. However, the subjects in the four

Figure 3. Network of genes containing SNPs affecting GGT at P , 0.001 (pink blocks) or P , 5 × 1028 (red blocks), emphasizing HNF connections. (Details of
the genes in this network, the most significant SNPs in each gene and their P-values are given in Supplementary Material, Table S7.)
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cohorts (three Australian and one from the Netherlands) had
similar GGT results and each was filtered on the basis on
ancestry-informative markers to include only people of Euro-
pean descent.

Conclusions

Serum GGT activity is an independent predictor of morbidity
and mortality, and increases in obesity and metabolic syn-
drome. These associations are strengthened by our discovery
that SNPs affecting GGT, even at suggestive rather than
genome-wide-significant levels, include a highly significant
excess of those affecting cardiovascular disease and diabetes.
The direction of association between SNPs at the GGT1 locus
(and potentially elsewhere) and serum GGT activity changes
with age, and differences in allelic effects on GGT between
health and disease deserve further study.

SUBJECTS AND METHODS

Discovery cohorts

The Adult studies conducted by Queensland Institute of
Medical Research (QIMR) comprised:

(1) a study of genetic effects on risk factors for common psy-
chiatric and metabolic diseases (1993–96 Adult Study),
described in ref. (13). All participants were Australian
adult twins, aged 29–92 years, not selected for any
disease. Enzyme activity in serum was measured on
3060 participants.

(2) a study of anxiety and depression, drawn from participants
in our previous twin studies and selecting for pairs either
highly concordant or highly discordant for neuroticism
score (28). A total of 2351 participants in this study had
enzyme measurements.

(3) a study on genetic risk factors for endometriosis (29), from
which 3688 participants had enzyme measurements; and

(4) a twin-family study of alcohol and nicotine dependence
and metabolic risk factors for alcoholic liver disease.
Enzyme measurements were available from 9527 partici-
pants.

From the combined Adult Studies, 17 071 people had GGT
and other liver enzyme results, some from more than one
study. Of them, 9971 had both enzyme results and GWAS
genotyping.

The Brisbane Adolescent Twins Study, described in (30),
focused on cognition, risk factors for melanoma and metabolic
risk factors in adolescence. A total of 3023 twins or their sib-
lings had biochemical results from participation in these
studies between 1992 and 2006, mostly on more than one oc-
casion. Of them, 2555 had both enzyme results and GWAS
genotyping.

Each of the studies was approved by the QIMR Ethics
Review Committee and the participants (and for those aged
,18, their parent or guardian) gave informed consent.

Information on participants’ characteristics is shown in Sup-
plementary Material, Table S6. There was no overlap of indi-
viduals between the Adolescent and Adult studies. Where

multiple measurements were available for any participant,
the mean value was used in the genetic association analysis.

Serum was separated from clotted blood samples and stored
at 2708C until analysed. For the 1993–96 Adult Study, GGT,
ALT, AST, lipids and glucose were measured with standard
clinical laboratory methods on a Hitachi 747 analyser. For
later studies, these phenotypes, and also CRP, were measured
on either a Roche 917 or Modular P analyser (Roche Diagnos-
tics, Castle Hill, NSW, Australia). Enzyme activity results
were log-transformed, and adjusted for sex, age, age2, sex ×
age and sex × age2 in the association analyses.

Genotyping was performed on DNA extracted from blood
samples by standard methods. Genome-wide SNP typing
was performed using Illumina 317K, 370K or 610K chips at
CIDR, deCode Genetics or the Finnish Genome Centre. Data
cleaning and analysis involved checks for quality of SNPs
and of samples, with exclusions as previously described
(31,32). SNPs were included in the analyses if they had
Hardy–Weinberg equilibrium (HWE) test P ≥ 1026, MAF ≥
1%, call-rate ≥ 0.95 and the mean value of BeadStudio
GenCall score ≥ 0.7. We used principal components analysis
(EIGENSTRAT) of the genotyping data to exclude subjects
of non-European ancestry. We used a set of �275 000 auto-
somal SNPs that were common to Australian samples,
HapMap 3 (11 global populations) and 5 Northern European
(Denmark, Finland, the Netherlands, the UK and Sweden)
populations from the GenomEUtwin Consortium. We
excluded 277 individuals (1.7% of the total genotyped indivi-
duals) who were more than 6 standard deviations from the
mean of principal components (PCs) 1 and 2 derived from
the European populations.

Imputation of non-typed HapMap SNPs was carried out
using MACH (http://www.sph.umich.edu/csg/abecasis/mach/
index.html). To avoid bias due to both missingness and SNP
density, we used a set of SNPs common to the genotyping
chips (n ¼ 274 604). The imputation procedure, and the set
of SNPs used, was the same for both the adult and the adoles-
cent data. The imputed genotypes were used for the associ-
ation analyses if they met the same conditions as mentioned
for the genotyped SNPs as well as an imputation quality
score, R-sq-hat (the squared correlation between imputed
and true genotypes) of 0.3 or greater. The SNPs which
showed significant associations with GGT had R-sq-hat
values between 0.65 and 0.98. A total of 2 380 486 SNPs
were used for the association analyses. The imputed genotypes
were used for all SNPs including those originally genotyped.
For the locus at GGT1 which showed heterogeneity of
allelic effects between adults and adolescents, we checked
the allelic association results for rs6519519 (Table 2) by
repeating the analysis using the original (pre-imputation) gen-
otypes and found essentially identical results.

Prior to association analyses, the phenotypes were adjusted
for the effects of sex, age, age × age, sex × age and sex × age
× age. We tested each SNP for association with the phenotype
under an additive model using a family-based score test imple-
mented in Merlin (33). Both within- and between-family com-
ponents were used to produce a total association estimate. We
meta-analysed the SNP–phenotype associations from the adult
and adolescent cohorts by weighting the effect size estimates
using the inverse of the corresponding standard errors in
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Metal (34). The heterogeneity between the estimates was
assessed using Cochran’s Q statistic implemented in Metal.
A genome-wide significance level of 5 × 1028 was used for
both allelic association and heterogeneity P-values, and
results are reported (Table 1) for the most significant SNP at
each locus with P-values below this threshold either in the
meta-analysis of adult and adolescent data or in the adults or
adolescents separately. There was one locus with
genome-wide-significant heterogeneity, and we tested for rep-
lication at one SNP (rs6519519) at this locus, so the signifi-
cance threshold used for the replication data was P , 0.05.

Replication cohorts

The adult replication data came from individuals who took
part in the Netherlands Twin Registry (NTR) Biobank study
conducted between January 2004 and July 2008 (35). This
study collected blood from 9530 adult twins and their family
members from 3477 families who participate in the longitudin-
al studies of the NTR. At the time of analysis, genome-wide
SNP data were available in 4201 individuals, including 1428
individuals who are part of a monozygotic (MZ) twin pair.
If both twins from an MZ pair had valid GGT data, the
average value was taken. The final sample size for this ana-
lysis was 3225 individuals, 63.3% women and mean age
47.4 years (SD ¼ 14.1). GGT was determined in heparin
plasma using the Vitros assay (Johnson & Johnson, Rochester,
USA). The mean for log10GGT was 1.43 (SD ¼ 0.23).

Genotype data were available for individuals who partici-
pated in at least one of the following six genotyping projects
of the NTR: the GAIN-MDD study (1864 participants, who
were mainly controls for MDD; Perlegen/Affymetrix 660K
SNP chip) (36), the NTR2 study (1335 unrelated individuals
unselected for phenotype; Illumina 660K), the GenomEUtwin
study (287 female MZ twins, unselected for phenotype; Illu-
mina 310K), the MDD2000 study (26 cases for MDD; Affy-
metrix 600K), an ADHD study (155 subjects from families
with high or low scoring offspring; Affymetrix 1M) and a sub-
sample from the GAIN-MDD study (96 controls) who were
genotyped for a second time on Illumina 660K. The majority
were genotyped as part of the GAIN-MDD or NTR2 studies
(1576 and 1282 individuals, respectively, out of 3225).

Individuals’ genotype data were checked for European an-
cestry, gender inconsistencies, Mendelian errors and level of
heterozygosity. Other checks including HWE, MAFs, SNP
and sample call rates were conducted in each sample inde-
pendently and in the combined sample. Samples typed twice
and allele frequencies were used to verify the alignment of
strands between chips. After that, imputation of all
HAPMAP phase II SNPs in all genotyped individuals was con-
ducted using the HAPMAP II build 36 release 24 CEU sample
as a reference panel. rs6519519 genotypes were extracted for
the replication analyses. Because imputation was run in the
entire sample, the genotype data were imputed in all indivi-
duals, even when this SNP was genotyped on one of the
chips. The r-squared of the SNP was 0.87.

The adolescent replication data came from individuals who
took part in the Western Australian Pregnancy (Raine) cohort.
Between 1989 and 1991, 2900 pregnant women were recruited
prior to 18-week gestation into a randomized controlled trial to

evaluate the effects of repeated ultrasound in pregnancy
(37–39). Recruitment predominantly took place at King
Edward Memorial Hospital (Perth, Western Australia). Their
children have been comprehensively phenotyped from birth
to 21 years of age (average ages of 1, 2, 3, 6, 8, 10, 14, 17
and currently 21) by the Raine research team. Data collection
included questionnaires completed by the child’s primary
carer and by the adolescent from age 14, physical assessments
by trained assessors at all follow-up years and blood collection
from the year 14 and 17 follow-ups. The study was conducted
with appropriate institutional ethics approval, and written
informed consent was obtained from a parent/guardian, and
from the adolescent from year 17. The cohort has been
shown to be representative of the population presenting to
the antenatal tertiary referral centre in Western Australia.

Serum was separated from clotted blood and stored at
2708C until analysis. Serum GGT was analysed on an Archi-
tect c16000 Analyser (Abbott Diagnostics, Abbott Laborator-
ies, Abbott Park, IL 60064, USA) using reagents from Abbott
Diagnostics. Log-transformed GGT z-scores from the 14- and
17-year follow-ups were used. Of the 2868 individuals who
participated in the childhood follow-ups, 1377 individuals
had GGT levels measured at the 14-year follow-up and 1268
at the 17-year follow-up. A subset of those individuals were
selected for analysis based on singleton birth, having no sib-
lings in the study, Caucasian ethnicity, no congenital abnor-
malities and relevant genotype data. This led to 1149
individuals with genotype and GGT data at the 14-year follow-
up and 1046 individuals at the 17-year follow-up, which are
the final sample sizes for the analysis. The mean age of the
participants at each follow-up was 14.1 (SD ¼ 0.20;
minimum ¼ 13.0, maximum ¼ 15.1) and 17.1 (SD ¼ 0.25;
minimum ¼ 16.0, maximum ¼ 18.3).

Individual genotype data were extracted from the genome-
wide Illumina 660 Quad Array. Briefly, the genotyping was
performed on the Illumina BeadArray Reader at the Centre
for Applied Genomics (Toronto, Ontario, Canada). Indivi-
duals’ data were checked for gender inconsistencies, level of
heterozygosity and relatedness with other individuals in the
sample. SNPs were removed through genotyping QC if they
had a call rate of ,95%, had a Hardy–Weinberg P-value
,5.7 × 1027 or had a MAF ,1%. All analyses were per-
formed using R version 2.11.1. Allelic association for
rs6519519 was performed by multivariate linear regression
on gender and SNP allele count.

Disease and pathway analysis

We submitted all SNPs showing associations with GGT at
P , 0.001 (n ¼ 3073) for analysis using Ingenuity Pathway
Analysisw (IPA; Ingenuity Systems, Inc., Redwood City,
CA, USA). This identifies genes within 10 kbp of the SNPs,
and then tests for associations between these genes and
known biological pathways or previously reported disease
associations. The IPA database contains multiple types of in-
formation including published associations between genes
and diseases. In some cases, the data are more extensive
than that published in the original papers, so the system can
make use of suggestive associations as well as the published
significant ones. The sources used are cited in the Ingenuity
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output. IPA provides statistics on associations between dis-
eases (e.g. non-insulin-dependent diabetes) and the genes con-
taining significant or suggestive SNPs, based on a standard
2 × 2 contingency table. The four cells comprise the number
of genes identified in the association analysis, categorized as
associated with the disease/not associated with the disease,
and the number in the set of all genes in the database, again
categorized as associated with the disease/not associated
with the disease. The statistical test used is a one-tailed
Fisher’s exact test (one-tailed because we are interested in
over-representation of genes associated with the disease). As
well as the P-values for disease association, the number of
molecules (genes) in the submitted list which have been asso-
ciated with the disease, and the sources of that information, are
reported.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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