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Genetic Study of White Matter Integrity in UK
Biobank (N=8448) and the Overlap With Stroke,
Depression, and Dementia

Loes C.A. Rutten-Jacobs, PhD; Daniel J. Tozer, PhD; Marco Duering, MD; Rainer Malik, PhD;
Martin Dichgans, MD; Hugh S. Markus, DM; Matthew Traylor, PhD

Background and Purpose—Structural integrity of the white matter is a marker of cerebral small vessel disease, which is
the major cause of vascular dementia and a quarter of all strokes. Genetic studies provide a way to obtain novel insights
in the disease mechanism underlying cerebral small vessel disease. The aim was to identify common variants associated
with microstructural integrity of the white matter and to elucidate the relationships of white matter structural integrity
with stroke, major depressive disorder, and Alzheimer disease.

Methods—This genome-wide association analysis included 8448 individuals from UK Biobank—a population-based
cohort study that recruited individuals from across the United Kingdom between 2006 and 2010, aged 40 to 69 years.
Microstructural integrity was measured as fractional anisotropy- (FA) and mean diffusivity (MD)-derived parameters on
diffusion tensor images. White matter hyperintensity volumes (WMHYV) were assessed on T2-weighted fluid-attenuated

inversion recovery images.

Results—We identified 1 novel locus at genome-wide significance (VCAN [versican]: rs13164785; P=3.7x107"® for MD
and rs67827860; P=1.3x107"* for FA). LD score regression showed a significant genome-wide correlation between FA,
MD, and WMHV (FA-WMHYV 1G 0.39 [SE, 0.15]; MD-WMHYV rG 0.56 [SE, 0.19]). In polygenic risk score analysis,
FA, MD, and WMHYV were significantly associated with lacunar stroke, MD with major depressive disorder, and WMHV

with Alzheimer disease.

Conclusions—Genetic variants within the VCAN gene may play a role in the mechanisms underlying microstructural
integrity of the white matter in the brain measured as FA and MD. Mechanisms underlying ‘white matter alterations
are shared with cerebrovascular disease, and inherited differences in white matter microstructure impact on Alzheimer
disease and major depressive disorder. (Stroke. 2018;49:00-00. DOI: 10.1161/STROKEAHA.118.020811.)
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Cerebral small vessel disease (cSVD) is the major cause of
vascular dementia and the pathology underlying a quarter
of all strokes in the form of small subcortical (lacunar) strokes
or intracerebral hemorrhage (ICH). Despite these numbers,
the pathogenesis of cSVD is largely unknown, and this knowl-
edge gap is a major factor behind the lack of specific therapies
to delay cSVD progression.'?

The most commonly studied marker of cSVD is white mat-
ter hyperintensities (WMHs) on magnetic resonance imaging
(MRI). The prevalence and severity of WMH increases with
advancing age and is associated with cardiovascular risk fac-
tors, stroke, dementia, and depression.>* However, studies
suggest that microstructural tissue alterations underlying the

cerebral white matter (fractional anisotropy [FA] and mean
diffusivity [MD]) detected using diffusion tensor imaging
(DTI) are more predictive of cognitive decline.’

Small vessels in the brain are difficult to investigate in vivo.
Genetic studies provide a way to obtain novel insights in the
disease mechanism underlying cSVD. Previous genome-wide
association studies (GWAS) in population-based individuals
and patients with stroke identified 12 genome-wide significant
loci associated with WMH.%” However, there are only few pub-
lished GWAS with a limited sample size that investigate the
microstructural integrity of the white matter.>'® The aims of
this analysis were 2-fold: (1) to identify genetic variants associ-
ated with microstructural integrity of the white matter (FA and
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MD) in 8448 population-based individuals in UK Biobank and
(2) to elucidate the relationships of FA, MD, and white matter
hyperintensity volumes (WMHV) with clinical end points (eg,
stroke, major depressive disorder, and Alzheimer disease).

Methods

The genetic and phenotypic UK Biobank data are available on appli-
cation to the UK Biobank (http://www.ukbiobank.ac.uk/).

Study Population and Ethical Approval

UK Biobank is a prospective study that recruited 502620 com-
munity-dwelling participants from across the United Kingdom
between 2006 and 2010, aged 40 to 69 years (http://www.ukbio-
bank.ac.uk). The study collects extensive data from questionnaires,
interviews, health records, physical measures, biological samples,
and imaging.

A subset of the participants also underwent brain MRI. In the
present study, we used the second release of MRI data, which
included 9066 subjects who underwent brain MRI, on average 6.6
years (SD, 1.0 years) after initial recruitment at mean age 55.5
years (SD, 7.4 years) and had usable T2-weighted fluid-atten-
uated inversion recovery or DTI images. Patients with a base-
line diagnosis of stroke, multiple sclerosis, Parkinson disease,
dementia, any other neurodegenerative problem (International
Classification of Diseases, Ninth Revision/Tenth Revision, or self-
report or health-record linkage) or no genetic data were excluded
(Table I in the online-only Data Supplement). Participants with
consistently extreme outlying tract-averaged water diffusion bio-
marker values were removed after visual inspection of the data
by the authors.

UK Biobank received ethical approval from the research eth-
ics committee (reference 11/NW/0382). All participants provided
informed consent to participate. The present analyses were conducted
under UK Biobank application number 19463

Magnetic Resonance Imaging

Procedures for brain imaging acquisition, and initial quality check
have been described previously and are available on the UK Biobank
website (Brain Imaging Documentation” V1.3; http://www.ukbio-
bank.ac.uk)."

In brief, all brain MRI data were acquired on a single standard
Siemens Skyra 3T scanner (Siemens Medical Solutions, Germany)
using the standard Siemens 32-channel radiofrequency receiver
head coil. Sagittal T1-weighted scans were acquired using a
3-dimensional magnetization-prepared rapid acquisition gradient-
echo sequence (resolution, 1x1x1 mm; field of view, 208x256x256;
inversion time/repetition time=880/2000 ms). Sagittal T2-weighted
fluid-attenuated inversion recovery scans were obtained using a
3-dimensional SPACE sequence (resolution, 1.05x1.0x1.0 mm;
field of view, 192x256x256; TI/TR=1800/5000 ms). DTI scans
were acquired with a spin-echo echo-planar imaging sequence and
multishell acquisition (b0=0 s/mm=, b=1000 s/mm~2, and b=2000
s/mm=; 100 distinct diffusion-encoding directions [50 in each
shell]; 2-mm isotropic voxels; field of view, 104x104x72).

White Matter Hyperintensities

WMHs were automatically segmented using the combined T1 and
T2-weighted fluid-attenuated inversion recovery data as input in
the Brain Intensity Abnormality Classification Algorithm tool."
Brain Intensity Abnormality Classification Algorithm is a fully
automated supervised method for WMH detection, based on the
k-nearest neighbor algorithm, which gives the probability per voxel
of being WMH. The total WMH volume was calculated from the
voxels exceeding a probability of 0.9 of being WMH and located
within a white matter mask. Obtained values were adjusted for
the total intracranial volume and log transformed because of their
skewed distribution.

FA and MD

After gradient distortion correction and further correction for head
movement and eddy currents, diffusion tensors and scalar diffusion
parameters (ie, FA and MD) were calculated using the b=1000 shell
(50 directions) and DTIFIT from the FSL software.”* The FA maps
produced were then fed into tract-based spatial statistics processing,
which aligns the FA map onto a standard-space FA template; in this
work, the standard FMRIMB_158_FA template was used as the tar-
get image. The standard space FA subject images were then skeleton-
ized and the MD (and other DTI output) maps were projected onto
the subject skeleton, using the FA-derived alignment parameters. A
set of 48 standard space tracts have been defined previously,' these
are then used as masks to generate tract-specific masks from the
skeletonized images. These are then used to produce a mean FA or
MD from each tract for each subject. This is similar to the processing
applied in the ENIGMA project (http://enigma.ini.usc.edu/protocols/
dti-protocols).!*15

Principal component analysis was applied on the 48 tracts to
extract a latent measure. The first principal component of FA (FA.
PC1) and MD (MD.PC1) was used in subsequent analyses as depen-
dent variable.

Genetic Data

We used the June 2017 release of the imputed genetic data from
UK Biobank (downloaded on June 3, 2017). Details of the design
of the arrays, sample processing, and stringent quality control have
been described elsewhere.'® In brief, 2 closely related arrays from
Affymetrix, the UK BiLEVE Axiom array (9.9% of individuals),
and the UK Biobank Axiom array were used to genotype =805426
markers with good genome-wide coverage. Phasing was performed
using SHAPEIT3 and imputation'to ‘a merged Haplotype Reference
Consortium reference panel (39.131578 autosomal single-nucleotide
polymorphisms [SNPs]) andjUK10K=andi:1000 Genomes Phase 3
panel was performed using the IMPUTE4 package.'*"'s Imputed gen-
otypes.were available for 487442 individuals in this study.'® From the
resulting data set, we excluded (1) individuals who did not segregate
with European-samples:based on principal component analysis, (2)
individuals-with high-level heterozygosity and missingness (>5%),
and (3) individuals whose reported sex was inconsistent with sex
inferred from the genetic-data. In addition, only SNPs imputed from
the HRC panel were included in this analysis.

Statistical Analysis

In this analysis, we first subset the genetic data on the individuals who
also had MRI imaging data. We performed a GWAS of FA, MD, and
log (WMHYV), using SNPTEST v2.5.4-beta3, including age at MRI, sex,
genotyping batch, and the first 10 ancestry informative principal com-
ponents as covariates. We set the study-wide significance threshold at
P<1.7e-8, accounting for the 3 phenotypes studied. At this threshold, we
had 80% power to identify variants explaining >0.5% of the trait variance.

Fine-Mapping Derived From
Credible SNP Set Analyses
For all SNPs in linkage disequilibrium (LD) with the lead SNP (12>0.1),
we calculated Bayes factors from the effect sizes and SEs using
Wakefield approximation.'” We then used these Bayes factors to cal-
culate the posterior probability that each variant is causal and the 95%
credible set for each association (the smallest set of variants with poste-
riors that sum to at least 95%) as described in the study by Maller et al.°
To identify additional independent signals at genome-wide sig-
nificant loci we performed a forward stepwise regression using
SNPTEST.

Functional Annotation

To evaluate whether the genome-wide significant variants potentially
influence gene expression, we examined genome-wide cis-expression
quantitative trait loci (eQTL) data in multiple tissues from 3 major


http://stroke.ahajournals.org/

8102 ‘Gz A2 uo 19n6 Aq /Ba0°s[euano feye axois//:dny wioly pspeojumoq

Rutten-Jacobs et al

eQTL databases: the Blood eQTL Browser,?! the Genotype-Tissue
Expression Project,” and the Brain eQTL Almanac.?

We performed a lookup of the genome-wide significant SNPs in
available GWAS summary statistics of relevant clinical end points
(Alzheimer disease,”* major depressive disorder,” ICH,** and MRI-
confirmed lacunar stroke?’), of which details are provided in Table 1T
in the online-only Data Supplement and Methods in the online-only
Data Supplement.

Heritability and Genetic Correlations
With Related Traits

We estimated the heritability of FA, MD, and WMHV and tested
for genetic correlation between the white matter measures using LD
score regression.”® Subsequently, we estimated the genetic correla-
tion between the white matter measures and 4 clinical end points:
Alzheimer disease, major depressive disorder, ICH-, and MRI-
confirmed lacunar stroke. Concerning stroke subtypes, specifically
ICH- and MRI-confirmed lacunar stroke, were selected because small
vessel disease is presumed to be the most important in these stroke
subtypes. These analyses were based on genome-wide summary sta-
tistics obtained from online repositories and locally available data
(Table III in the online-only Data Supplement).

Polygenic Association of FA, MD, and WMHV
With Clinical End Points

We derived polygenic risk scores at 3 different levels of significance
(P<0.0001, P<0.05, P<0.5) from the GWAS data of FA, MD, and
WMHYV and tested them for association with Alzheimer disease,
major depressive disorder, ICH-, and MRI-confirmed lacunar stroke
using an inverse-variance weighted method using summary statistics
data. We derived an independent (1> <0.1 or 500 Kb apart) set of SNPs
at each threshold using an LD-clumping procedure used using plink
v1.90b3.45. Risk score analysis was performed in R using the gtx
package.

Results
In total, 8448 individuals were included in the present analysis
(Figure I in the online-only Data Supplement).

At the time of the MRI scan, mean age was 62.2 (7.4) years.
Among the individuals who passed genetic quality control
checks, FA and MD measures could be calculated in 8239
individuals, and WMHYV were available in 8429. The 3 mea-
sures were heritable (4°=0.29 for FA, h’=0.17 for MD, and
h?*=0.18 for WMHYV) and showed high phenotypic and genetic
correlation (Table 1).

Genome-Wide Association Analysis of FA and MD

Table 2 shows the genome-wide significant loci (P<1.7x107%)
for FA, MD, and WMHYV with their corresponding alleles
and effect sizes. The inflation of test statistics (A) was equal
to the inflation expected for the sample size. Manhattan plots

Genetic Study of White Matter Integrity 3

and Q-Q plots are displayed in Figure 1 and Figure II in the
online-only Data Supplement, respectively. Regional plots for
the genome-wide significant hits for FA, MD, and WMHV
are provided in Figures III, IV, and V in the online-only Data
Supplement.

We identified 1 region harboring genome-wide significant
SNPs for FA or MD. This locus, which was shared between
FA and MD, was on chr5q14 (top SNP for FA: rs67827860,
P=1.3x10""; top SNP for MD: rs13164785, P=3.7x10"'8; LD
r’=1 for these 2 SNPs).

We constructed 95% credible sets for the chr5ql4 locus,
which return the set of SNPs in which the causal SNP is con-
tained with 95% certainty. The 95% credible set for the chr5q14
association contained 6 SNPs (rs13164785, rs67827860,
rs10052710, rs17205972, rs12653308, and rs3852188).

To identify additional independent signals at the genome-
wide significant loci, we performed a forward stepwise regres-
sion using SNPTEST on both regions, which yielded a second
independent genome-wide signal for both FA and MD in the
chr5q14 region (Figures VI and VII in the online-only Data
Supplement). Results of the joint model containing both SNPs
are given in Table IV in the online-only Data Supplement.

The chr5q14 locus contained 33 genome-wide SNPs for FA
and 116 genome-wide SNPs for MD, of which 31 overlapped.
The top SNP at the chr5q14 locus maps to an intron of the
gene VCAN.

Functional annotation of the genome-wide significant SNPs
in the chr5q14 region using the Genotype-Tissue Expression
and Brain eQTL Almanac-resourcesddentified no significant
eQTLs-at genome-wide significance. However, there was
significant cis association with expression of VCAN in blood
(rs3852188; P=1.65x107).

A nominally significant SNP for the chr5ql4 locus
(rs3852188; P=0.01) was found in the MRI-confirmed lacunar
stroke data set, but the effect was in the opposite direction. No
other significant associations for any of the traits were found.

Two genome-wide significant loci were identified for
WMHY located at 2p16 (top SNP rs146896516; P=3.91x107')
and 17925 (top SNP rs3744020; P=3.52x10"""; Table 2). Both
loci are known WMH loci, reported previously in population-
based and stroke population.

Both SNPs showed the expected direction of effect in the
association with both FA and MD, but only rs146896516
was nominally associated with MD (Table V in the online-
only Data Supplement). The top SNPs for MD and FA at
the chr5q14 locus were nominally associated with WMHV
(P=3.51x10"° and P=2.95x1075, respectively).

Table 1. Estimated Heritability, Phenotypic (Below Diagonal), and Genetic (Above Diagonal) Correlations
Between the UK Biobank Magnetic Resonance Imaging Variables

n Estimated Heritability FA MD WMHV
FA 8239 0.29 (0.06) ~0.74 (0.068) ~0.41(0.14)
MD 8239 0.17 (0.05) ~0.80 (0.004) 0.57 (0.17)
WMHV 8429 0.18 (0.06) ~0.49 (0.008) 0.51 (0.008)

Estimated heritability and genetic correlations are derived using LD score regression. Pearson correlations were used for
phenotypic correlations. SEs are shown in parentheses. FA indicates fractional anisotropy; MD, mean diffusivity; and WMHV, white

matter hyperintensity volume.
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Table 2. Genome-Wide Significant Loci Associated With FA, MD, and WMHV

Nearest Position Noneffect
Trait rsiD Gene Chr (bp) Effect Allele = Allele INFO EAF B SE PValue
FA rs67827860 VCAN 5 82860485 T C 0.997 0.19 -0.611 0.079 1.25x107™
MD rs13164785 VCAN 5 82861400 G T 0.995 0.19 0.674 0.077 3.72x10°1®
WMHV rs146896516 | EFEMP1 2 56152750 A C 0.991 0.10 0.147 0.021 3.91x10°%
WMHV rs3744020 TRIMA47 17 73871773 A G 0.999 0.19 0.109 0.016 3.52x10-"

Position is reported on Genome Reference Consortium Human Build 37. bp indicates base pair; chr, chromosome; EAF, effect allele frequency; FA, fractional
anisotropy; INFO, imputation quality score; MD, mean diffusivity; and WMHV, white matter hyperintensity volume.

Genetic Correlation With Related

Traits Using LD Score Regression

Genetic correlation between the MRI phenotypes and related
phenotypes was estimated using LD score regression. The
Bonferroni-adjusted significance threshold for this analysis
was set at P=0.004. There was significant positive genetic
correlation between MRI-confirmed lacunar stroke and MD
(rG [SE]=0.71 [0.22]; P=0.0013), FA (+G [SE]=0.52 [0.17];
P=0.0028),as wellasWMHYV (rG [SE]=0.90[0.27]; P=0.0004).
All other correlations were not significant (Figure 2).

Polygenic Association of FA and MD

With Clinical End Points

We further tested FA, MD, and WMHYV polygenic risk scores
(P<0.0001, P<0.05, and P<0.5) for association with clinical
end points. There was a polygenic association of all 3 MRI
traits with MRI-confirmed lacunar stroke, with a similar asso-
ciation across all traits (Figure 3). In addition, MD polygenic
risk scores were significantly associated with major depres-
sive disorder. WMHY polygenic risk scores showed. a signifi-
cant association with Alzheimer disease.

Discussion

We performed a GWAS of brain white matter microstructural
integrity as assessed on DTI, identifying a novel genome-wide
significant locus on chr5q14. We found strong evidence for
a shared genetic component between FA, MD, and WMHV.
Furthermore, we demonstrated that genetic variants that influ-
ence all white matter measures studied confer risk of lacu-
nar stroke, as well as demonstrating associations between
MD—a marker of white matter ultrastructural damage and
major depressive disorder—and between Alzheimer disease
and WMHV.

The top SNP within the chr5q14 locus maps to an intron of
VCAN, which encodes the extracellular matrix proteoglycan
VCAN. The top SNPs were only significantly associated with
expression of VCAN in blood. VCAN is a versatile protein,
which plays a role in intercellular signaling and in connect-
ing cells with the extracellular matrix.?* Furthermore, VCAN
may play a role in the regulation of cell motility, growth, and
differentiation.

SNPs in chr5q14 have been linked to intracranial aneu-
rysm of which one of the lead SNPs in the previous study
is among our genome-wide significant SNPs (rs173686;
P=3.32x10719).30

Furthermore, mutations in chr5ql4 have been linked to
Wagner disease—a rare vitreoretinal degeneration inherited

as an autosomal dominant trait. VCAN is a component of the
vitreous and likely involved in the maintenance and structural
integrity of the vitreous.>! Mutations linked to Wagner disease
lead to alternative splicing of exons 7 and 8 of VCAN.

In the present study, the lead SNPs in chr5ql4 were
inversely associated with small vessel stroke, and, therefore,
our study does not provide support for any vascular-mediated
mechanism underlying the association of VCAN with FA and
MD.

The consistent correlation between MD, FA, WMHYV, and
MRI-confirmed lacunar stroke further contributes to the evi-
dence that there is a shared polygenic component in the dis-
ease mechanisms of small vessel disease and alterations of the
white matter.

In addition, there was an ‘association between MD and
major depressive disorder in the polygenic risk score analy-
sis. This finding is in line'with previous imaging studies that
found a direct association between reduced structural integrity
and major depressive disorder.*> The correlation between MD
and major depressive disorder did not reach genome-wide sig-
nificance in the LD.score regression, although the effect was
in the same direction. A, possible explanation for this discrep-
ancy is that'.even though the current study is the largest study
published on genetics of white matter microstructural integ-
rity to date, the sample size is still relatively small for GWAS.
The cases contributing to the major depressive disorder had
a broad range of ages of disease onset. At this point, it is not
possible to determine whether the shared genetic component
with MD is because of age-related changes or otherwise. This
will be an important point of further enquiry.

In the current analysis, Alzheimer disease was significantly
associated with WMHYV in the polygenic risk score analysis
but not with the white matter microstructural integrity mea-
sures. Furthermore, the top SNPs for WMHYV were not statis-
tically significant associated with FA and MD, although the
effect estimates were in the expected directions. An explana-
tion for the discrepancies might be that there are differences
in the information FA, MD, and WMHYV capture. FA and MD
in the present study represent microstructural integrity within
both normal-appearing white matter, and WMH and micro-
structural integrity is lower in the latter.** Decreased micro-
structural integrity is known to precede WMH.** Therefore,
the WMH assessed in this relatively healthy population may
reflect more severe disease than the microstructural integ-
rity. On the other hand, pathological studies have shown
that WMHs are heterogenic, that is, they represent differ-
ent degrees of tissue damage, but this is not captured by the
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Figure 1. Association of genome-wide single-nucleotide polymorphisms with fractional anisotropy (FA; A) and mean diffusivity (MD; B) by
genomic position. Association results for the genome-wide association analysis for FA (A), MD (B), and white matter hyperintensity vol-
umes (WMHYV; C). The dashed line marks the threshold of statistical significance (P=1.7x105).
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WMHYV measure.* Another explanation for the discrepancies
might be the lack of statistical power because of a combina-
tion of only mild detectable disease in this relatively young
and healthy population and a sample size that is still small for
a GWAS.

Strengths of the present study include the large sample size
with high-quality standardized research MRI scans.

This present study is limited to white participants
of European genetic descent because only a small frac-
tion (2%-3%) of the participants were of non-European
descent. Thus, the results may not be applicable to other
populations. Another limitation is that-we, were not able
to replicate our findings in independent samples because
unfortunately no large-scale replication resources are cur-
rently available.

We identified a novel locus that is genome-wide associ-
ated with microstructural integrity of the white matter in the
brain measured as FA and MD. The results contribute to the
growing evidence that mechanisms underlying white matter
alterations are shared with cerebrovascular disease and high-
light that inherited differences in white matter microstructure,
possibly age related, impact on multiple diseases.
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Figure I Flow chart study population
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Figure II Quantile-Quantile (QQ) plots for FA (A), MD (B) and WMH (C).
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Figure III Regional plot for genome-wide significant signals for FA
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Figure IV Regional plot for genome-wide significant signals for MD
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Figure V Regional plots for independent genome-wide significant signals for WMH
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Figure VI Regional plots of the chr5q14 locus for FA showing univariable association results (A)
and association results conditioned on the top SNP (rs67827860).
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Figure VII Regional plots of the chr5q14 locus for MD showing univariable association results (A)
and association results conditioned on the top SNP (rs13164785).
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Table I History of neurodegenerative disease self-report and medical record codes in UK Biobank

Self-report UK
Biobank code

ICD-9

ICD-10

Stroke
Multiple Sclerosis
Parkinson's disease

Dementia

Any other neurodegenerative
disease

1081, 1086, 1491, 1583
1261
1262
1263

1397

430,431,434,436
340
332
290

341

160, 161, 163, 164
G35
G20
F00-FO03

G30-G32,G36, G37




Table II Overview of data used for the analysis of secondary traits

Sample size Data

Study Trait Reference p publicly
cases/controls .
available
International Genomic's of Alzheimer's 1
Alzheimer's Project IGAP)  Disease 17008/37154 Yes
o . Major
Psychlat‘rlc Genomics depressive 2 9240/9519 Yes
Consortium (PGC) .
disorder

Genetics of MRI-conﬁrmed MRI-confirmed 3 2191/27297 No
lacunar stroke collaboration* lacunar stroke
Intracerebral Hemorrhage Intracerebral 4
Genetics Collaborationf haemorrhage 154571481 Yes

Overview of studies with available summary statistics from related traits used for the look-ups, LD score
regression and polygenic risk score analysis.

*The Genetics of MRI-confirmed lacunar stroke collaboration is an ongoing international collaboration and is
still expanding in size. The published study on MRI-confirmed lacunar stroke has been performed on a
previous version of the dataset containing a smaller number of cases.

tIntracerebral Haemorrhage data were downloaded from the Cerebrovascular Disease Knowledge Portal
(http://cerebrovascularportal.org/informational/downloads)



Table III Studies included in the MRI-confirmed lacunar stroke collaboration

Cohorts Cases Controls
DNA LACUNAR 917
GENESIS (SR/ADDS) 299
PRESERVE 46
UK-WTCCC2 250
GERMANY-WTCCC2 37
MILANO 9
ASGC 23
SIGN:BRAINS 5
SIGN:GEOS 4
SIGN:GCNKSS 27
SIGN:MIAMISR 13
SIGN:GASROS 27
SIGN:ISGS 28
SIGN:KRAKOW 7
SIGN:LEUVEN 45
SIGN:BASICMAR 36
SIGN:SAHLSIS 31
SIGN:SPS3 EUR 345
SIGN:GRAZ 42
1958 BIRTH COHORT, NATIONAL BLOOD SERVICE 5175
DNA LACUNAR 968
KORA 797
SIGN:HRS 9286
SIGN:GRAZ 816
SIGN:LEUVEN 453
SIGN:KRAKOW 716
SIGN:ADHD 411
SIGN:MALMO 1362
SIGN:OAI 3201
SIGN:GEOS 519
SIGN:ASGS 1200
SIGN:HABC 1586
SIGN:INMA 807
TOTAL EUROPEAN 2191 27297

Details of the individual studies has been previously described.”’

Standard thorough quality control was performed on each dataset separately. The data were then aligned to the
forward strand and imputed to the HRC reference panel. SNPs with MAF<0.01 or INFO<0.5 were then
removed and association analysis was carried out using RVTESTS® including age, sex, study group, and the
first 10 principal components. The inflation of test statistics (A) was equal to the inflation expected for the
sample size.



Table IV Joint modelling of Independent Signals at chr5q14 locus

. Position  Effect \°M
Trait rsID Chr (bp) allele effect INFO EAF Beta SE P-value
allele
167827860 5 82860485 T C 0.997 0.19 -0.644 0.079 4.59x107'°
FA
rs4558964 5 82786549 G A 0.993 0.26 0.439 0.071 5.41x10™"°
rs13164785 5 82861400 G T 0.995 0.19 0.711 0.077 4.54x10™°
MD
rs4558964 5 82786549 G A 0.993 0.26 -0.497 0.069 6.39x10™"

Abbreviations: FA, fractional anisotropy; MD, mean diffusivity; Chr, chromosome; INFO, imputation quality score; EAF, effect allele frequency.

Position is reported on GRCh37.



Table V Association of lead SNPs for WMH with FA and MD

. Non-
Trait rsID Chr Position Effect effect Beta SE P-value
(bp) allele
allele
rs146896516 2 56152750 A C -0.159 0.102 0.12
FA
rs3744020 17 73871773 A G -0.027 0.079 0.73
rs146896516 2 56152750 A C 0.292 0.100 0.003
MD
rs3744020 17 73871773 A G 0.097 0.078 0.21

Abbreviations: FA, fractional anisotropy; MD, mean diffusivity; Chr, chromosome; EAF, effect allele frequency.

Position is reported on GRCh37.



Supplemental Methods

Alzheimer’s disease GWAS data

International Genomics of Alzheimer's Project (IGAP) is a large two-stage study based upon
genome-wide association studies (GWAS) on individuals of European ancestry. In stage 1, IGAP
used genotyped and imputed data on 7,055,881 single nucleotide polymorphisms (SNPs) to meta-
analyse four previously-published GWAS datasets consisting of 17,008 Alzheimer's disease cases
and 37,154 controls (The European Alzheimer's disease Initiative — EADI; the Alzheimer Disease
Genetics Consortium — ADGC; The Cohorts for Heart and Aging Research in Genomic
Epidemiology consortium — CHARGE; The Genetic and Environmental Risk in AD consortium —
GERAD). In stage 2, 11,632 SNPs were genotyped and tested for association in an independent set
of 8,572 Alzheimer's disease cases and 11,312 controls. Finally, a meta-analysis was performed
combining results from stages 1 & 2.
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