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Abstract

Brain arteriolosclerosis (B-ASC) is characterized by pathologically altered brain parenchymal arterioles. B-ASC is asso-

ciated with cognitive impairment and increased likelihood of clinical dementia. To date, no study has been conducted on

genome-wide genetic risk of autopsy-proven B-ASC. We performed a genome-wide association study (GWAS) of the B-

ASC phenotype using multiple independent aged neuropathologic cohorts. Included in the study were participants with

B-ASC autopsy and genotype data available from the NACC, ROSMAP, ADNI, and ACT data sets. Initial Stage 1 GWAS

(n¼ 3382) and Stage 2 mega-analysis (n¼ 4569) were performed using data from the two largest cohorts (NACC and

ROSMAP). Replication of top variants and additional Stage 3 mega-analysis were performed incorporating two smaller

cohorts (ADNI and ACT). Lead variants in the top two loci in the Stage 2 mega-analysis (rs7902929, p¼ 1:8� 10�7;

rs2603462, p¼ 4� 10�7) were significant in the ADNI cohort (rs7902929, p¼ 0:012; rs2603462, p ¼ 0:012). The
rs2603462 lead variant colocalized with ELOVL4 expression in the cerebellum (posterior probability¼ 90.1%). Suggestive

associations were also found near SORCS1 and SORCS3. We thus identified putative loci associated with B-ASC risk, but

additional replication is needed.
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Introduction

Brain arteriolosclerosis (B-ASC) is a subtype of cere-

bral small vessel neuropathologic change characterized
by thickening of arteriole walls in the brain. These

changes can include hypertrophy or atrophy of vascu-
lar smooth muscle and luminal extracellular deposition
of collagen.1–4 B-ASC is commonly found in autopsied
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elderly individuals, with more than 50% of participants
showing some B-ASC pathology in large autopsy stud-
ies.1,3,5 B-ASC is often comorbid with multiple neuro-
pathologies including limbic-predominant age-related
TDP-43 encephalopathy (LATE), Alzheimer’s disease
(AD), hippocampal sclerosis (HS), micro-infarcts, and
large-vessel infarcts.1,6,7 B-ASC is also associated with
cognitive decline, even after adjusting for age and the
presence of other neuropathologies.1,6 Despite the clin-
ical importance of B-ASC, its risk factors – other than
age and sex – remain largely uncharacterized.1

Hypertension (HTN) and diabetes mellitus (DM) are
established clinical risk factors for arteriolosclerosis in
the kidneys, but their association with B-ASC is incon-
sistent; in an autopsy based cohort stratified by age at
death (<80 years vs. �80 years), HTN was significantly
associated with B-ASC in the younger group only, and
DM was not associated with B-ASC in either group.1,8–10

Genome-wide association studies (GWAS) have
proven useful for investigating genomic risk of complex
diseases via analysis of millions of genetic variants and
have to date identified many thousands of genetic var-
iants associated with disease phenotypes.11 For exam-
ple, GWAS have identified genetic risk loci for stroke
and for imaging-based phenotypes of cerebrovascular
disease such as white matter hyperintensities (WMH)
and brain infarcts.5,12 Studies of monogenic cerebro-
vascular disorders have identified genes associated
with collagen and basement membrane formation, vas-
cular smooth muscle, inflammation, and potassium ion
channels.4 GWAS of HS have identified multiple ion
channel-associated genes12 that have since been repli-
cated in gene-based studies.13

There has been no published GWAS for autopsy-
proven B-ASC to date.14–16 Given the unique and com-
plex structures of brain arterioles and their associated
structures, including astrocytes and other components
of the blood-brain barrier, there is reason to suspect
that the genetic risk for B-ASC may not be wholly
shared with other cerebrovascular phenotypes.4 In
one previous study of Religious Orders Study/
Memory and Aging Project (ROSMAP) participants,
167 independent genetic variants meeting genome-wide
significance threshold (p< 5� 10�8) in GWAS of
stroke or stroke risk factors were tested for association
with B-ASC pathology.5 The authors found six var-
iants nominally associated with B-ASC at the 5% sig-
nificance level.5 Another study found that an HS risk
variant located in ABCC9 was nominally associated
with B-ASC.1 We hypothesized that investigating
genetic risk factors of B-ASC at the genome-wide
level would provide important insights into its patho-
physiological development as well as its relationship
to neuroimaging and other neuropathological
phenotypes.

In the present study, we conducted a GWAS using

B-ASC pathology as an endophenotype in four inde-

pendent autopsy cohorts with genotype data available.

Methods

An outline of our study design is shown in Figure 1. In

Stage 1, a GWAS was performed on neuropathology

data from the National Alzheimer’s Coordinating

Center (NACC) Neuropathology data set linked to

GWAS genotype data from the Alzheimer’s Disease

Genetics Consortium (ADGC). In Stage 2, top variants

from the NACC GWAS were first analyzed in

ROSMAP, and then the two data sets were merged

Figure 1. Overall study design. First, quality control (QC) was
performed on all neuropathological and genotype data sets used
(see Methods). GWAS were performed across three stages.
In Stage 1, GWAS was performed on NACC participants
(n¼ 3382). In Stage 2, all variants with p< 1� 10�5 (k¼ 14)
were analyzed separately in ROSMAP (n¼ 1187), and then
NACC and ROSMAP participant data were merged for
mega-analysis (n¼ 4569). In Stage 3, top variants from Stage 2
mega-analysis with p< 1� 10�6 (k¼ 2) were analyzed in two
replication cohorts, ADNI (n¼ 47) and ACT (n¼ 512), and then
NACC, ROSMAP, ADNI, and ACT data were merged for meg-
a-analysis. Downstream functional analyses, consisting of coloc-
alization and gene-based analyses, were then performed on Stage
3 mega-analysis results. Mediation analyses for HTN and DM
were also performed using a subset of NACC participants with
clinical data available (n¼ 1726).
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and mega-analyzed. In Stage 3, we analyzed the top
variants from Stage 2 in two smaller autopsy cohorts
from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) and the Adult Changes in Thought (ACT)
study. We then mega-analyzed all four cohorts togeth-
er. To investigate potential biologically functional
correlates to disease risk, we then performed colocali-
zation analysis on B-ASC-associated variants identified
as quantitative trait loci (QTL) using data from the
Genetic Tissue Expression (GTEx) Project and gene-
based association analyses.17 To investigate the poten-
tial of HTN or DM acting as mediators on B-ASC risk,
we performed mediation analyses on a subset of NACC
participants with available clinical data.

Study participants

All study participants were de-identified and deceased,
so that archival samples were exclusively used. Thus
our study did not fall under the definition of ‘Human
Subjects Research’, according to the University
of Kentucky Institutional Review Board, because of
NIH Exemption #4–involving the collection/study of
data or specimens if publicly available, and/or recorded
such that subjects cannot be identified.

For the Stage 1 GWAS, neuropathology data from
participants in >30 National Institute on Aging-funded
Alzheimer’s Disease Research Centers (ADRCs) stud-
ies in the NACC Neuropathology Data Set were linked
to ADGC genotype data.18,19 Each ADRC has its own
study population, design, and participant recruitment
strategies. Data are uniformly collected data and sub-
sequently aggregated by NACC. Participants diag-
nosed with any of 19 unusual neurological conditions
were then excluded because B-ASC may represent
something different in the presence of these rare dis-
eases (see Supplementary Table S1 for full exclusion
criteria). Similar exclusion criteria were not applied to
other studies’ participants due to lack of data availabil-
ity. A total of 3501 participants had both B-ASC neu-
ropathology and genotype data available and passed
initial inclusion criteria.

The ROSMAP study has been previously described
in detail and consists of harmonized data from two
longitudinal cohorts: The Religious Orders Study
(ROS) and the Memory and Aging Project (MAP).20

ROS began in 1994 and recruited older Catholic Priests
and Sisters from around the United States. MAP began
in 1997 and recruited older adults who at the time had
no diagnosis of dementia. A total of 1213 ROSMAP
participants had both autopsy and genotype data
available.

The ADNI (adni.loni.usc.edu) was launched in 2003
as a public-private research partnership, led by
Principal Investigator Michael W. Weiner, MD.

The primary goal of ADNI has been to test whether

serial magnetic resonance imaging (MRI), positron

emission tomography (PET), other biological markers,

and clinical and neuropsychological assessment can be

combined to measure the progression of mild cognitive

impairment (MCI) and early AD. A subset of ADNI

participants undergo autopsy and receive neuropatho-

logical phenotyping. A total of 60 ADNI participants

had both B-ASC and genotype data available.
The ACT study began in 1994 and recruited resi-

dents in the greater Seattle area aged 65 years and

older without dementia at time of enrollment.21 The

goal of the study has expanded to include three cohorts

and continuous enrollment using the same enrollment

criteria and has a current total of 4,960 participants

across all three cohorts. A total of 518 ACT partici-

pants had both B-ASC and genotype data available.

Definitions of B-ASC variables used

In the NACC Neuropathology Data Set, B-ASC was

graded as an ordinal variable with possible values of

0 (none), 1 (mild), 2 (moderate), or 3 (severe). Grading

was performed by trained neuropathologists at each

ADRC. The NACC NP v10 Coding Guidebook

(https://files.alz.washington.edu/documentation/np10-

guidebook.pdf) instructs examiners to grade B-ASC

based on subcortical white or gray matter and to

exclude arteriolar thickening due secondary to cerebral

amyloid angiopathy. On page 13, the Guidebook

defines B-ASC as, “concentric hyaline thickening of

the media of arterioles. Intimal fibrosis may also

accompany this change. The term ‘lipo-hyalinosis’ is

sometimes used to refer to the same pathologic

change.” The B-ASC variable in ROSMAP was

graded on B-ASC histological changes exclusively in

the basal ganglia. Vessel intimal pathology is first

graded on a scale from 0 (none) to 6 (severe), and

then collapsed to a four-level ordinal variable with

the same labels as in NACC.22 ADNI and ACT autop-

sy procedures followed the NACC Neuropathology

codebook.23

Identifying ethnic outliers

In all cohorts, principal component analysis (PCA) in

PLINK v1.924 was performed with a pruned subset of

independent (linkage disequilibrium (LD) r2< 0.05)

variants from each data set merged to data from the

1000 Genomes Project Phase 3 (1000 Genomes,

n¼ 2504).25 All variants were checked to ensure that

major and minor alleles matched in the study data sets

and 1000 Genomes. The standardized first and second

principal components (PCs) were then plotted for each

participant using the ggplot2 R package in R version
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4.0.4.26 All participants within a Euclidean distance of

0.35 from the centroid of 1000 Genomes participants in
the EUR superpopulation were considered to be of

European descent and included in analyses. We then

re-ran PCA for the included participants and included
the first five PCs as covariates in regression models.

Quality control (QC) of participants and

genotype data

Imputation for ADGC was performed using the
Haplotype Reference Consortium (HRC) panel27

(workflow can be found at https://github.com/KBoeh

me/ADGC_HRC_MERGE). The ROSMAP genotype
QC workflow has been previously described.28 Briefly,

imputation was performed for ROSMAP on the

Michigan Imputation Server29 using the HRC panel.
Imputation for ACT was performed on the Michigan

Imputation Server using the Trans-Omics for Precision
Medicine (TOPMed) reference panel.30,31 We per-

formed additional standard QC procedures on all gen-

otyping data using PLINK v1.9 and KING.24,32–35

Variants were excluded if they had (1) a minor allele

frequency (MAF) less than 5%; (2) a call rate of less

than 95%; or (3) a Hardy-Weinberg equilibrium exact
test p< 1� 10�6 using all participants in a cohort.

Participants were removed if they had a genotype
missingness rate above 5% or a heterozygosity rate

more than 3 standard deviations above or below the

mean of their cohort. All participants were checked for
duplicate genotype information across studies. All par-

ticipants with duplicate information within one cohort

were removed, while participants with duplicate infor-
mation across cohorts were preferentially kept in the

data set analyzed first and removed from cohorts used
later in the study (i.e.NACC>ROSMAP>ADNI and

ACT). Participant relatedness, as measured by propor-

tion identity by descent (p) was estimated using
PLINK. For clusters of closely related participants

(p � 0.18), preference was given to the participant

with the highest genotyping rate and others were
removed. In NACC analyses, 4799488 variants and

3382 participants passed QC protocols. In the
ROSMAP replication data set, 4889494 variants and

1187 participants passed QC protocols. Thirteen

ADNI participants were identified as NACC duplicates
and removed, leaving 47 participants for analysis.

A total of 512 ACT participants passed QC measures.

Statistical analyses

Single-variant analyses. Single-variant association analy-

ses for NACC were performed using logistic regression
in PLINK v1.9 and ordinal regression in R using the

MASS package.26,32 To create a dichotomous outcome

variable for logistic regression, participants with none
or mild B-ASC were treated as controls and those with
moderate or severe B-ASC as cases. This decision was
made because previous studies have found that
moderate-to-severe B-ASC is associated with worse
cognitive functioning.1,6 Covariates in the regression
models included age at death, sex, ADGC genotyping
cohort, and the first five PCs. An additive mode
of inheritance was assumed in all analyses.
A Bonferroni-corrected threshold of p< 5� 10�8 was
used for genome-wide significance and a predetermined
threshold of p< 1� 10�5 for “suggestive” association
meriting further investigation. Then, using PLINK
v1.9, variants meeting the suggestive threshold were
clumped to create a set of independent variants
(defined as LD r2< 0.05). For suggestive variants in
ordinal regression analyses, the proportional odds
assumption was tested using the Brant test in the
brant R package.36 Finally, we examined single var-
iants previously found to be putatively associated
with B-ASC in Chou et al. (2013)5 to determine if
any were validated in NACC at the p< 0.05 signifi-
cance level.

In the ROSMAP analyses, single-variant regression
analyses were performed using variants identified as
suggestively significant in the NACC analyses, using
a significance threshold of p< 0.05 for these variants.
Covariates included age at death, sex, study (ROS vs.
MAP) and the first five PCs. We then performed a
mega-analysis on both cohorts. We also performed
both fixed- and random-effects meta-analyses in
PLINK v1.9 for NACC and ROSMAP logistic
GWAS results.

To seek replication of our results, variants with
NACCþROSMAP mega-analytic p< 1� 10�6 were
analyzed separately in the ADNI and ACT data sets.
The ADNI and ACT participants were then added to
the combined NACC and ROSMAP data set to per-
form a combined mega-analyss. A total of 4470488
variants were shared between the NACC, ROSMAP,
ADNI, and ACT data sets that passed QC measures.

To test if variants associated with B-ASC were also
associated with large-vessel cerebrovascular disease, we
tested the association of variants with p< 1� 10�6 in
the Stage 2 mega-analysis with intracranial atheroscle-
rosis in a recent GWAS performed on ROSMAP
participants.37

Gene-based analyses. Following single-variant analyses,
we performed gene-based analyses using MAGMA.38

Variants were mapped to genes within 1000 kilo-base
pairs (kb) using the Genome Reference Consortium
Human Build 37 (GRCh37/hg19) positions available
on the MAGMA website (https://ctg.cncr.nl/software/
magma), producing a total of 18473 genes with at least
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one annotated variant. We then performed gene-based

analyses in MAGMA using a Bonferroni-corrected sig-
nificance threshold of p< 2:5� 10�6.

Colocalization analyses. To investigate potential function-

al mechanisms of variants driving GWAS signals for
B-ASC, we performed colocalization analyses for sug-

gestive variants using the coloc R package and QTL
summary statistic data from The GTEx project V8

publicly available data (accessible at https://www.gtex
portal.org/home/datasets).17,39–41 QTL are calculated

in GTEx by performing single-variant analysis of
gene expression for all variants within 1000 kb of the
transcription start and end sites for each gene. First, we

systematically checked to determine if suggestive var-
iants (p< 1� 10�5) from the Stage 3 mega-analysis

were significant expression QTL (eQTL) or splicing
QTL (sQTL) across 52 tissues using GTEx summary

statistics of participants of European descent. We then
performed colocalization analysis on each significant

phenotype/tissue combination using default prior prob-
abilities in the coloc package (p1 ¼ p2 ¼ 1� 10�4 and

p12 ¼ 1� 10�5). These parameter choices indicate that
each variant used has a 1/10,000 prior probability of

being a B-ASC risk variant or a QTL, and a variant
that is either a B-ASC risk variant or a QTL has a 1/10
prior probability of being both.40 Because the coloc

package can currently only analyze dichotomous or
continuous variables, we did not analyze variants

from the ordinal regression analyses. A posterior prob-
ability of colocalization (PPH4) of 50% or greater was

chosen to indicate evidence for colocalization.

Mediation analyses. To test the hypotheses that variants

associated with B-ASC risk may be mediated by HTN
or DM, we performed mediation analyses using R on
the subset of NACC participants with clinical variables

available.1,42 Participants were labeled as DM or HTN

cases if they had at least one of 1) self-reported diag-

nosis, 2) clinician-reported diagnoses, or 3) reported

use of DM or HTN medication on their most recent

clinical visit prior to death.

Sensitivity analyses. Given previously identified potential

differences in clinical risk factors for B-ASC in partic-

ipants stratified by age at death, we re-analyzed our

analyses in NACC and ROSMAP using only partici-

pants with an age at death of 80 or above. To further

assess the robustness of our results under different

model assumptions, we performed several sensitivity

analyses in our NACC data set using the binary B-

ASC outcome variable. We first performed single-

variant analyses on each ADGC cohort and then

meta-analyzed in PLINK v1.9 rather than using fixed-

effect cohort indicators in our regression models. For

variants meeting our suggestive threshold, we included

related participants and performed mixed-effects analy-

ses with a random effect incorporating the kinship

matrix estimated from KING in R using the

GMMAT, GENESIS, and SNPRelate packages.43–46

To overcome issues with computing PCs with samples

with related participants, we used the PC-AiR method.45

Results

Of the 3382 NACC participants that met inclusion cri-

teria for analysis, 935 (27.6%) had no B-ASC, 1023

(30.2%) had mild B-ASC, 1043 (30.8%) had moderate

B-ASC, and 381 (11.3%) had severe B-ASC (Table 1).

ROSMAP participants that met inclusion for analysis

had comparatively less B-ASC pathology (p¼ 0.002):

414 (34.9%) had no B-ASC, 405 (34.1%) had mild

B-ASC, 284 (23.9%) had moderate B-ASC, and

84 (7.1%) had severe B-ASC. NACC participants

Table 1. Cohorts used in study.

Variable Labels NACC ROSMAP ADNI ACT

B-ASC

None 935 (27.6%) 414 (34.9%) 1 (2.1%) 7 (1.4%)

Mild 1023 (30.2%) 405 (34.1%) 31 (66%) 128 (25%)

Moderate 1043 (30.8%) 284 (23.9%) 13 (27.7%) 257 (50.2%)

Severe 381 (11.3%) 84 (7.1%) 2 (4.3%) 120 (23.4%)

Sex

Female 1680 (49.7%) 800 (67.4%) 8 (17%) 286 (55.9%)

Male 1702 (50.3%) 387 (32.6%) 39 (83%) 226 (44.1%)

Age of death

Mean (SD) 82 (9.4) 89.6 (6.5) 83.3 (7.1) 89 (6.5)

Median [Min, Max] 83 [47, 111] 90 [66, 108.3] 84 [59, 97] 90 [70, 106]

Note: Age of Death variable is integer for NACC, ADNI, and ACT but continuous in ROSMAP.

SD: standard deviation; Min: minimum; Max: maximum.
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were also significantly more likely to be male (50%
vs.33%, p< 0.001) and had younger ages at death on
average (mean age at death 82 vs. 89.6, p< 0.001) com-
pared to ROSMAP participants. ADNI had the highest
proportion of male participants of any cohort at 83%,
while ACT had the lowest percentage at participant
with no B-ASC with 7 (1.4%) participants.

Single-variant analyses

In the NACC and ROSMAP cohorts, 1424 (42.1%)
and 368 (31%) of participants had either moderate or
severe B-ASC and were counted as cases, respectively.
In the Stage 1 NACC GWAS (n¼ 3382), one locus on
Chromosome 6q14.1 with lead variant rs2603462 was
genome-wide significantly associated with B-ASC
(odds ratio [OR]¼ 1.45, p¼ 2:5� 10�8). We identified
13 other loci that met our suggestive association thresh-
old of p< 1� 10�5, described in Table 2. Of the 14 loci
that met the suggestive threshold, rs7902929 on
Chromosome 10q25.1 was significant at p< 0.05 level
in ROSMAP (NACC OR¼ 1.57, p¼ 7:8� 10�6;
ROSMAP OR¼ 1.61, p¼ 0:0069). For the other 13
loci, two variants did not pass QC in ROSMAP, two
had non-significant ROSMAP ORs< 1, and 9 had
non-significant effect sizes in the same direction as in
NACC. Results in the ordinal regressions were broadly
similar to the logistic analyses in both cohorts. Of the
top 14 loci in the NACC logistic regression analysis,
four also met the suggestive threshold in the ordinal
regression analysis, and 10 had p< 1� 10�4

(Supplementary Table S2) Of the six variants found
to be nominally associated with B-ASC by Chou
et al. (2013),5 no variants were validated at the
p< 0.05 significance level in the NACC cohort.

In the Stage 2 NACC and ROSMAP mega-analysis

(n¼ 4569), 11 loci met the suggestive significance

threshold, with rs7902929 (OR¼ 1.58, p¼ 1:8� 10�7)

and rs2603462 (OR¼ 1.34, p¼ 4� 10�7) producing the

smallest p-values. Findings from the Stage 2 mega-

analysis are illustrated in Figure 2. Because the

ADNI (n¼ 47) and ACT (n¼ 512) sample sizes were

much smaller than those NACC and ROSMAP, we

limited the replication attempts in these cohorts to

variants meeting a more stringent threshold of

p< 1� 10�6, which two variants, rs2603462 and

rs7902929, met. In the ADNI neuropathology cohort,

effects of both rs2603462 (OR [95% confidence interval

(CI)] ¼4.75 [1.42–15.91], p ¼0:012) and rs7902929 (OR

[95% CI] ¼26.49 [2.07–338.8], p¼ 0:012) were replicat-

ed at the p< 0.05 significance level (Table 3). In the

ACT neuropathology cohort, neither variant was signif-

icant, and both variants had non-significant effects in the

opposite direction than in the other cohorts. rs2603462

was associated with cerebral atherosclerosis in ROSMAP

(p¼ 0:02) while rs7902929 was not (p¼ 0:56).
In the Stage 3 mega-analysis combining the NACC,

ROSMAP, ADNI, and ACT cohorts, no variants met

the genome-wide significance threshold. A total of nine

loci met the threshold for suggestive significance

(Table 4), of which five were identified in Stage 2,

while four were novel loci. Both rs2603462 and

rs7902929 met the suggestive threshold.

Gene-based analysis

In the gene-based analysis, no genes achieved Bonferroni-

adjusted significance (p< 2:5� 10�6). SORCS1

(p¼ 5:5� 10�5) achieved the smallest p-value of any

Table 2. Stage 1 GWAS results.

SNP CHR BP Gene A1/A2

NACC OR

[95% CI] NACC P

ROSMAP OR

[95% CI] ROSMAP P

rs2418491 2 59,535,434 FANCL G/A 1.33 [1.19–1.49] 4.8e-07 1.02 [0.84–1.23] 0.84

rs3774902 4 23,890,782 PPARGC1A A/G 1.77 [1.42–2.21] 4.5e-07 – –

rs4470773 5 177,507,080 N4BP3 G/C 1.28 [1.15–1.42] 3.9e-06 1.07 [0.89–1.29] 0.47

rs28362345 6 31,165,836 BCKDHB T/C 1.27 [1.15–1.41] 6.3e-06 0.94 [0.78–1.14] 0.53

rs115980554 6 34,456,632 PACSIN1 C/T 1.63 [1.33–2] 3.4e-06 0.95 [0.65–1.37] 0.77

rs2603462 6 81,418,667 HCG27 C/A 1.45 [1.27–1.66] 2.5e-08 1.05 [0.84–1.33] 0.65

rs12700439 7 23,472,061 IGF2BP3 T/C 1.26 [1.14–1.4] 8.0e-06 1.07 [0.89–1.29] 0.47

rs7902929 10 107,237,532 SORCS3 C/T 1.57 [1.29–1.92] 7.8e-06 1.61 [1.14–2.26] 0.0069

rs10790707 11 124,460,485 OR8A1/PANX3 A/G 1.26 [1.14–1.4] 8.1e-06 1.03 [0.85–1.24] 0.76

rs61944465 13 27,272,704 WASF3 G/A 1.33 [1.18–1.5] 3.6e-06 1.16 [0.93–1.46] 0.19

rs6574718 14 26,395,832 NOVA1 C/T 1.28 [1.15–1.42] 5.3e-06 – –

rs9895518 17 49,645,803 CA10 A/G 1.28 [1.15–1.42] 8.3e-06 1.09 [0.9–1.32] 0.39

rs387083 19 35,847,115 FFAR1/FFAR3 G/A 1.28 [1.15–1.42] 5.4e-06 1.02 [0.85–1.22] 0.86

rs2069126 20 19,749,957 SLC24A3 A/G 1.27 [1.14–1.4] 6.7e-06 1.11 [0.92–1.34] 0.27

Key: SNP, single nucleotide polymorphism; CHR, Chromosome; BP, base pair; Gene, closest protein-coding gene; A1/A2, effect/non-effect allele; OR,

odds ratio; 95% CI, 95% confidence interval. A1 set so that NACC OR >¼ 1.
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Figure 2. Stage 2 mega-analysis results. (a) Manhattan plot of Stage 2 GWAS mega-analysis of NACC and ROSMAP. The horizontal
dashed line in each plot is the suggestive threshold (p< 1� 10�5) while the solid line is the threshold for genome-wide significance
(p< 5� 10�8). (b & c) Regional plots of rs2603462 and rs7902929 þ/� 1000 kb, respectively.

Table 3. Stage 2 mega-analysis and replication results.

Stage 2 mega-analysis ADNI ACT

SNP CHR BP Gene OR [95% CI] P OR [95% CI] P OR [95% CI] P

rs61776730 1 71,057,739 BC041441 1.46 [1.24–1.72] 7.3e-06 – – – –

rs2418491 2 59,535,434 FLJ30838 1.24 [1.13–1.37] 7.6e-06 – – – –

rs13082422 3 22,338,009 ZNF385D 1.22 [1.12–1.34] 8.1e-06 – – – –

rs3774902 4 23,890,782 PPARGC1A 1.55 [1.27–1.88] 9.7e-06 – – – –

rs7675509 4 161,518,462 FSTL5 1.24 [1.13–1.36] 7.2e-06 – – – –

rs10050232 4 168,333,572 SPOCK3 1.25 [1.14–1.38] 7.0e-06 – – – –

rs6898408 5 58,406,648 PDE4D 1.23 [1.12–1.35] 9.3e-06 – – – –

rs4370294 5 177,510,515 N4BP3 1.24 [1.13–1.35] 5.3e-06 – – – –

rs2603462 6 81,418,667 BCKDHB 1.34 [1.2–1.5] 4.0e-07 4.75 [1.42–15.91] 0.012 0.77 [0.52–1.13] 0.18

rs7902929 10 107,237,532 SORCS3 1.58 [1.33–1.87] 1.8e-07 26.49 [2.07–338.8] 0.012 0.81 [0.47–1.4] 0.45

rs61944465 13 27,272,704 WASF3 1.29 [1.16–1.44] 2.3e-06 – – – –

Note: A1 set so that Stage 2 mega-analysis OR >¼ 1.

SNP: single nucleotide polymorphism; CHR: Chromosome; BP: base pair; Gene: closest protein-coding gene; A1/A2: effect/non-effect allele; OR: odds

ratio; 95% CI: 95% confidence interval.
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gene, while the adjacent SORCS3 gene p-value was some-

what larger (p¼ 0:0083, Supplementary Table S3).

Colocalization analyses

In the Stage 3 mega-analysis, four suggestive variants

were significant QTLs for four genes across eight tis-

sues in GTEx, leading us to perform colocalization

analyses for a total of 10 phenotype-tissue combina-

tions. Of these, seven met our evidential threshold of

PPH4> 50% for colocalization. The strongest evidence

for colocalization was found for WASF3 expression,

which colocalized with B-ASC risk across three brain

regions, including the basal ganglia (PPH4¼ 94.8%).

Preferential splicing of WASF3 in fibroblasts colocal-

ized with PPH4¼ 85.1% (Table 5). NSD1 colocalized

with B-ASC risk in the atrial appendage

(PPH4¼ 94.5%). ELOVL4 expression in the cerebellar

hemisphere colocalized with B-ASC risk with a PPH4

of 90.1%. Finally, RIN2 expression colocalized with

B-ASC risk in the Thyroid (PPH4¼ 94.5%).

Mediation analyses

In the subset of our NACC participants who had clin-

ical data for DM (n¼ 1725) and HTN (n¼ 1726)

status, none of the suggestive variants were associated

with HTN or DM at the p< 0.05 level, and all variant
effect sizes in regressions including HTN or DM were
within the 95% confidence intervals in the base model
excluding them.

Sensitivity analyses

In the analysis using only participants with an age at
death of 80 years or older, no variants achieved
genome-wide significance. In the NACC analysis, we
identified 12 independent loci that met the suggestive
threshold. No suggestive variants from the NACC
analyses were validated in the ROSMAP analyses at
the p< 0.05 significance threshold (Supplementary
Table S2). Performing fixed-effects meta-analysis on
the NACC ADGC genotyping cohorts produced
nearly identical effect sizes and p-values compared to
including indicator variables for the non-reference
cohorts in our primary analysis. Similarly, including
the participants originally excluded due to relatedness
did not produce notably different effect sizes or
p-values for any of the suggestive variants.

Discussion

The present study constituted the first GWAS of
autopsy-proven B-ASC using neuropathology and

Table 4. Stage 3 mega-analysis results.

SNP CHR BP Gene A1/A2 OR [95% CI] P

rs61776730 1 71,057,739 BC041441 A/G 1.44 [1.23–1.69] 4.6e-06

rs4370294 5 177,510,515 N4BP3 G/A 1.23 [1.13–1.34] 3.3e-06

rs2603462 6 81,418,667 BCKDHB C/A 1.3 [1.17–1.45] 1.9e-06

rs10738370 9 14,582,342 ZDHHC21 T/C 1.25 [1.13–1.38] 8.9e-06

rs7902929 10 107,237,532 SORCS3 C/T 1.51 [1.28–1.78] 7.1e-07

rs76828179 12 32,594,268 FGD4 A/G 1.36 [1.19–1.56] 5.2e-06

rs61944465 13 27,272,704 WASF3 G/A 1.29 [1.16–1.42] 1.1e-06

rs415468 19 44,456,672 ZNF221 C/G 1.22 [1.11–1.32] 9.3e-06

rs16981092 20 19,745,011 SLC24A3 G/A 1.22 [1.11–1.32] 8.5e-06

Note: A1 set so that OR >¼ 1.

SNP: single nucleotide polymorphism; CHR: Chromosome; BP: base pair; Gene: closest protein-coding gene; A1/A2: effect/non-effect allele; OR: odds

ratio; 95% CI: 95% confidence interval.

Table 5. Expression quantitative trait loci (eQTL) Colocalizing with B-ASC risk.

SNP CHR Phenotype Tissue PPH4

rs4608937 5 NSD1 Heart: Atrial Appendage 94.5

rs2603462 6 ELOVL4 Brain: Cerebellar Hemisphere 90.1

rs61944465 13 WASF3 Brain: Caudate basal ganglia 94.8

rs61944465 13 WASF3a Cells: Cultured fibroblasts 85.1

rs61944465 13 WASF3 Brain: Cerebellar Hemisphere 81.6

rs61944465 13 WASF3 Brain: Cerebellum 79.0

rs16981092 20 RIN2 Thyroid 80.9

SNP: single-nucleotide polymorphism; CHR: Chromosome; PPH$: posterior probability of colocalization.
aDenotes sQTL phenotype.
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genotype data from four large autopsy cohorts. A sig-
nificant association was found between one locus on
Chromosome 6 and B-ASC in the Stage 1 NACC
GWAS (p¼ 2:5� 10�8). In the Stage 3 mega-analysis
of all four cohorts, this locus colocalized with ELOVL4
gene expression in GTEx (PPH4¼ 90.1%), providing
evidence that this locus may affect B-ASC risk through
mediating ELOVL4 expression (Table 5). Another
locus on Chromosome 10 near SORCS3 suggestively
associated with B-ASC was replicated in the ROSMAP
cohort. These variants’ effects were also replicated in
the ADNI cohort, but failed to replicate in the ACT
cohort (Table 3). We also found suggestive evidence for
association between other loci and B-ASC risk in both
cohorts and that some of these loci colocalize with gene
eQTL and sQTL in the GTEx data.

ELOVL4, SORCS1, and SORCS3 loci

ELOVL4 codes for the elongation of very long chain
fatty acids-4 protein, an “elongase” enzyme that cata-
lyzes the synthesis of very long chain fatty acids
(VLC-FA, �28C) (see Supplementary Figure S1 for
gene interaction network). Much of the research on
ELOVL4 has focused on its association with
Mendelian diseases affecting the visual and nervous
systems, such as Stargardt-like macular dystrophy
and spinocerebellar ataxia.47 In mice, ELOVL4 knock-
outs showed significantly different distributions of
VLCFA in brain tissue compared to wild-types.48

Mutant ELOVL4 mice show significantly increased
brain metabolic activity compared to wild-types,
increasing glucose uptake by 3-fold without concurrent
changes to blood-brain barrier integrity.47 Results also
show that mutant mice had absent VLC-FA in synaptic
vesicles, resulting in more erratic release of neurotrans-
mitters.47 These studies demonstrate that ELOVL4
plays a critical role in VLC-FA metabolism, which
are in turn necessary for proper central nervous
system functioning.

While the ELOVL4 mutations studied in basic sci-
ence work have largely been loss-of-function mutations
that cause highly penetrant monogenic disease, recent
genomics works expands the role of ELOVL4 as a con-
tributor to polygenic traits. In GTEx, ELOVL4 is more
highly expressed in the brain (median transcripts per
kilobase million [TPM] 5.5-43.9) relative to most other
tissues. Two recent studies found genome-wide signifi-
cant associations between variants mapped to
ELOVL4 and multiple body weight-related pheno-
types, including waist circumference adjusted for
body mass index (BMI) (rs76567515, (p¼ 2� 10�12),
waist-to-hip ratio (rs76567515, p¼ 3� 10�10), and
waist-to-hip ratio adjusted for BMI (rs1849275,
p¼ 1� 10�9).11,49,50 These variants were also

significant eQTLs for ELOVL4 in GTEx, but are
each located >200 kb from the locus identified in our
study and are not in LD with the lead variant
(r2< 0.05). Interestingly, the lead GWAS variant in
our study was also nominally associated with cerebral
atherosclerosis in a recent GWAS performed with
ROSMAP participants (p¼ 0:02).37 This result could
indicate that ELOVL4 may affect large-vessel disease
risk in addition to B-ASC.

Another gene, BCKDHB, is located closer to the
lead GWAS variant than ELOVL4. BCKDHB is one
of three genes responsible for the monogenic metabo-
lism disease Maple Syrup Urine Disease.51

Additionally, another suggestive variant in NACC,
rs387083, is located between the free fatty acid receptor
genes FFAR1 and FFAR3 on Chromosome 19. This
locus acts as an eQTL of FFAR3 in the visceral omen-
tum adipose. Collectively, these results suggest that
fatty acid metabolism and signaling may play a role
in B-ASC risk.

The suggestive NACC GWAS variant subsequently
validated in ROSMAP, rs7902929, is located approxi-
mately 212 kb from the 3’ end of the gene SORCS3.
While the genes on which intergenic variants exert their
effects are not necessarily the closest genes, SORCS3 is
the only protein-coding gene within a 1 megabase
window from rs7902929 (with SORCS1 just outside
of this range), increasing the likelihood that the locus
is functionally tied to it. SORCS3 codes for the sortilin-
related VPS10 domain-containing receptor 3, a vacuo-
lar protein expressed in the brain (see Supplementary
Figure S1 for gene interaction network).52,53 Previous
studies using candidate gene designs have provided ten-
tative evidence that genetic variation in SORCS3 may
be associated with AD.52,53 In a recent GWAS of
dementia in women enrolled in the the Women’s
Health Initiative,54 a SORCS3 intronic rare variant,
rs76590698, was significantly associated with dementia
(p¼ 2� 10�8.55 In the GWAS Catalog, SORCS3-
mapped variants are significantly associated with mul-
tiple cognitively relevant phenotypes, including
depressive symptoms (rs1021363, p¼ 1� 10�13), self-
reported educational attainment (rs11599236,
p¼ 1� 10�13), and systolic blood pressure
(rs191784289, p¼ 3� 10�13).50,56,57

Additionally, a member of the VPS10 family,
SORCS1, achieved the smallest p-value in the gene-
based analysis. We performed a post-hoc analysis of
this region and identified two independent loci with
lead p-values just above the suggestive threshold driv-
ing this effect: one locus in LD with rs7902929 and one
not (p¼ 1:2� 10�5). We examined the lead variant in
the second locus and identified a consistent effect
across all four cohorts that was nominally significant
in NACC (p¼ 1� 10�4) and ACT (p¼ 0.001), though
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not in ROSMAP (p¼ 0.25) or ADNI (p¼ 0.07).
Previous studies have identified SORCS1 as a potential
risk gene for AD.52,53 In mouse models, SORCS1 and
SORCS3 regulate protein transport in neurons and
affect metabolism through the regulation of brain-
derived neurotropic factor.58 SORCS1 and SORCS3
are also associated with altered amyloid precursor pro-
tein (APP) processing,52 and amylodosis causes subse-
quent downregulation of both genes.59 It is possible
that the VPS10 family influences B-ASC risk through
AD risk, as B-ASC is associated with AD neuropathol-
ogy,6 though further work should be done to clarify the
possible role of the VPS10 family on both phenotypes.

Limitations and sources of bias

Statistical modeling indicated that none of the effects
of top loci in the NACC GWAS appeared to be medi-
ated by HTN or DM status in NACC. This finding has
some caveats, including the inconsistent evidence of
association between these clinical risk factors and
B-ASC pathology.1,4 While HTN and DM may be
associated with B-ASC in younger individuals, this
association seems to be attenuated or non-existent in
older individuals (80 years or older at time of death).1

Indeed, in the present study, neither HTN nor DM
were associated with B-ASC in the individuals used
for mediation analysis, making the resulting lack of
mediation of genetic risk not surprising. Moreover,
this analysis was limited by the substantially smaller
sample size (n¼ 1726) than that of the Stage 1
GWAS. Additionally, the diagnostic variables in
NACC consisted of a mixture of patient self-reports,
physician reporting, and use of HTN or DM medica-
tions. Future studies employing causal inference meth-
ods such as Mendelian randomization may be able to
provide clearer evidence for or against the roles of
HTN and DM in B-ASC and the mediation of
B-ASC genetic risk by clinical risk factors.

Most genetic loci identified preliminarily as being
associated with B-ASC in NACC were not replicated
in ROSMAP. This could be potentially explained via
the significantly different demographic attributes and
study designs between the two cohorts, as ROSMAP
participants were older at death and had lower average
levels of diagnosed B-ASC pathology (Table 1). Thus,
there may be unaccounted-for confounding and differ-
ential selection bias between cohorts. For instance,
ROS recruits from Catholic sisters and brothers, who
are on average more highly educated than the general
population. In contrast, the NACC participants are
recruited from primarily clinic-based populations
across the ADRCs. Differences in study design are
also seen in the ADNI cohort, whose recruitment prac-
tices resemble those of ADRCs, and in ACT, whose

participants are recruited from the aged dementia-free
community in the Seattle, WA area.

Heterogeneity in neuropathological grading of B-
ASC in each cohort may also contribute to impairing
study power and limiting reproducibility between stud-
ies. In one study investigating the inter-rater reliability
of cerebrovascular neuropathological diagnoses (i.e.,
how often neuropathologists agree on diagnosing a
given slide), B-ASC had the second-lowest reliability
(after microinfarcts), with reliability below 0.8 in five
of twelve brain regions graded.60 This relatively low
inter-rater diagnostic reliability under near-ideal cir-
cumstances (different trained experts reviewing the
exact same stained slides) indicates there may be sub-
stantial measurement variance in B-ASC between neu-
ropathologists both within and between study centers.
Furthermore, B-ASC may be graded in different brain
regions in different centers and studies. Of note, in the
Stage 3 mega-analysis including all four cohorts, the
strongest evidence for colocalization (WASF3,
PPH4¼ 94.8%) was found in the caudate lobe of the
basal ganglia, providing preliminary support for this
brain region as a potential biological target for genetic
B-ASC risk.

An important limitation of our study is the relatively
low sample size for a GWAS. NACC, the largest
cohort used, had only 3382 participants available for
GWAS, and the total sample size of the Stage 3 mega-
analysis with all four cohorts was 5128. In contrast, a
recent GWAS meta-analysis of AD exceeded 90,000
participants,61 and GWAS of other phenotypes have
exceeded 1 million participants.57 Nevertheless, smaller
GWAS of other neuropathologic endophenotypes have
identified risk loci,13 demonstrating that smaller sample
sizes do not necessarily prevent discovery, especially for
large effect-size phenomena. Despite sample size limi-
tations, one suggestive locus on Chromosome 10 near
SORCS3 identified in NACC was replicated in
ROSMAP, and both this locus and a locus near
ELOVL4 were replicated in ADNI. Furthermore,
nine of eleven loci suggestively associated with
B-ASC in NACC had affect sizes in the same direction
in ROSMAP, which suggests that these loci may be
associated with B-ASC but suffer from suffer from
regression towards the mean in the ROSMAP analysis.
Finally, the use of downstream analyses can provide
additional functional evidence for risk loci that do
not meet the conservative Bonferroni-corrected signif-
icance thresholds.
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