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Abstract

A genome-wide search for genetic variants influencing the brain’s white matter integrity in old age was conducted in the Lothian Birth
Cohort 1936 (LBC1936). At ~73 years of age, members of the LBC1936 underwent diffusion MRI, from which 12 white matter tracts were
segmented using quantitative tractography, and tract-averaged water diffusion parameters were determined (n = 668). A global measure of
white matter tract integrity, gz, derived from principal components analysis of tract-averaged fractional anisotropy measurements,
accounted for 38.6% of the individual differences across the 12 white matter tracts. A genome-wide search was performed with g, on 535
individuals with 542,050 single nucleotide polymorphisms (SNPs). No single SNP association was genome-wide significant (all p > 5 X
10~®). There was genome-wide suggestive evidence for two SNPs, one in ADAMTSIS8 (p = 1.65 X 107°), which is related to tumor
suppression and hemostasis, and another in LOC388630 (p = 5.08 X 10~ °), which is of unknown function. Although no gene passed
correction for multiple comparisons in single gene-based testing, biological pathways analysis suggested evidence for an over-representation
of neuronal transmission and cell adhesion pathways relating to gp,.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

A new era in brain imaging genetics is beginning, based
on the availability of quantitative structural MRI methods
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matter integrity in specific pathways (Behrens et al., 2007),
may provide valuable insights into the genetic influences on
large-scale axonal development, synaptic connectivity, and
fiber architecture, and ultimately inform on the biological
basis of brain disorders (Hibar et al., 2011a).

Studies of twins have shown that aspects of brain struc-
ture and function are highly heritable throughout the lifes-
pan (Gilmore et al., 2010; Kremen et al., 2010; Rimol et al.,
2010; Schmitt et al., 2010). Three heritability studies are
noteworthy. First, in 92 identical and fraternal twins, addi-
tive genetic factors explained between 75% and 90% of the
variance in white matter fractional anisotropy (FA) in bilat-
eral frontal, bilateral parietal, and left occipital lobes
(Chiang et al., 2009). Second, in 15 monozygotic and 18
dizygotic twin pairs of elderly men, additive genetic con-
tributions explained 67% and 49% of the total variance in
corpus callosum FA, respectively (Pfefferbaum et al.,
2001). Third, a family study of 467 healthy individuals from
49 Mexican-American families showed a significant herita-
bility for whole brain-averaged FA (h* = 0.52, p = 1077);
that is, more than 50% of the individual differences in FA
were explained by additive genetic factors (Kochunov et al.,
2010).

Despite this evidence of a genetic contribution to differ-
ences in white matter integrity, the specific genetic causes
remain largely unknown. Searches for these genetic influ-
ences have so far focused on candidate genes and have had
limited success in identifying genes linked to white matter
structure in healthy individuals (Thompson et al., 2010).
One candidate gene study investigated the effects of the
gene encoding the brain-derived neurotrophic factor
(BDNF) (Chiang et al., 2011a). In this study of 258 twins,
a common genetic polymorphism within BDNF' accounted
for ~15% of the variance in FA in major white matter fiber
tracts, and this finding was replicated in a study of 455
twins. A second study investigated healthy younger and
older individuals and found a general reduction of FA in
carriers of the apolipoprotein E (APOE gene) €4 allele
(Heise et al., 2011). A third candidate gene association
study in older individuals demonstrated genetic association
between a functional genetic polymorphism in the [(3,-ad-
renergic receptor gene (ADRB2) and FA measures of the left
arcuate fasciculus and the splenium of the corpus callosum
(Penke et al., 2010b). Further regions on chromosomes
15925 and 3q27 have also been linked with white matter
circuitry and brain structure in the aforementioned Mexi-
can-American family study (Kochunov et al., 2010). An
alternative to the candidate gene approach is the hypothesis-
free, genome-wide association study strategy. Genome-
wide association studies have been useful for identifying
many genes in non—brain-related human traits (Houlihan et
al., 2010; WTCCC, 2007). However, effectively linking
high-throughput single nucleotide polymorphism (SNP)
data to large-scale imaging data remains a challenging task.

Here, we report the first genome-wide association study,
using 542,050 SNPs, of a general factor of white matter
integrity, which we call gg,. It was determined using dif-
fusion MRI tractography data collected from the Lothian
Birth Cohort 1936 (LBC1936), a large group of relatively
healthy older people in their eighth decade (Deary et al.,
2007; Wardlaw et al., 2011). Previously, in a subsample of
the LBC1936, we found that the integrity of different white
matter tracts, as indicated by tract-averaged FA, was
strongly positively correlated, showing that individuals with
lower integrity in one white matter tract tended to have
lower integrity in other tracts as well, making white matter
tract integrity a brain-wide property (Penke et al., 2010a). A
derived general white matter integrity factor, gg,, captured
the common integrity variance across tracts. The present
study searches genome-wide for genetic associations to this
general factor of brain white matter integrity and takes a
tiered approach to investigate genetic influences on gg, at the
SNP level, at the gene level, and at the level of biological
pathways.

2. Methods
2.1. Subjects

The LBC1936 consists of community-dwelling, rela-
tively healthy individuals (Deary et al., 2007) who were all
born in 1936 and participated in the Scottish Mental Survey
1947 (SMS1947) (Scottish Council for Research in Educa-
tion Mental Survey Committee, 1949). From 2008 to 2010
at a mean age of ~73 years, 866 (418 female) LBC1936
individuals undertook medical, genetic, and cognitive test-
ing, alongside additional investigations including detailed
brain MRI (Wardlaw et al., 2011). Tractography data were
available for 668 individuals. Of these 668, the study sam-
ple with nonmissing tractography and genome-wide geno-
type data comprised 535 individuals (256 females) with a
mean age of 72.7 (SD = 0.74) years. All individuals were
healthy, right-handed, and showed no evidence of cognitive
pathology on self-reported medical history or on a brief
dementia screening test; Mini-Mental State Examination
(MMSE) scores were = 24 (Folstein et al., 1975). The study
was approved by the Lothian (REC 07/MRE00/58) and
Scottish  Multicenter (MREC/01/0/56) Research Ethics
Committees, and all subjects gave written informed consent.

2.2. Diffusion MRI protocol

All MRI data were acquired at the Brain Research Im-
aging Centre, associated with the Wellcome Trust Clinical
Research Facility, The University of Edinburgh, using the
same GE Signa Horizon HDxt 1.5-T clinical scanner (Gen-
eral Electric, Milwaukee, WI, USA) equipped with a self-
shielding gradient set (33 mT/m maximum gradient
strength) and manufacturer-supplied eight-channel phased-
array head coil. The diffusion MRI protocol consisted of
seven T,-weighted (b = 0 seconds/mm?) and sets of diffu-
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sion-weighted (b = 1000 seconds/mm?) axial single-shot
spin-echo echo-planar (EP) volumes acquired with diffusion
gradients applied in 64 noncollinear directions (Jones et al.,
2002). Seventy-two contiguous axial slices of 2-mm thick-
ness were acquired with a field of view of 256 X 256 mm
and matrix size of 128 X 128, giving a resolution of 2 X 2 X
2 mm. Repetition time was 16.5 seconds and echo time was
95.5 ms, producing a total scan time of approximately 20
minutes.

2.3. Diffusion tensor processing

Using FMRIB Software Library (FSL) tools (fmrib.ox.
ac.uk/fsl), the diffusion MRI data were preprocessed to
extract the brain (Smith, 2002) and remove bulk patient
motion and eddy current-induced artifacts by registering the
diffusion weighted to the first T,-weighted EP volume for
each subject (Jenkinson and Smith, 2001). Mean FA vol-
umes were created using DTIFIT. Brain connectivity data
for the tractography analysis were generated using Bed-
postX/ProbTrackX run with its default parameters of a two-
fiber model per voxel and 5000 probabilistic streamlines for
each tract, with a fixed separation distance of 0.5 mm
between successive points (Behrens et al., 2007). Probabi-
listic neighborhood tractography, as implemented in the
TractoR package for fiber tracking and analysis (code.
google.com/p/tractor), was used to segment the same fas-
ciculus in each subject from single seed point tractography
output using probabilistic tract shape modeling (Bastin et
al., 2010; Clayden et al., 2007, 2009b). In this method, the
optimum tractography seed point was determined by esti-
mating the best-matching tract from a series of candidate
tracts generated from a 7 X 7 X 7 neighborhood of voxels
placed around a voxel transferred from standard to native
space against a reference tract that was derived from a
digital human white matter atlas (Mufioz Maniega et al.,
2008). The topological tract model was also used to reject
any false-positive connections (Clayden et al., 2009a),
thereby significantly improving tract segmentation (Bastin
et al., 2010). For each subject, the seed point that produced
the best-match tract to the reference was determined for 12
major white matter pathways, specifically genu and sp-
lenium of corpus callosum, bilateral anterior thalamic radi-
ations, cingulum cingulate gyri, and arcuate, uncinate, and
inferior longitudinal fasciculi. The resulting tractography
masks were then applied to each subject’s FA volume to
generate tract-averaged FA values for each fiber pathway.
To ensure that the segmented tracts were anatomically plau-
sible representations of the fasciculi of interest, a researcher
(S.M.M.) visually inspected all masks blind to the other
study variables and excluded tracts with aberrant or trun-
cated pathways. In general, probabilistic neighborhood trac-
tography was able to segment the 12 tracts of interest
reliably in the majority of subjects (n = 668), with tracts
that did not meet quality criteria (truncation or failed to
follow expected path) ranging from 0.3% for the splenium

of the corpus callosum to 16% for the left anterior thalamic
radiation, with a mean of 5%.

2.4. Genome-wide association data

A detailed description of the genome-wide association
study methods used in the LBC1936 is available elsewhere
(Houlihan et al., 2010). In brief, genotyping was performed
using an Illumina Human 610-Quadv1 chip (Illumina, Inc.,
San Diego, CA, USA) on blood-extracted DNA. Standard
quality control measures were applied including the follow-
ing thresholds: call rate = 0.98, minor allele frequency =
0.01, and Hardy—Weinberg equilibrium test with p = 0.001.
The final number of SNPs was 542,050.

2.5. Statistical analyses

2.5.1. Imaging phenotypes

A general factor of white matter integrity, gg,, was
derived using principal components analysis (PCA), as pre-
viously described in a pilot sample (Penke et al., 2010a),
with the following updates. PCA was applied to the tract-
averaged FA values measured from the 12 segmented tracts.
Up to three missing values per individual were imputed by
replacing the missing values by the mean value for that
specific white matter tract. A clear one-component solution
was demonstrated with the first unrotated principal compo-
nent accounting for 38.60% of the variance. Figure 1 shows
that all 12 tracts showed substantial positive loadings on the
component (mean loading = 0.617; range, 0.352-0.701).
The principal phenotype used in this study, gg,, was the
score on the first unrotated principal component of the PCA
analysis of the tract-averaged FA values of the 12 white
matter pathways (mean = 0, standard deviation = 1), with
a high value of gz, indicating elevated FA across all tracts.

2.5.2. Association analysis

Association between gp, and genome-wide SNPs was
tested by linear regression analysis in PLINK version 1.07
(pngu.mgh.harvard.edu/~purcell/plink), covarying for gen-
der and age in days at the time of brain imaging, under an
additive genetic model (Purcell et al., 2007). To test inde-
pendence of the top associated SNPs (rs7192208 and
1s946836), conditional analysis was performed in PLINK.
This includes the allelic dosage of the specified SNPs as a
covariate in a linear regression analysis. If other SNPs are
still significant after this analysis, this would suggest that
these SNPs are having an effect on the trait, independent of
the conditioned SNPs. Quantile-quantile (QQ) plots and
Manhattan plots of the genome-wide association analysis
were visualized using WGAviewer (Ge et al., 2008) and an
R script “ggplot2” (gettinggeneticsdone.blogspot.com). To
calculate the genotype means in PASW Statistics version
17.0.2 (SPSS Inc., Chicago, IL, USA), the phenotype was
first regressed for age and sex as covariates (mean = 0,
standard deviation = 1). The genotyping clusters of the top
associated hits were visually inspected to check for errone-
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Fig. 1. Illustration of the general factor of white matter integrity, g.,. Brain images show white matter tract segmentations obtained in one representative
participant for 12 tracts, namely, genu and splenium of the corpus callosum, bilateral anterior thalamic radiations, cingulum cingulate gyri, and arcuate,
uncinate, and inferior longitudinal fasciculi. Seed points are marked with a green cross, and tracts are projected into the plane of the seed point. The statistics
on the lines are the factor loadings of the average FA values of the tracts on the latent white matter integrity factor. For bilateral tracts, both left and right
factor loadings are provided to the left or top, and right or bottom, of the line, respectively. For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.

ous genotype calling in Illumina Genomestudio version
1.0.2.20706 (illumina.com).

2.5.3. Genetic investigations

Genes and predicted genes (expressed sequence tags)
close to significant SNPs were localized through the UCSC
genome browser (Kent et al., 2002) (genome.ucsc.edu).
Gene functions and known associations with disease were
explored using the Online Mendelian Inheritance in Man data-
base (OMIM; ncbi.nlm.nih.gov/omim), GeneCards (genecards.
org), Genetic Association Database (geneticassociationdb.nih.
gov), NextBio (nextbio.com), SNPexp (app3.titan.uio.no/biotools/
help.php?app=snpexp), and SNP express (Heinzen et al., 2008)
(people.chgv Isrc.duke.edu/~dg48//SNPExpress/index.php).

2.5.4. Gene-based analyses

Gene-based analysis was performed using the VErsatile
Gene-based Association Study (VEGAS) test (Liu et al.,
2010) (gump.qimr.edu.au/VEGAS). This gene-based test
works by summarizing the evidence for association to
2ra ON a per-gene basis by considering the p-value of all
SNPs within 17,787 autosomal genes according to posi-
tions on the UCSC Genome Browser hgl8 assembly
(including = 50 kb up- and downstream of the gene from
the 5" and 3’ untranslated regions), while accounting for
linkage disequilibrium between markers by using simu-

lations from the multivariate normal distribution and the
number of SNPs per gene. The significance threshold
applied was p < 2.8 X 107° (= 0.05/17,787). Published
candidate genes previously associated with the white
matter of the brain measured by FA in healthy individuals
were examined for associations with gg, in the LBC1936
using VEGAS.

2.5.5. Biological pathway analysis

To extract biological meaning from the large list of genes
suggestively associated with gp,, biological pathway anal-
ysis was performed using Web-based Gene Set Enrichment
Analysis Toolkit (WebGestalt2) (Duncan et al., 2010;
Zhang et al., 2005). A gene list from VEGAS analysis (p <
0.01, n = 177 genes) was uploaded. Gene ontology anno-
tations were found for 173 genes. An enrichment analysis
for the gene ontology categories was performed using the
recommended settings: Statistical Method was the hy-
pergeometric test; Multiple Test Adjustment was Benjamini
and Hochberg method (Benjamini and Hochberg, 1995); the
significance level for the adjusted p-value was 0.05; the
minimum number of genes for a category was 2. The results
are represented by an enriched directed acyclic graph
(DAG) and in tabular form.
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2.5.6. Clustering of functional annotation

To search for biological terms and functions that are
specifically enriched in genetic associations with white mat-
ter and to group these biological terms according to similar
functionality, analysis was performed using DAVID (the
Database for Annotation, Visualization, and Integrated Dis-
covery), a data-mining integrated environment of bioinfor-
matics resources (Huang et al., 2009). A gene list was
uploaded, based on the VEGAS analyses (p < 0.01, n =
177 genes). Functional annotation clustering analysis on
these gene lists using Gene Ontology (GO) terms (GOTERM_
BP_FAT, GOTERM_CC_FAT, GOTERM_MF_FAT) and
pathways (BBID, BIOCARTA, KEGG) was performed. The
highest clustering stringency was used, as this generates fewer
functional groups, with more tightly associated genes in each
group. The number in each gene list tested with corresponding
DAVID IDs was 127 for VEGAS. Within each annotation
cluster is a group of terms with similar biological meaning due
to sharing similar gene members. The authors advise that
clusters with an enrichment score of 1.3 or greater should be
given further attention, as this is equivalent to non-log scale of
p = 0.05.

2.5.7. Statistical power

Formal calculations were performed to establish the sta-
tistical power available in this study to detect genetic vari-
ants associated with gg,. These were estimated using the
variance component quantitative trait loci association mod-
ule in the genetic power calculator (Purcell et al., 2003).
With a sample size of 535, this study has 80% power to
detect an additive effect of a causal variant, in linkage
disequilibrium D’ = 1 of a marker with a minor allele fre-
quency of 0.25 (mean minor allele frequency of the 542,050
SNPs in this study), accounting for 7% of the variance, at
type 1 error rate adjusted for multiple testing (p-value =
5 X 10®). This is adequate power to detect the effect sizes
previously associated with white matter integrity, for exam-
ple, BDNF (Chiang et al., 2011a), but has reduced power to
detect effect sizes less than 7%.

3. Results
3.1. Genome-wide association study

The QQ plot (Fig. 2a) shows no evidence of population
stratification, as the observed line does not deviate from that
which is expected (red line), and the lambda value suggests
no inflation of association signals in accordance with ran-
dom expectation (A = 1.0092). A further test of population
stratification was performed by checking for association
between the first four components from a multidimensional
scaling analysis (MDS) of the SNP data and the phenotype
under investigation here, gp,. The MDS analysis was car-
ried out using the entire LBC1936 cohort, as described in
Davies et al. (2011), and also using the subset of 535
individuals included in this study. There was no evidence of

an association with either set of MDS components (all
p-values > 0.05), and therefore no suggestion of underlying
population substructure.

Genome-wide association analysis of 542,050 SNPs with
gra found no SNPs that surpassed the conventional thresh-
old for genome-wide significance (p < 5 X 10~ %). There
were two SNPs with genome-wide support for suggestive
association of p < 1 X 107> (Figs. 2b and 3, Table 1). In all,
570 SNPs were associated at a significance level p < 1 X
103 and are listed in Supplementary Table 1. The strongest
association was with 17192208 (p = 1.65 X 10~°). This
SNP is located in an intron of the gene ADAMTSI8. The
other genome-wide suggestive association was with
15946836 (p = 5.08 X 10~ °). This SNP is an intronic
marker in a putative protein-coding gene called LOC
388630. The association of both SNPs with gi, was inde-
pendent of each other as tested by conditional analysis.
Together, these two variants explain ~6% of the variance in
2ra When both SNPs were included in the regression model.
Post hoc analysis shows that rs7192208 and rs946836 are
nominally associated with almost all 12 white matter tracts
(all p-values < 0.1; Supplementary Table 2). In particular,
rs7192208 is most significantly associated with the left
arcuate fasciculus (p = 2.55 X 107°) and rs946836 (p =
2.57 X 107%) with the left uncinate fasciculus. Figure 4
illustrates the clearly additive effect of both genome-wide
suggestive hits on gg,. For the ADAMTSIS SNP,
rs7192208, the addition of the minor allele (G) is associated
with decreased gg,. Conversely, for the SNP rs946836 in
LOC388630, the addition of the minor allele (T) is associ-
ated with increased gp,.

Furthermore, the association of both genome-wide sug-
gestive SNPs with the expression of their corresponding
genes, ADAMTS18 and LOC388630, was tested using on-
line resources. Of the 30 exon probes specific for ADAMTS
18, expression of 21 exon probes was associated with
rs7192208 in brain tissue (p-values < 0.05) (Heinzen et al.,
2008). Neither rs7192208 nor rs946836 was associated with
ADAMTSI8 or LOC388630, respectively, in lymphoblas-
toid cell lines (SNPexp) or with peripheral blood mononu-
clear cell tissue (Heinzen et al., 2008). This suggests that
rs7192208 influences ADAMTSI1S8 expression through cis-
acting genetic regulation in the brain.

3.2. Gene-based analyses

A gene-based analysis was performed to consider asso-
ciations between gg, and 17,787 genes in VEGAS (Liu et
al., 2010). None of the genes passed a Bonferroni threshold
for significance (p < 2.8 X 10~°). Table 2 shows 19 top
associated genes (p < 0.001). The most associated gene is
ORIG, an olfactory receptor, family 1, subfamily G, mem-
ber 1. Another associated gene on chromosome 17 is
ORID?2, an olfactory receptor, family 1, subfamily D, mem-
ber 2. Olfactory receptors interact with odorant molecules in
the nose to initiate a neuronal response that triggers the
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Fig. 2. Genome-wide association study p-values for gp,. (A) Quantile-quantile plot of the association analysis p-values. The black circles represent the
observed data; the red line is the expectation under the null hypothesis of no association; and the black curves are the boundaries of the 95% confidence
interval. The lambda value suggests no inflation of association signals in accordance with random expectation. (B) Manhattan plot. The x-axis represents the
position of each chromosome from the p terminus to the q terminus. The y-axis depicts p-values (-log10[p-values]). Genome-wide significance threshold is
in red (-logl0[5 X 1078]), and suggestive threshold is in blue (—logl0O[1 X 10~ °]). For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.

perception of a smell (GeneCards). Five genes on chromo- all, 177 genes were nominally associated as listed in
some 12 (CDK2, WIBG, SILV now known as PMEL, Supplementary Table 3 (p < 0.01). From the single SNP
RAB5B, DGKA; four genes are overlapping) show nominal analysis, ADAMTS18 shows a nominal association at the
association. These five genes are implicated in cancer but gene level (p = 7.87 X 10~%), and LOC388630 was not

have no known influence on the brain’s white matter. In tested because it is a putative gene. The lack of a strong
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Fig. 3. Detailed view of the associated loci with gp.,. Markers are represented as circles (SNPs with no known function) or a diamond for the most significant
SNP. Markers are placed at their chromosomal position (x-axis) and graphed based on the —log10 (p-values) of their association to gz, (y-axis). The level
of linkage disequilibrium () to the most-associated SNP labeled on the graph is represented in color using the CEU panel (Utah residents with Northern
and Western European ancestry from the CEPH collection) from HapMap Phase II. The location of the genes is shown below the plots. The estimated
recombination rate from HapMap samples is also shown. Images were created using LocusZoom (Pruim et al., 2010). For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.

association of ADAMTSI8 at the gene level may be In the literature, variants in 13 genes have been re-
linked to the underlying genetic architecture of the gene, ported in at least one study as being associated or linked
such that the ADAMTSI8 significant SNP (rs7192208) with white matter integrity measured by FA in healthy
may be, or have a direct link to, the causal variant, and individuals. Table 3 shows that only one of the 13 genes
the other 102 SNPs in this large gene (~153 kb) may that was previously associated with white matter integrity

have diluted the gene’s significance. in a pilot study of the LBC1936 remained associated, in
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Table 1

Independent SNPs associated with g

Chr Gene SNP Minor allele Major allele N MAF Beta SE R? p-value

16 ADAMTSIS rs7192208 G T 533 0.11 —0.48 0.0997 0.042 1.65x10°°
1 LOC388630 1s946836 T C 535 0.33 0.30 0.0651 0.038 5.08 X 107°

SNPs surviving the p < 1 X 10~ threshold for suggestive genome-wide evidence for association with the general factor of white matter integrity. N is the
sample size; MAF, the minor allele frequency; Beta, the regression coefficient of the trait value on the number of minor alleles; SE, the standard error; and

R?, the proportion of variance explained.

a gene-based test using VEGAS, with gg, in this larger
sample of LBC1936 participants (ADRB2, p = 0.042).
Individual SNPs from candidate genes were not tested,
except for the most promising candidate, owing to earlier
genetic and biologically functional evidence, the Val
66Met polymorphism in BDNF. This was not associated
with the gp, in the current study (rs6265, p = 0.73)
(Chiang et al., 2011a).

3.3. Biological pathway analysis

Pathway analysis with a gene ontology method was un-
dertaken using WebGestalt2 on 173 genes suggestively as-
sociated with g, in the LBC1936 from gene-based VEGAS
analysis (p < 0.01). Twenty-three gene ontology categories
were found to have enriched gene numbers using all genes
in the human genome as a reference. Twelve categories
were under “biological process,” and 11 were under “mo-
lecular function.” Supplementary Fig. 1 is an enriched DAG
for the enriched categories under biological process and
molecular function. The enriched categories are shown in
red, and their nonenriched parents are shown in black. Most
of the enriched GO categories identified for this gene set
were related to cell adhesion and neuronal transmission.
Supplementary Table 4 shows that the most significant
category was ‘“calcium-dependent cell-cell adhesion” (p =
1.15 X 10~ for cell adhesion and “synapse assembly”
(p = 5.20 X 10~®) for neuronal transmission.

3.4. Clustering of biologically similar pathways

The genetic associations with gg, were investigated for
clusters or enrichment of genes with similar biological
terms and functions. Genes suggestively associated with
2ra from VEGAS analysis (n = 177 genes, p < 0.01) were
cross-referenced in the DAVID database and searched for
enrichment of GO terms. Twenty-five clusters were gener-
ated. Supplementary Table 5 shows the five clusters with an
enrichment score > 1.3, the equivalent to non-log scale of
p = 0.05. There was a clear clustering of genes relating to
the synapse (Annotation cluster 1, enrichment score 5.59)
for the GO terms synaptogenesis, synapse organization, and
extracellular structure organization.

4. Discussion

To date, few genome-wide association studies have been
performed in brain imaging phenotypes (Hibar et al., 2011b;

Stein et al., 2010). The present study is the first genome-
wide association study with detailed white matter tractog-
raphy information, obtained from a large older human sam-
ple with a narrow age range. We identified genome-wide
suggestive associations between an FA-based general factor
of brain white matter integrity, gg,, and variants in two
genes, ADAMTS18 and LOC388630. Gene-based analysis
and biological pathway analyses showed that there is an
over-representation of associated genes relating to synaptic
function.

The ADAMTSIS8 gene has biological functionality to
suggest a potential role in the white matter of the brain (Fig.
3a). For the particular significant SNP (rs7192208), there
are no previously reported genetic associations. The gene,
ADAMTSI1S8, is ADAM metallopeptidase with thrombos-
pondin type 1 motif, 18 encoding a member of the
ADAMTS (a disintegrin and metalloproteinase with throm-
bospondin motifs) protein family. The top five tissues where
ADAMTS 18 is overexpressed are the cerebellar vermis, cer-
ebellum, cerebellar hemisphere, transverse colon, and the
corpus callosum (NextBio Body Atlas; nextbio.com).
ADAMTS18 is genetically associated with bone mineral
density (Deng et al., 2009), and a functional epigenetic study
in multiple carcinoma cell lines has shown that ADAMTSIS is a
tumor suppressor (Jin et al., 2007). ADAMTSI8 also influences
platelet lysis following thrombin-induced aggregation and in-
creases bleeding time ex vivo and in a mouse model, so it
may “support a possible physiologic and/or therapeutic role
in haemostasis” (Li et al., 2009). This role in hemostasis
may be relevant for age-related white matter damage, for
example, leukoaraiosis. To lend further support to
ADAMTSI8, a related gene, ADAM metallopeptidase do-
main 10 (ADAM10), has recently been correlated with both
FA of the cerebral white matter and the thickness of cortical
gray matter (Kochunov et al., 2011b), and is considered a
potential target for neurodegenerative disorders treatment
and an Alzheimer’s disease candidate gene.

Little is known about the gene LOC388630, in which the
genome-wide suggestive SNP, rs946836, on chromosome 1
lies (Fig. 3b). LOC388630 encodes the UPF0632 protein A
of unknown function. This transcript is predominantly ex-
pressed in the colon but is also expressed in the tissues of
the nervous system (NextBio Body Atlas). There was no
evidence to implicate neighboring genes, as rs946836 does not
correlate with any neighboring genetic variant outside of
LOC388630. 1s946836 was not in linkage disequilibrium with
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Fig. 4. The genotype means of two suggestive significant SNPs with gp.: (A) rs7192208 (ADAMTS18) and (B) rs946836 (LOC388630). On the x-axis are
the three genotypes; the y-axis represents gg, as a standardized variable having been adjusted for age and sex (mean = 0, standard deviation = 1). The error
bars are standard error on the mean. The frequencies of each genotype are GG (0.75%), GT (19.89%), and TT (79.36%) for rs7192208 and TT (9.91%), TC
(45.23%), and CC (44.86%) for rs946836. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.

any SNP outside of LOC388630, other than 37 intronic SNPs
in LOC388630 (r* > 0.4) in the HapMap CEU population.
Therefore, there is no known biological evidence to further
imply that this gene has a role in white matter function.

The pathway analysis hints at relevant biological path-
ways, neuronal transmission (synaptic pathways) and cell

adhesion, influencing white matter in the brain. It is known
that synaptic-style release of glutamate, the brain’s major
excitatory neurotransmitter, occurs deep in white matter,
and dysregulation of white matter synaptic transmission
may play an important clinical role in multiple sclerosis,
Alzheimer’s disease, and other neurodegenerative diseases
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Table 2
Genes showing strongest association with gg, (p < 0.001)
Chromosome Gene Number of SNPs in Start position Stop position p-value
gene (£ 50 kb)
17 ORIGI 24 2,976,653 2,977,595 5.90 X 102
12 CDK2* 15 54,646,822 54,652,835 6.30 X 1072
12 WIBG 12 54,581,463 54,607,964 7.20 X 1073
12 SILV?* 14 54,634,155 54,646,093 1.37 x107*
12 RAB5B? 16 54,654,128 54,674,755 1.79 X 104
12 DGKA* 14 54,611,212 54,634,074 1.94 X 107
10 ACADSB 38 124,758,418 124,807,796 2.62 X107
17 ORID2 19 2,942,101 2,943,040 28X 107
14 HSPY90AA] 12 101,616,827 101,675,839 323 x107*
1 CYP4All 6 47,167,432 47,179,743 4.45x 104
12 SUOX 15 54,677,309 54,685,576 4.47 x 1074
1 CYP4B1 35 47,037,256 47,057,608 487 X 107%
12 SLC24A6 13 112,220,953 112,257,308 5.04 X 10
12 TPCNI 17 112,143,651 112,218,317 6.02 X 107
16 ADAMTSIS8 103 75,873,525 76,026,512 7.87 X 107
5 SKIV2L2 36 54,639,332 54,757,166 7.97 X 107
2 GPRI7° 20 128,120,216 128,126,683 8.22 X 107*
2 LIMS2° 23 128,112,470 128,138,583 9.35x 107*
1 TSEN1S5 33 182,287,433 182,309,967 9.80 X 10

2> The gene boundaries are overlapping as SNPs can be allocated to multiple genes, so the same SNP could be driving the signal in different genes. The

results are ordered by significance.

(Alix and Domingues, 2011). Indeed, molecules involved in
cell adhesions, namely, proinflammatory intracellular cell
adhesion molecules that were used to examine the extent of
ischemia-induced white matter lesions, were found to be
significantly increased in white matter of subjects with ma-
jor depressive disorder (Thomas et al., 2003). This func-
tional evidence further lends weight to the importance of
neuronal transmission and cell adhesion to white matter
integrity.

The present study has a number of strengths. One is the
use of a global measure of white matter tract integrity,
derived by PCA from the 12 major tracts of interest. This
general component captures the large proportion of the
individual differences in white matter integrity that is shared

Table 3

among different tracts, thus capturing substantial variance
of relevant neuroscientific information in a single variable.
Such data reduction is necessary on the phenotypic side for
comprehensive genome-wide analyses. Another is the un-
biased genome-wide search in a large cohort for this type of
phenotype. Furthermore, all the LBC1936 participants have
a narrow age range, 72 to 74 years, which is important
because some studies report age-related changes in the her-
itability to several brain traits, in particular, FA measures of
cerebral white matter (Kochunov et al., 2011a).

The study also has limitations. Whereas the sample size
of the LBC1936 (n = 535) is large for a brain imaging
study, it is modest for genome-wide association (WTCCC,
2007). Other studies with a genome-wide association ap-

The association of candidate genes, previously identified in the literature as associated with the brains’ white matter measured by FA, to gp, using a

gene-based test

Chromosome Gene Study Number of SNPs in gene p-value
1 DISCI Sprooten et al. (2011) 129 0.81
2 ErbB4 Zuliani et al. (2011) 339 0.57
5 ADRB?2 Penke et al. (2010b) 34 0.042
8 NRG1 Mclntosh et al. (2008) 282 0.87
8 CLU Braskie et al. (2011) 39 0.62

11 BDNF Chiang et al. (2011b) 29 0.55

11 BACEI Hu et al. (2006) 18 0.60

13 DAOA Hall et al. (2008) 35 0.34

15 D15S816 (MCTP2) Kochunov et al. (2010) 106 0.18

17 SLC6A4 (5-HTTLPR) Pacheco et al. (2009) 19 0.60

19 APOE Heise et al. (2011) and Shen et al. (2010) 19 0.67

19 TOMM40 Shen et al. (2010) 19 0.69

22 comT Mclntosh et al. (2007) 54 0.95

The results are ordered by chromosomal position. The references cited are the most recent citations for candidate gene associations with white matter as

measured by FA in healthy cohorts.
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proach in this field (Hibar et al., 2011b; Stein et al., 2010)
and similar cohorts (Kramer et al., 2011) have reported
interesting results without having genome-wide signifi-
cance. The effect sizes reported here (~8%) are larger than
those generally reported for single gene associations in
genome-wide association studies of other complex traits,
such as height (Lango Allen et al., 2010). However, our
power calculations show that we have power to detect these
effect sizes. Our findings may be a beneficiary of the “Win-
ner’s Curse”’—true-positive results with potentially overes-
timated effect sizes (Zollner and Pritchard, 2007). This may
indicate that the phenotype under investigation here, gg,,
may capture a less genetically complex trait than height, for
example. Nevertheless, the results reported previously in
our article need to be interpreted with caution because the
suggested genetic findings may be false positive. The lack
of replication of the candidate gene studies may to due to
the age differences in study populations and the small sam-
ple size of the original LBC1936 pilot study. The majority
of previous studies were small (n < 100) and conducted in
young adults. Alternatively, our genetic data may not have
tagged the causative genetic variant and missed the genetic
association. As the biological pathway analysis and cluster-
ing of biologically similar pathways are a form of explor-
atory analysis, it is important that these results, in particular,
should be interpreted with care. Several potential biases can
exist in pathway analyses, such as gene size (Wang et al.,
2010). The source data for the biological pathway analysis
in this study were the gene-based VEGAS output, which
does not show a bias toward larger gene sizes (Liu et al.,
2010), illustrated here by the lack of strong gene-based
significance of the large ADAMTSI18 gene despite a high
single SNP significance level. Large gene sizes can bias
toward brain-related pathways, as brain-expressed genes are
significantly larger than other human genes (Raychaudhuri
et al., 2010).

The limitations notwithstanding, the gold standard for
determining whether the aforementioned results are true-
positive findings is replication, and this is required for all
aspects of this analysis as will be discussed. Large genetics
studies, so-called mega meta-analyses, have been fruitful in
identifying genes associated with medical, psychiatric, and
behavioral traits. The key to discovering and verifying
promising genetics associations is through large samples
formed from collaborations of many individual studies. This
approach has been successful on a brain phenotypic level
measuring, for example, hippocampal volume in the
ENIGMA network (Enhancing Neuroimaging Genetics
through MetaAnalysis enigma.loni.ucla.edu) (Stein et al., in
press), an ideal network to source replication of the findings
presented here. However, it is not currently easy to compare
directly white matter tractography results across research
groups because many different techniques are used to track
and segment white matter pathways. Should any of our
single genetic associations and molecular pathways to gp,

be validated, it will be important to investigate them for
further associations with brain and cognitive traits (Chiang
et al., 2009). Additional investigations into other brain im-
aging biomarkers, white matter hyperintensity load, premor-
bid tract integrity, and the effect of age-related change are
also important follow-up considerations for the reported
SNP associations.

5. Conclusion

This is the first genome-wide association study of brain
white matter integrity. We report genome-wide suggestive
hits for SNP, gene associations, and molecular pathways.
These genes and pathways are now a target for future
replication in larger cohorts. The identification of genetic
influences involved in determining the integrity of the
brain’s white matter is one starting point for elucidating the
biological mechanisms underlying brain connectivity.
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