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Abstract

Identifying genes that contribute to white matter microstructure should provide insights into the
neurobiological processes that regulate white matter development, plasticity and pathology. We
detected five significant SNPs using genome-wide association analysis on a global measure of
fractional anisotropy in 776 individuals from large extended pedigrees. Genetic correlations and
genome-wide association results indicated that the genetic signal was largely homogeneous across
white matter regions. Using RNA transcripts derived from lymphocytes in the same individuals,
we identified two genes (GNA13 and CCDCO91) that are likely to be cis-regulated by top SNPs,
and whose expression levels were also genetically correlated with fractional anisotropy. A
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transcript of HTR7 was phenotypically associated with FA, and was associated with an intronic
genome-wide significant SNP. These results encourage further research in the mechanisms by
which GNA13, HTR7 and CCDC91 influence brain structure, and emphasize a role for g-protein
signaling in the development and maintenance of white matter microstructure in health and

disease.
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1. Introduction

Studies in twins and extended pedigrees have established that white matter microstructure,
as measured in vivo by diffusion tensor imaging (DTI), is heritable (Chiang et al., 2011b;
Jahanshad et al., 2013a; Kochunov et al., 2010). However, the genetic variants contributing
to this heritability are unknown and little is understood about the mechanisms that govern
the development, maintenance, plasticity and pathology of white matter microstructure.
White matter plays an important a role in several neurological diseases (Stebbins and
Murphy, 2009) and psychiatric disorders (Kubicki et al., 2007; Mahon et al., 2010), which
are phenotypes that also have substantial but poorly characterized, genetic components.
There is increasing evidence that compromised white matter microstructure is part of the
inherited risk for these disorders, as indicated by reduced FA in unaffected relatives (Gold et
al., 2012; Hoptman et al., 2008; Sprooten et al., 2013a; Sprooten et al., 2011a), and
polygenic risk score analysis (Whalley et al., 2013). Therefore, identifying genes that
influence white-matter microstructure could provide a biological anchor for disentangling
basic molecular mechanisms that predispose to these debilitating disorders, potentially
leading to novel treatment agents and prevention strategies.

DTI is a magnetic resonance imaging technique that is based on the orientation and
magnitude of the motion of water molecules, and its restriction by surrounding tissue.
Because of the parallel alignment of white matter fibers that restrict motion primarily in
directions perpendicular to the fibers, DTI is ideally suited to measure properties of white
matter microstructure (Beaulieu, 2002). Fractional anisotropy (FA) is an index of the extent
to which this motion is directionally constrained and, as validated in animal (Li et al., 2011)
and post-mortem research (Schmierer et al., 2007), it reflects a combination of myelin
thickness, fiber coherence and axon integrity. Studies using a priori selected candidate
genes and SNPs have associated FA with genetic variation in NRG1 (Mclntosh et al., 2008;
Sprooten et al., 2009; Winterer et al., 2008), ErbB4 (Konrad et al., 2009; Zuliani et al.,
2011), DISC1 (Sprooten et al., 2011b), NTRK1 (Braskie et al., 2012), BDNF (Chiang et al.,
2011a) and APOE (Jahanshad et al., 2012), amongst others. However, FA is a complex,
polygenic phenotype and for most complex phenotypes data-driven GWA have not
implicated a priori candidate variants in their top results (Flint and Munafo, 2013; Stein et
al., 2012), hence many more novel SNP-associations contributing to variation in FA could
be discovered using GWA.
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Numerous common variants correlated with complex disease risks have been reported using
GWA (Hindorff et al., 2009; Hirschhorn and Daly, 2005; Ripke et al., 2013), but the effect
size of individual common variants on complex phenotypes tend to be small (Flint and
Munafo, 2013; Hindorff et al., 2009). Significant genome-wide association reflects the
presence of a relevant functional variant in the surrounding genomic region and thus is
indicative of causal gene localization but not the identification of underlying biological
mechanism, which is the ultimate goal of complex disease genetics. It is difficult to infer a
specific gene’s involvement in trait variance solely based upon a statistically significant
association, since the polymorphisms tagged in GWA rarely influence gene function directly
and the effect of a tagging SNP reflects, in addition to the effect that it exerts, the effects of
all SNPs within the surrounding linkage disequilibrium (LD) block, which may span many
genes any one (or combination) of which could be driving the observed association.
Examining complementary biological information, such as RNA expression, can refine
inferences made from GWA and identify potential genes through which the associated SNPs
are likely to exert their effect.

In the present paper, we aim to characterize the common variation contributing to the
genetics of white matter microstructure. Firstly, to identify common variants affecting white
matter microstructure we performed GWA of a global FA measure in a sample of 776
Mexican-American members of extended pedigrees. Secondly, to propose genes that may be
responsible for the effects of these common variants, we correlated lymphocyte-derived
RNA transcripts of nearby genes both with genetic variation in the genome-wide significant
SNPs and with white matter microstructure.

We chose a global index of white matter microstructure, namely average FA across the
white matter skeleton derived from tract-based spatial statistics (TBSS), as our primary
phenotype. This phenotype was previously shown to be heritable in multiple cohorts
(Jahanshad et al., 2013a), and relevant to genetic risk for bipolar disorder (Sprooten et al.,
2013a; Sprooten et al., 2011a) and major depressive disorder (Whalley et al., 2013). To
examine the neuroanatomical specificity of genetic effects on FA, we performed voxel-wise
analyses for our top SNPs, and used the family structure and additional GWA results of
regional FA to investigate the degree to which additive genetic effects across the genome are
anatomically homogeneous throughout the brain.

2. Materials and Methods

2.1 Participants

Participants were individuals of Mexican American ancestry who took part in the Genetics
of Brain Structure and Function Study (GOBS) (Olvera et al., 2011), which is an extension
of the San Antonio Family study (Mitchell et al., 1996; Puppala et al., 2006). Individuals in
this cohort have actively participated in research for over 18 years and were randomly
selected from the community with the only constraints that they are of Mexican-American
ancestry, part of a large family and live within the San Antonio region. For the present
analysis, subjects were excluded if they had MRI contraindications, documented history of
neurological illness, or any major neurological event visible on the structural T1 or DTI
scans (see also section 2.3 below). Of the participants in the final analysis, 16 self-reported
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history of a neurological event, but excluding these individuals did not change the pattern of
results presented. Individuals with a history of psychiatric illness were included in the main
analyses (psychosis: N=18, bipolar disorder: N=8, anxiety disorder: N=162, major
depression: N=249), but all results remained significant at similar levels when covarying for
history of these psychiatric diagnoses. Additional recruitment and demographic details of
the sample are available elsewhere (Glahn et al., 2012; Olvera et al., 2011).

After thorough data quality checks (see section 2.3), 776 individuals contributed both high-
quality DTI scans and blood samples. This sample included 65 pedigrees, varying in size
from 2 to 82 individuals, and 49 unrelated individuals. Sixty percent (N = 466) of the
participants were female and their age ranged from 18 to 85 years (mean 44.37). All
participants provided written informed consent on form approved by the IRBs at Yale
University and the University of Texas Health Science Center in San Antonio (UTHSCSA).

2.2 Diffusion tensor imaging acquisition

Diffusion imaging data were acquired on a Siemens 3T Trio scanner located at the Research
Imaging Institute, UTHSCSA (Kochunov et al., 2010; Kochunov et al., 2007). A single-shot,
echo-planar, single refocusing spin-echo weighted sequence with TE/TR=87/8000ms was
applied to obtain 50 contiguous axial slices field-of-view=200 x 200mm, thickness 3mm,
resolution 1.7mm x 1.7mm) in 55 isotropically distributed diffusion weighted directions
(b=0 and b=700s/mm?). Three non-diffusion weighted (b=0) images were acquired at the
start of each sequence.

2.3 DTl processing and extraction of FA values

Diffusion imaging data were converted to NIFTI format using MRIcron and pre-processed
using standard tools available in FSL (http://www.fmrib.ox.ac.uk/fsl) (Behrens et al., 2003).
First, for each subject, the 55 diffusion-weighted images were corrected for subject motion
and eddy currents by linearly aligning them to the first by volume within each individual.
Next, non-brain tissue was removed using the brain extraction tool (“bet”) with a fractional
intensity threshold of 0.1. Then, diffusion eigenvectors, eigenvalues and FA were calculated
for each voxel using “dtifit”.

TBSS (Smith et al., 2006), a standardized and validated procedure for DTI analysis tailored
to white matter anatomy, was applied to extract a global measure of whole-brain white
matter microstructure. First FA images were slightly eroded and non-linearly registered to
standard MNI space. FA maps were masked with a study-specific mask, which was created
such that only voxels with FA>0 in every participant were included.

The average FA map was created and fed into the TBSS skeletonization algorithm, and
thresholded at FA>0.2, resulting in a sample-specific skeleton template (Fig. 1). Next,
within each individual FA map the nearest maximum FA voxel was projected onto the
skeleton template, to obtain one skeleton image per subject, representing the central
structure of each subject’s white matter. The mean FA within this skeleton was extracted for
each individual, hereafter referred to as “global FA”.
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The FA maps were visually inspected before and after registration to the MNI template.
From the total of 796 DTI scans, 20 subjects were excluded from further analysis (7 for
anatomical abnormalities, 5 for scanner and 8 for registration artifacts).

In additional to global FA, 31 regional FA values were derived from the TBSS skeletons
based on the John Hopkins University White Matter Labels Atlas, which is integrated in
FSL. FA was extracted for all regions within this atlas, apart from for the uncinate fasciculi,
the fornix and the cortico-spinal tracts because of incomplete coverage by the atlas and/or
previous indications of low and unreliable heritability estimates in these regions (Jahanshad
et al.; 2013a). Masks derived from the atlas were smoothed with a kernel of 1.1 mm FWHM,
thresholded at >0.2 and binarized. Accurate overlap with the TBSS skeleton was visually
verified for each region. Each mask was multiplied by the TBSS skeleton mask to obtain a
parcellation of the center of each region-of-interest and mean FA values within each region
were extracted for each subject.

2.4 Heritability estimation

All statistics were calculated in SOLAR (Almasy and Blangero, 1998), which applies
maximum likelihood methods to decompose the variance of a trait into genetic and
environmental components by modeling the covariance between individuals as a function of
their genetic proximity. More specifically, to estimate heritability the covariance matrix was
decomposed into the following: the observed additive coefficient of relationship matrix
(reflecting genetic proximity), a set of covariates (sex, age, age?, age x sex, age? x sex), and
a random environment component. The significance of each variance component is assessed
by a chi-squared test comparing the final model to the model without the component of
interest. This method was applied to calculate heritability for global FA and for each of the
regions of interests in separate models. As SOLAR assumes a multivariate normal
distribution, FA measures were transformed using an inverse normalization transformation
prior to running variance decomposition analysis.

2.5 Genotyping and genome-wide association

DNA was extracted from lymphocytes and genotyped using either the Illumina Human1M-
Duo Beadchip or the lllumina HumanHap550 BeadChip in tandem with the supplemental
HumanHap450S Beadchip. Both methods result in ~ 1 million tagging SNPs, capturing
approximately 90% of the common variation in humans. Genotype data were checked for
accordance with Mendelian consistency using SimWalk2 (Sobel and Lange, 1996). Missing
genotypes were imputed using a procedure specifically developed for extended pedigrees in
MERLIN (Burdick et al., 2006). After excluding the 2407 SNPs that deviated significantly
from the Hardy-Weinberg equilibrium (X2 > 10), SNPs with a call rate < 95% and 820 SNPs
with a minor allele frequency < 0.001, a total of 929,187 SNPs remained for further analysis.

For genome-wide association analysis of global FA, each SNP dosage was coded as 0, 1 or
2, or for missing genotypes as the weighted value based on the imputation. Each SNP is
added as a “covariate” to the heritability model described above, one at a time and assuming
an additive effect of alleles. The significance of each SNP is adjusted for family structure by
comparing the null model without the SNP, but with the coefficient of relationship matrix
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and the covariates, to the model of interest with the SNP. To account for population
stratification, the first four principal components of the genome-wide SNP data were also
added to this model. The fast exact likelihood calculation method described by Blangero et
al. (Blangero et al., 2013) was employed for all analyses. P-values < 5*1078 were
considered genome-wide significant (Pe'er et al., 2008). The genotypes of the five top SNPs
were checked in the original lllumina cluster files, and there were no obvious artifacts at
these specific loci.

2.6 Transcript processing and analysis

Whole-genome expression profiles were derived from untransformed lymphocytes which
were collected during the clinic visit when the MRI scans were taken. The methods used to
generate gene expression levels are similar to those described in detail elsewhere (Goring et
al., 2007). In brief, lymphocytes were isolated from whole-blood samples that were
collected in the morning after a night of fasting, and stored in liquid nitrogen. Lymphocyte
RNA was isolated and anti-sense RNA was synthesized, amplified, purified and hybridized
to Illumina BeadChips version 3 according to standard protocols. 647 samples (including
controls and duplicates) were processed in a single batch and analyzed using lllumina
BeadScan and BeadStudio software. The samples were evaluated based on the average
number of probes with significant expression (at a detection p-value < 0.05; see below),
mean raw “average signal” across probes, and average correlation (across probes) against all
other samples. 595 high quality, unique samples were identified. Of these, 360 individuals
also had high-quality DTl and GWA data (i.e. overlapped with the sample on which we did
the GWA). Significantly expressed probes were identified as follows: (1) for each probe,
samples were classified as significantly or not significantly expressed at a "detection p-
value" (which is defined by the Illumina software based on comparisons with null probes) of
p <= 0.05; (2) for each probe, binomial tests were conducted on the number of samples in
which the probes was "detected"” or "not detected™; and (3) finally, considering all p-values
resulting from the binomial tests for all probes, probes were accepted to be significantly
expressed at a 5% false-discovery rate (FDR). As a result, 25,663 probes were significantly
expressed above the baseline levels at 5% FDR. Subsequently, expression levels were
processed by background noise subtraction (shifting values upwards so that the minimum
raw “average signal” for a probe in a sample was 1), log 2 transformation, following by
quantile normalization. Outliers of expression levels (> 3 standard deviations from the
mean) were removed before further analyses (between 0 and 9 cases per transcript).

To investigate whether any of the top SNPs (or SNPs in LD with them) could potentially
have an effect on the function of a nearby gene, we entered the standardized, normalized
expression levels of genes within a 500kb window (according to the NCBI SNP database) as
traits in a polygenic model in SOLAR, with SNP as a covariate. The resulting p-values were
corrected for multiple comparisons across transcripts at a false-discovery rate of 5%, and
those that were significant were further investigated for any associations with FA. To
quantify this relationship between FA and expression levels, the global FA measure and the
gene’s transcript levels were both entered as traits in bivariate polygenic models in SOLAR
to calculate their genetic correlation. In these models, the pedigree structure is used to
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decompose the phenotypic correlation (pp) between two traits (i and j) into genetic (pg) and
environmental correlations (pe) so that

po=pgV/(h%5:0%)+per/((1 — h%)(1 — h?))

while the p, quantifies the overal relationship between two traits, pq represents the amount
of genetic variance shared between two traits, or pleiotropy (Almasy et al., 1997; Williams
et al., 1999). These parameters were estimated in polygenic models in SOLAR using all
available pedigree information, and their significance was tested by comparing the log-
likelihood of this polygenic model against the log-likelihood of the null model (where pp
and pg, are respectively constrained equal to 0). The resulting likelihood ratio test is
distributed as a chi-square with a single degree of freedom. As before, prior to running these
models, FA and transcriptional measures were normalized using an inverse Guassion
transformation, and for all polygenic models, age, sex, age squared and their interactions
were included as (additional) covariates.

The Allen Human Brain Atlas (Hawrylycz et al., 2012) (http://human.brain-map.org/) was
utilized to examine the expression patterns of genes that were significantly genetically
correlated with FA in human white matter. For each gene, we downloaded the z-scores of all
probes, of all available individuals for the corpus callosum, the cingulum and the central
glial system. Since the transcript data in the Allen Brain Atlas are normalized within each
batch, and within each subject across the brain, this z-score reflects the number of standard
deviations away from the overall mean expression across probes, across brain regions, thus
indicating the relative local preference of the gene’s expression across brain regions. The
Allen Brain Atlas contained six samples of the corpus callosum, four of the central glial
substance and one of the cingulum bundle.

2.7 Anatomic uniformity of genetic signal across white matter regions

The question, whether the genetic influence is uniform across the brain’s white matter
locations, was approached in several ways. Firstly, explore the extent to which the effects of
genome-wide significant SNPs were regionally specific, additional GWAs were performed
on FA values in each of the 119,563 voxels within the TBSS skeleton, using the same model
as above, for the genome-wide significant SNPs only.

Secondly, extended pedigrees enable the computation of genetic correlations (Almasy et al.,
1997), which are a powerful way to quantify the extent to which two traits are influenced by
the same additive genetic variation (also see 2.6 above). In contrast to genome-wide
association studies, this method is most sensitive to rare genetic variants within pedigrees,
rather than to common variation across unrelated individuals. Substantial heritability was
regarded as a pre-requisite for the presence of genetic correlations, so only traits with h? >
0.2 were considered for further analysis. Next, genetic correlations between global FA and
FA within each of the regions were calculated by adding both as traits in a polygenic model
in SOLAR, so that the covariance matrix between the two traits is decomposed into genetic
and environmental correlations, in addition to covariance due to each of the covariates (age,
sex, sex*age, age? and sex*age?).
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Thirdly, to be more in line with GWAS’s sensitivity for common genetic variation, we
computed Spearman’s rank correlation coefficients between the betas of global FA, and the
betas of mean FA within each of the tracts. To minimize the influence of extreme outliers,
beta values lower than -3 and higher than 3 (6 for global FA, 1 for the left ALIC, 2 for the
right posterior corona radiate, 3 for the right superior cerebellar peduncle, and 1 for the left
UF) were excluded for this analysis.

Furthermore, because the majority of SNPs across the whole genome are not strongly
associated with the phenotype, they can be assumed to randomly vary around 0. For this
reason we tested whether SNPs significantly associated with global FA (according to five
thresholds: p<0.1, p<0.05, p<0.01, p<0.005, p<0.001) were also more likely to be nominally
associated with mean FA in the separate regions. To this end, chi-squared tests were
performed between SNPs significant in the global FA GWAS and in each of the sub-region
GWASs.

To consider the reverse scenario — to what extent is FA in each of the regions determined by
independent genetic variation — polygenic models were run for each region including global
FA as a covariate. This estimates the heritability of the variance unique to each region.

3.1 Heritability of FA

Consistent with previous reports including a subset of our data (Jahanshad et al., 2013a;
Kochunov et al., 2010), the global FA measure was significantly heritable with h? = 52% (p
=8.66*10711). In the same model, age co-varied significantly with global FA (X2 = 141.64;
p = 1.17*10732) as did sex but to a lesser extent (X2 =4.05; p = 0.04), while neither age2 nor
any of the interactions were significant. Together the covariates explained 31% of the
variance in FA. Re-running the model without the non-significant higher-order covariates
resulted in an almost identical heritability estimate.

Similarly, average FA values for all tracts were significantly and substantially heritable (all
h2 > 0.26, all p < 0.0012). Again, in line with previous reports in our sample (Jahanshad et
al., 2013a; Kochunov et al.; 2010), the highest heritability estimates was found for the right
superior longitudinal fasciculus, with h?=0.65 (p=8.49*10714) and the splenium of the
corpus callosum (h?=0.63; p=2.9*10~14). Any slight differences in these estimates between
the two analyses are due to the use of a sample-specific template in the present study, and a
small reduction in sample size because of missing genotyping data. See supplementary
Table S1 for the heritability estimates of FA in each tract separately.

Figure 1 shows the results of a voxel-wise analysis of the heritability of FA. In line with the
tract-wise analysis, the highest heritability was found for voxels in the splenium and genu of
the corpus callosum, the superior longitudinal fasciculi and in the internal and external
capsules. In 58,202 (49%) of the voxels, the heritability estimate of FA was greater than
0.20, and in 7% (8,600 voxels) the heritability estimate was 0.50 or greater.
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3.2 Genome-wide significant SNPs associated with global FA

GWA analysis of global FA was conducted in SOLAR, taking into account pedigree
structure, age, sex, and four multi-dimensional scaling (MDS) components to account for
population stratification. The genomic inflation factor was A=1.03, indicating that any
remaining population stratification effects after MDS regression, were negligible. The
quantile-quantile (QQ) plot showed that p-values below p = 10~ were more significant than
predicted by chance (Fig. 2). Five SNPs were associated with global FA at the genome-wide
significant level (p < 5*1078; Table 1, Fig. 3).

Four of the five genome-wide significant SNPs were intergenic (Table 1), while rs12249377
was located in an intron of serotonin receptor gene HTR7. SNP rs10853057 is located 7kb
away from a g-protein coupled receptor gene, GNA13. The other SNPs were further than
50kb from any genes. Scatterplots showing the effects of these SNPs on FA per individual,
and mean FA values grouped per genotype, are available in supplementary Figure S1. All
five SNPs remained genome-wide significant after covarying for history of major
depression, bipolar disorder, anxiety disorder, and psychosis (all p < 1079); and after
covarying for within-scanner motion (total amount translation and total rotation parameters;
all p < 5*1078).

Voxel-wise associations revealed that, for all five top SNPs, the majority of voxels in the
TBSS skeleton contributed to the genome-wide signal of global FA: the number of voxels
with the same direction of effect (the same allele being associated with increased FA)
ranged from 89% (rs1361277) to 91% (rs10853057) of voxels in the white matter skeleton.
The voxel-wise results of SNPs rs10853057 and rs258415 are shown in Figure 4; other
voxel-wise maps are available in supplementary Figure S2. For all SNPs, the most
significantly influenced tracts with p-values < 0.001, were the genu and splenium of the
corpus callosum, the internal capsules, parts of the superior longitudinal fasciculus, and
parahippocampal white matter.

3.3 Gene expression

To infer which genes might be considered responsible for the effects of the genome-wide
significant SNPs, we examined lymphocyte-derived gene expression profiles of genes within
a 500kb interval on either side of each tag SNPs. Transcript data were available for eleven
nearby genes, corresponding to 15 Illumina transcript probes (Table 2). Nine of these
transcripts were significantly associated with their respective SNPs (Table 2) after correcting
for the total number of transcripts tested (FDR=0.05).

Correlations with FA are reported in Table 3. While six transcripts were significantly
phenotypically correlated with global FA, two transcripts, one of GNA13 and one of
CCDC91, showed significant genetic correlations, providing circumstantial evidence that
these genes influence global FA. Transcripts of HTR7, PCGF5 and SMURF2 tended to be
less heritable and showed significant phenotypic, but not genotypic, correlations with global
FA, suggesting lower measurement reliability and/or shared environmental influences. Both
the associations with SNPs and the genetic correlations with FA remained similar when
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covarying for history of major psychiatric disorders; and after covarying for 6 parameters of
within scanner movement (3 for translation and 3 for rotation).

For each of CCDC91 and GNA13, transcript data were available for 3 probes.} Expression
of GNA13 was above average for all three probes in the corpus callosum (means across 6
samples: Zprobe1=2.44; Zprobe2=1.74, Zprohes=1.22), in the cingulum bundle (zprope1=2.93;
Zprobe2=1.99, Zprobe3=1.78), and in the central glial substance (means across 4 samples:
Zprobe1=2.68; Zprohe2=2.00, Zprohe3=2.32). CCDCIL is highly expressed in the cingulum
bundle (Zprobe1=2.17; Zprobe2=1.72, Zprone3=2.49), but did not demonstrate a clear preference
for the corpus callocum or the cingulum bundles (mean z ranging from —0.04 to 0.70 and
from —0.44 to 1,18; respectively).

3.4 Homogeneity of additive genetic effects across white matter regions

Supplementary Table S2 contains an overview of the statistics of the homogeneity of genetic
effects across white matter regions derived from the Johns Hopkins University Labels atlas.

Phenotypic correlations with global FA were very high, between 0.48 and 0.82. Genetic
correlations varied between 0.38 (for the left tapetum) and 0.94 (for the left anterior limb of
the internal capsule and the corona radiata bilaterally). Of note, 29 of the 31 sub-regions had
a genetic correlation of 0.50 or higher with the global FA measure. Similarly, when
including global FA as a covariate in polygenic models for each of the tracts, global FA
explained between 20% (left tapetum) and 61% (splenium of corpus callosum and left
anterior limb of internal capsule) of the variance in each of the sub-regions.

Spearman’s rank correlation coefficients between the betas resulting from the GWAs for
global FA and for each of the sub-regions were all very high: between 0.42 (left tapetum)
and 0.84 (splenium of corpus callosum). Hence the ranks of the betas of global FA explained
between 18% and 70% of the rankings of the regional betas. All these correlations were
highly significant at p < 2.2*10716), but it should be noted that such genome-wide
correlations are statistically over-powered because of the large number of measurement
points across the genome.

In the five analyses of statistical enrichment for nominally significant SNPs of the global FA
GWA within the sets of nominally significant SNPs of each of the regional GWAs(p < 0.1, p
<0.05, p<0.01, p<0.005, p<0.001), chi squared statistics ranged from 949 for the left
tapetum (at p < 0.001) to 250,452 for FA in the splenium (at p < 0.1), and all were highly
significant (all p < 2.2*10716),

Despite this high dependence of the regional measures on global FA, co-varying for global
FA in the polygenic models revealed that the unique variance of most regions is also
heritable. With h2 between 0.21 and 0.70 all the regions remained significantly heritable
after statistically correcting for global FA. What is more, for some regions the heritability

1These data can be downloaded and visualized at the following 2 links, For GNA13 and CCDC91 respectively: http://human.brain-
map.org/microarray/search/show?exact_match=false&search_term=GNA13&search_type=gene http://human.brain-map.org/
microarray/search/show?exact_match=false&search_term=ccdc91&search_type=gene
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estimate increased, indicating a significant amount of genetic variation is affecting those
regions specifically.

4. Discussion

We localized five genome-wide significant SNPs for global FA, indicating that variation in
FA is sensitive to common genetic variation. Three of these SNPs were associated with nine
lymphocyte-derived RNA expression levels from nearby genes, indicating that these variants
(or variants in close LD) may regulate the expression of these transcripts. Transcript levels
of GNA13 and CCDC91 were significantly genetically correlated with global FA, suggesting
that the protein products of these genes are involved in processes governing white matter
microstructure.

Previous studies using a priori selected candidate genes and SNPs have associated FA with
genetic variation in DISC1 (Sprooten et al., 2011b), and BDNF (Chiang et al., 2011a),
amongst others. However, white matter microstructure is a complex trait with a polygenic
genetic architecture. To date, few GWA have been performed on DTI-derived traits (Chiang
etal., 2012; Jahanshad et al., 2013b; Lopez et al., 2012; Sprooten et al., 2013b). Jahanshad
et al., (2013b) found a genome-wide significant SNP significant (in SPON1) in association
with the number of tractography streamlines between the left posterior cingulate gyrus and
superior parietal lobe (Jahanshad et al., 2013b). In the same sample, Chiang et al. (2012)
detected 24 SNPs in association with extracted FA from 18 regions of interest, including
variants in genes involved in lipid metabolism (LPIN2, HADH) and cell adhesion (OPCML,
KAZN).

Our top-associated SNP rs10853057 is located only 7kb downstream from the gene
encoding the g-protein alpha 13 subunit (GNA13). This SNP lies within in a DNase | hyper-
sensitivity region and transcription factor binding site (http://genome.ucsc.edu/cgi-bin/
hgGateway; (Consortium et al., 2012), indicating high regulatory potential. This supports
our finding that GNA13 transcript levels were significantly associated with both our top SNP
and with global FA suggesting that the g-protein alpha 13 subunit mediates an effect of
rs10853057 on white matter development or maintenance. There are several conceivable
mechanisms through which variation in GNA13 could affect white matter microstructure.
For example, the g-proteins defined by the alpha 13 and 12 subunits interact directly with
RhoGEFs, which in turn interact with RhoA (Kvachnina et al., 2005; Ponimaskin et al.,
2002; Siehler, 2009), which is thought to regulate myelination (Feltri et al., 2008) and axon
growth (Gross et al., 2007). From a broader perspective, Rho-proteins serve multiple other
functions including focal adhesion, and cytoskeleton repair and maintenance (Dhanasekaran
and Dermott, 1996), that could affect white matter organization.

The second strongest genome-wide association, rs12249377, was located in an intron of the
serotonin receptor 7 gene (HTR7). We also found a significant association between
rs12249377 and the expression of one of the HTRY7 transcripts suggesting that this marker
may be detecting cis-acting regulatory effects upon the HTR7 gene. However, there was
only a phenotypic — but no genotypic — correlation between the transcript and FA,
suggesting that HTR7 expression influences white matter microstructure, but it is unclear
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whether this effect is driven by secondary genetic or environmental factors (for example
circadian rhythms). Our observation may be due to our lack of power to detect genetic
correlation between HTR7 expression levels and global FA due to the relatively low
heritability of HTR7 gene expression in lymphocytes. The serotonin system has been a
major interest in behavioral neuroscience and neuropharmacology, and observations of
knock-out animals and experiments with specific antagonists have demonstrated that HTR7
is involved in mood regulation, circadian rhythms, and depressive behavior (Hedlund and
Sutcliffe, 2004). Interestingly, HTR7 couples to g-protein alpha s and alpha 12 subunits, the
amino acid sequence of the latter being very similar to the alpha 13 subunit, with a similar
potential to activate RhoA proteins (Kvachnina et al., 2005). Thus, HTR7 and GNA13 share
their involvement in a molecular pathway that is critical for axon growth and myelination.

FA-associated SNP rs258415 was significantly associated with the expression of a gene
393kb away, namely CCDC91, which was in turn also genetically correlated with FA. Little
is known about the function of CCDC91, although several studies indicate that it plays a role
in brain structure and pathology. It is highly expressed in the central nervous system and it is
involved in sub-cellular trafficking and localization of proteins to the Golgi complex. One
study showed that there is an increased incidence of copy-number variants in CCDCL1 in
patients with bipolar disorder (Chen et al., 2010). Also, its interaction partners, GGA1 and
GGAZ2, have been linked to the Alzheimer pathophysiology by interacting with beta-amyloid
precursors (Herskowitz et al., 2012).

It may be surprising that our top SNPs do not implicate existing candidate genes for white
matter structure specifically. None of the genes identified in the present paper would have
been hypothesized as being associated with FA a priori. However, a review of other GWA
studies of complex traits suggests that firstly, the absence of candidate genes in the results is
the rule rather than the exception (Flint and Munafo, 2013; Seifuddin et al., 2012), and
secondly the representation of intergenic regions in the results has been unexpectedly large
(Hindorff et al., 2009). These two observations from GWA studies are likely due to several
factors. Firstly, the polygenic nature of complex traits and the extremely high statistical
penalty for multiple testing across the genome undoubtedly leads to a large number of
unreported false negative SNPs, which likely include some previously hypothesized variants
in candidate genes. Secondly, candidate genes are often based on animal experiments or
linkage studies which are more suited to detecting rare variation of large effects. Third, the a
priori information is incomplete, with many poorly characterized genes, regions transcribing
non-coding RNAs that can regulate expression (Maurano et al., 2012), and epigenetic effects
of chromatin structure (Mitchell et al., 2013).

A well-known, but important limitation of GWA is that it is not sensitive to rare genetic
variation. In addition, replication of top GWA hits across studies has proven difficult, and
even more so across populations (loannidis, 2007; Johnson et al., 2011). We were unable to
acquire an independent replication sample from the same ancestry, since large imaging
genetics samples of Mexican-American ethnicity are extremely rare to date. However, the
observed correlations of transcript levels with top SNPs and global FA provided an internal
replication, from independently acquired data, for the associated SNPs or their LD blocks in
the present sample.
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Another limitation of the present study is that it is impossible to directly measure expression
from brain tissue in vivo. Here, gene expression data were derived from lymphocytes, and
the extent to which these transcripts are similarly expressed in the brain is difficult to
ascertain (Cai et al., 2010). Since the correspondence of gene expression in distal brain
tissue varies depending on the gene, we confirmed the presence of the transcripts of interest
in a tissue specific expression atlas (Hawrylycz et al., 2012).

5. Conclusions

Our estimate of global FA is a sensitive quantitative phenotype for genetic analysis of
common genetic variation. In a large GWAS of 776 individuals of Mexican-American
ancestry, we detected five genome-wide significant SNPs that may influence white matter
microstructure in the general population. Analysis of gene transcript levels suggest a
potential mechanism for the effects of two SNPs on white matter microstructure, via the
expression of GNA13 and CCDC91, that encourage further investigation into the biological
functions of these genes and their relation to brain structure and function in health and
disease.
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Figure 1.
Voxel-wise heritability of FA across the TBSS skeleton (green). Voxels where the

heritability of FA was 0.2 or greater are colored according to the red-yellow color bar below.
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Quantile-quantile plot of GWA results on global FA, demonstrating population stratification
effects were minimal, with genomic inflation factor A=1.03.
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Manhattan plot of GWA results on global FA, showing five SNPs significant at the genome-

wide significance level of < 5 x1078.
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rs10853057 rs258415

Figure 4.
Voxel-wise association results for rs10853057 and rs258415 overlayed on top of the mean

FA image. Voxels in red-yellow are significantly associated with the SNP at p < 0.001
(uncorrected) in the same direction as the SNP’s association with global FA. To further
illustrate the degree of spatial homogeneity of the effect, the remaining voxels (with p >
0.001) are colored blue if the allelic effect was in the same direction as for the global FA
measure. VVoxels are colored green if the SNP was associated with FA in direction opposite
of its effect on global FA.
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