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Cerebral small vessel disease is a leading cause of stroke and a major contributor to cognitive decline and demen-
tia, but our understanding of specific genes underlying the cause of sporadic cerebral small vessel disease is lim-
ited. We report a genome-wide association study and a whole-exome association study on a composite extreme
phenotype of cerebral small vessel disease derived from its most common MRI features: white matter hyperinten-
sities and lacunes. Seventeen population-based cohorts of older persons with MRI measurements and genome-
wide genotyping (n¼ 41 326), whole-exome sequencing (n¼ 15 965), or exome chip (n¼ 5249) data contributed 13 776
and 7079 extreme small vessel disease samples for the genome-wide association study and whole-exome associ-
ation study, respectively. The genome-wide association study identified significant association of common var-
iants in 11 loci with extreme small vessel disease, of which the chr12q24.11 locus was not previously reported to
be associated with any MRI marker of cerebral small vessel disease. The whole-exome association study identified
significant associations of extreme small vessel disease with common variants in the 50 UTR region of EFEMP1
(chr2p16.1) and one probably damaging common missense variant in TRIM47 (chr17q25.1). Mendelian randomiza-
tion supports the causal association of extensive small vessel disease severity with increased risk of stroke and
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Alzheimer’s disease. Combined evidence from summary-based Mendelian randomization studies and profiling of
human loss-of-function allele carriers showed an inverse relation between TRIM47 expression in the brain and
blood vessels and extensive small vessel disease severity. We observed significant enrichment of Trim47 in isolated
brain vessel preparations compared to total brain fraction in mice, in line with the literature showing Trim47 en-
richment in brain endothelial cells at single cell level. Functional evaluation of TRIM47 by small interfering RNAs-
mediated knockdown in human brain endothelial cells showed increased endothelial permeability, an important
hallmark of cerebral small vessel disease pathology. Overall, our comprehensive gene-mapping study and prelim-
inary functional evaluation suggests a putative role of TRIM47 in the pathophysiology of cerebral small vessel dis-
ease, making it an important candidate for extensive in vivo explorations and future translational work.
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Introduction
Cerebral small vessel disease encompasses a group of pathological
processes affecting small arteries, arterioles, capillaries and small
veins in the brain. It is one of the main causes of stroke, represent-
ing a quarter to a third of stroke cases, importantly both ischaemic
and haemorrhagic stroke.1,2 Cerebral small vessel disease features
on brain MRI have been associated with an increased risk of de-
mentia, including of the Alzheimer type, and with accelerated cog-
nitive decline.2 In fact, the vast majority of cognitive impairment
and dementia cases in the community are now largely recognized
as due to a mix of neurodegenerative processes and vascular brain
injury, of which cerebral small vessel disease is by far the most im-
portant substrate.3,4 No specific mechanistic treatments are avail-
able for cerebral small vessel disease to date.

Cerebral small vessel disease is a common condition driven by
a complex mix of environmental and genetic determinants, the

two main known risk factors being age and hypertension.2

Deciphering the genetic determinants of cerebral small vessel dis-
ease could provide novel insights into the biological pathways
underlying cerebral small vessel disease, thus contributing to
accelerating the discovery of drug targets. MRI markers of covert
cerebral small vessel disease, including burden of white matter
hyperintensities (WMH) and lacunes of presumed vascular origin
(or covert small subcortical brain infarcts), are commonly used for
its diagnosis and assessment of severity.5 They are frequently
observed on brain MRI scans of older persons in the general popu-
lation and were shown to be highly heritable.6,7

To date, genome-wide association studies (GWAS) of WMH bur-
den have reported 33 linkage disequilibrium (LD) independent var-
iants in 30 risk loci that are >1 Mb away from each other.8–13 So far,
no genome-wide significant association has been identified with
lacunes.14,15 In a recent pilot study we demonstrated the usefulness
of a new gene-mapping strategy to identify common and rare
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cerebral small vessel disease risk variants using a composite extreme
cerebral small vessel disease phenotype (extreme-SVD), derived from
extreme distributions of WMH burden and presence or absence of
lacunes, applied to whole-exome sequencing (WES).16 We hypothe-
size that applying this strategy on a larger scale, using genotypes
derived from both genome-wide genotyping arrays and next-gener-
ation sequencing, will enable the discovery of novel genetic risk loci
for cerebral small vessel disease and point to loci associated with a
composite, possibly more specific cerebral small vessel disease
phenotype than individual MRI markers of small vessel disease.

Transitioning from genetic risk locus discovery to the identifi-
cation of affected gene(s) underlying complex cerebral small vessel
disease pathophysiology is another major challenge. A number of
strategies were proposed to identify causal associations of molecu-
lar traits with complex diseases, such as tissue specific gene
expression profiles.17,18 The summary-based Mendelian random-
ization (SMR) approach for instance integrates GWAS and expres-
sion quantitative trait loci (eQTL) data identified from a given
tissue to identify potential functionally relevant genes at the gen-
ome-wide significant risk loci of a given complex phenotype.17

However, differentiating true causal associations from pleiotropic
ones still remains challenging. We hypothesize that combining in-
formation from the SMR approach with (i) screening of potential
human homozygous or heterozygous knockouts (zero or only one
functional copy of a given gene) using WES data; and with (ii)
exploring the impact of small interfering RNAs (siRNA)-mediated
knockdown of putative candidate gene(s) on cellular phenotypes
of relevance for cerebral small vessel disease might help identify
the best candidate genes to be prioritized for further functional ex-
ploration of extreme-SVD risk loci, with the goal of identifying pu-
tative biotargets for this condition.

We aimed, first, to report a multi-cohort GWAS and whole-
exome association study (WEAS) on MRI-derived extreme-SVD and
to leverage these results to explore the clinical significance of ex-
treme-SVD using Mendelian randomization (MR). Second, we
aimed to screen for causal genes underlying observed associations
with extreme-SVD, in order to facilitate the identification of puta-
tive biotargets by: (i) combining GWAS results with information
from brain and blood vessel eQTL and screening of human exomes
for loss of function allele carriers; and (ii) conducting in vitro
experiments to determine the impact of candidate gene knock-
down on endothelial cell permeability.

Materials and methods
Study population

Seventeen population-based cohorts of European and African-
American ancestries with brain MRI and genome-wide genotyping
(n¼ 41 326, nEuropean ¼ 39 584), WES (n¼ 16 251, nEuropean ¼ 15 525),
or exome chip (EC; n¼ 5298, nEuropean ¼ 4265) data from the Cohorts
for Heart and Aging Research in Genomic Epidemiology (CHARGE)
consortium19 and the UK Biobank participated in this study contri-
buting 13 776 (nEuropean ¼ 13 196) and 7079 (nEuropean ¼ 6525) ex-
treme-SVD samples for the GWAS and WEAS, respectively. Study
design, MRI measurements, genotyping and WES in individual
cohorts are described in the Supplementary material. The local re-
search and medical ethics committees approved individual stud-
ies. All participants signed an informed consent.

Definition of extremes of cerebral small vessel
disease

We defined extremes of cerebral small vessel disease using infor-
mation on the distribution of WMH burden and presence or

absence of lacunes in individual cohorts, as described previously.16

Before generating extreme-SVD, individual cohorts removed an-
cestry outliers, participants with a history of stroke or other path-
ologies that may influence the measurement of WMH (e.g. brain
tumour, head trauma, etc.) at the time of MRI and participants
with missing data for age, sex or intracranial volume. Out of the
total considered sample with MRI data (n), n/3 participants were
defined as extreme-SVD: n/6 as extensive-SVD ‘cases’ and n/6 as
minimal-SVD ‘controls’. In each cohort we first computed WMH
burden residuals by log-transforming the WMH measurements
(natural log of [WMH burden þ 1]) and extracted WMH burden
residuals adjusting for age, gender and intracranial volume. We
defined extensive-SVD participants as those in the top quartile of
WMH burden residuals, first selecting participants who also had
lacunes and then out of the remaining participants selecting those
with the largest WMH burden residuals until reaching n/6. We
defined minimal-SVD participants as those in the bottom quartile
of WMH burden residuals who did not have any type of MRI-
defined brain infarct (including lacunes and other types of covert
MRI-defined brain infarcts) and had WMH burden residuals at the
bottom tail of the distribution, in order to have a control group
with as little vascular brain injury as possible. Definitions of
lacunes and MRI-defined brain infarcts in each cohort are provided
in the Supplementary material. Due to unavailable measurement
of lacunes and other MRI-defined brain infarcts in the UK Biobank
we defined extreme-SVD using only WMH burden residuals
adjusted for age, gender and intracranial volume in this study
sample. Similarly, in the GENOA cohort we defined extreme-SVD
using information of only WMH burden residuals and brain
infarcts, as lacunes were not assessed in this cohort. The strategy
used to define extreme-SVD is presented in Fig. 1.

Common variant association testing

Each cohort performed the extreme-SVD ‘cases versus controls’
GWAS using logistic regression under an additive model adjusting
for age, sex (RS-I, RS-II, RS-III, SHIP, SHIP-Trend), when relevant
principal components of population stratification (3C-Dijon, AGES,
ASPS, LBC1936 and UK Biobank), family structure (FHS, GENOA-AA
and GENOA-EA) and/or study site (ARIC-AA, ARIC-EA, CHS-AA and
CHS-EA). Fig. 1 reports the number of extreme-SVD cases and con-
trols defined in each cohort that underwent association testing.
The quality control (QC) of genotypes and imputation methods of
individual cohorts are presented in the Supplementary material.
Briefly, sample-specific quality control filters on heterozygosity,
call rate, gender mismatch, cryptic relatedness and analysis of
principal components for population stratification and ancestral
outliers as well as single nucleotide polymorphism (SNP)-level QC
on genotyping call rate and Hardy–Weinberg equilibrium were
applied prior to the imputation. The high-quality samples and
SNPs underwent imputation using Haplotype Reference
Consortium or a combined UK10K and Haplotype Reference
Consortium or 1000 genomes phase 1 version 3 (1000Gp1v3) refer-
ence panels.

The R package EasyQC along with in-house custom harmoniza-
tion scripts were used to perform the QC of individual GWAS sum-
mary results.20 We removed variants with minor allele frequency
(MAF) less than 1%, imputation quality score less than 0.50 and ef-
fective allele count (¼ 2�number of cases � MAF � imputation
quality score) less than 10.

We conducted inverse-variance weighted fixed-effects meta-
analyses using the METAL software21 for ancestry-specific meta-
analyses (European and African-American) followed by combined
meta-analysis of ancestry-specific results. We applied the ‘genom-
ic inflation’ correction option to all input files. We removed
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variants with a heterogeneity P< 0.001 using Cochran’s Q-test
from ancestry-specific meta-analyses. Moreover, we kept variants
that were present in more than or equal to 50% of participating
studies (>7 European studies and >2 African-American studies).
Overall, 6 075 887 and 6 197 308 genetic variants were kept from the
European only and trans-ethnic GWAS meta-analyses,
respectively.

Follow-up post-GWAS analyses, namely conditional and joint
analysis, gene-based tests of common variant associations, SNP-
heritability and partition SNP-heritability analyses are described in
the Supplementary material.

Whole-exome sequencing and exome-chip studies

The WES and EC data processing of individual cohorts is described
in the Supplementary material. We performed pooled meta-analy-
ses of single variant tests and SKAT-O gene-based tests using the
R package SeqMeta (https://cran.r-project.org/web/packages/
seqMeta/index.html, accessed 10 December 2019). Individual
population-based cohorts (3C-Dijon, ASPS_Fam, ARIC-AA, ARIC-
EA, CHS-AA, CHS-EA, LBC1936, RS-I, RS-II, RS-III, SHIP, SHIP-Trend
and UK Biobank) generated ‘prepScores’ of individual variants
using a binomial regression adjusting for age, sex and if relevant
principal components of population stratification and study site
using the SeqMeta software, whereas family-based cohorts (FHS,
GENOA-AA, GENOA-EA) generated ‘prepScores’ of individual

variants using a binomial regression adjusting for age, sex, family
structure and principal components of population stratification,
using the RVfam software.22 The number of extreme-SVD cases
and controls defined in each cohort that underwent WEAS are
reported in Fig. 1. For single variant association testing, we
removed variants with minor allele count less than six across all
participants. Overall, 1 687 160 variants underwent single variant
association testing. We used the SKAT-O approach,23 for gene-
based analyses of protein-modifying (splice acceptor, splice donor,
start lost, stop lost, stop gained, frameshift, inframe insertion,
inframe deletion and missense) rare and low-frequency variants.
We considered genes with a cumulative MAF of rare or low fre-
quency protein-modifying variants higher than 0.1. We separately
performed meta-analyses of WES and EC studies, and combined
WES and EC association P-values using Stouffer’s method for sam-
ple size weighted combination of P-values.

We used the polyphen-2 web-server24 to query the protein-
damaging effect of extreme-SVD associated missense variant
(http://genetics.bwh.harvard.edu/pph2/; accessed 25 February
2022).

We adopted the resampling strategy implemented in the
VEGAS2Pathway software25 to perform pathway analyses of SKAT-
O gene-based P-values of protein-modifying rare and low-fre-
quency variants. We analysed 9981 pathways from the NCBI
BioSystems database26 comprising a minimum of 10 and a max-
imum of 1000 genes.

Figure 1 Contributing studies and defined number of extreme-SVD cases and controls for GWAS and WEAS.
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Mendelian randomization analysis

Using the sentinel variants at genome-wide or gene-wide signifi-
cant common variant risk loci of extreme-SVD we performed two-
sample MR tests to identify potential causal association of
extreme-SVD with late-onset Alzheimer’s disease (n¼ 71 880/
383 378)27 and stroke including any stroke (n¼ 40 585/406 111),28

any ischaemic stroke (n¼ 34 217/404 630),28 ischaemic stroke sub-
types comprising small vessel stroke (n¼ 5386),28 large artery
stroke (n¼ 4373)28 and cardioembolic stroke (n¼ 7193)28 and intra-
cerebral haemorrhage (n¼ 1545/1481).29 We considered the P-value
threshold of 7.14� 10�3 of significant association testing correcting
for seven traits analysed. The MR analysis was performed consid-
ering effect estimates in European ancestry samples only (refer to
the Supplementary material for details).

SMR/HEIDI association testing

We performed an SMR test17 using the brain and blood vessel eQTL
data to identify the most likely causal genes at extreme-SVD risk loci
(Supplementary material). SMR tests whether the transcription level
of a gene in the brain or blood vessel is associated with risk of ex-
treme-SVD using top brain or blood vessel eQTL of a given gene as
an instrument. The SMR software extracted 7440 and 7812 probes
with at least one brain and blood vessel eQTL with P-val-
ue< 5� 10�8; hence, we used a P-value< 3.28� 10�6 [0.05/
(7440þ 7812)] as a multiple testing corrected threshold for SMR asso-
ciations. Utilizing the LD structure at individual SMR associations,
the heterogeneity in dependent instruments (HEIDI) test distinguish
linkage-based associations from pleiotropic or causal ones by testing
whether the SMR effect estimates differ between top-eQTL for a
given probe and set of variants in LD with it (Supplementary mater-
ial).17 The significance threshold of HEIDI P-value< 0.05 was consid-
ered to identify linkage-based SMR associations. For the SMR and
HEIDI analyses we used European ancestry-specific extreme-SVD
GWAS meta-analysis summary statistics and the Haplotype
Reference Consortium imputed data of 6489 participants of
European ancestry from the 3C-study30 (a French population cohort,
Supplementary material) to compute LD between variants.

Screening of loss-of-function variant carrier

To identify human gene knockouts we screened participants carry-
ing loss-of-function allele genotypes in recently released UK
Biobank WES data (Supplementary material) processed using the
Functionally Equivalent protocol,31 who also underwent brain MRI
and had available information on age, gender, hypertension status
at the time of MRI (defined as SBP> 140 mmHg and DBP >90 mmHg
or antihypertensive treatment), intracranial volume, WMH volume
(n¼ 10 832). We used Loss-Of-Function Transcript Effect Estimator
(LOFTEE) plugin in variant effect predictor software to identify
high-confidence loss-of-function stop gain, frame shift and splic-
ing variants.32 Participants carrying a loss-of-function allele in
candidate genes were also screened for ClinVar annotated patho-
genic or likely pathogenic mutations for familial cerebral small
vessel disease (Supplementary Table 15). We also searched for
NOTCH3 EGFr domain cysteine-modifying missense variants, the
typical type of mutation causing cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy,
(CADASIL, MIM: 125310).33

Expression profile of mice homologues of
extreme-SVD putative causal genes

Male C57BL/6J mice aged 2–16 months were used in accordance
with both the University of Bordeaux institutional committee

(committee CEEA50) and the European Community guidelines
(L358-86/609/EEC) for experimental animal use. We compared the
expression profile of mice homologues of identified candidate
gene(s) in isolated brain vessel preparations (n¼ 9 mice) versus
total brain fraction (n¼ 10 mice). Details on brain microvascular
fragments purification, immunofluorescence staining, immuno-
blot analysis and RNA preparation and quantitative PCR are
described in the Supplementary material.

Impact of RNA silencing of extreme-SVD putative
causal genes on endothelial cell permeability
Cell culture and transfection with siRNA

HBMEC (human brain microvascular endothelial cells;
Alphabioregen-Clinisciences, #ALHE02) were grown in endothelial
basal medium-2 (EBM-2) supplemented with EGM-2 BulletKits
(Lonza #CC-3162) with 0.1% gelatin coating. An immortalized
human cerebral microvascular endothelial cell line (hCMEC/D3
cells; Sigma-Aldrich #SCC066) was grown in EBM-2 medium (Lonza
CC-3156) supplemented with 5% foetal bovine serum (FBS), 10 mM
HEPES, 1 ng/ml basic fibroblast growth factor (bFGF), 1.4mM hydro-
cortisone, 5mg/ml ascorbic acid, penicillin–streptomycin with 0.1%
gelatin coating as well. Cells from passage 3 to passage 8 were used.

The siRNAs were transfected using Interferin (Polyplus #409) at
a final concentration of 30 nM. Two siRNA couples, siTRIM47 #1
and #2 targeting human TRIM47 were used34 and a non-specific
siRNA as negative control (EurogentecVR ). SiRNA-depletion was
then resolved by sodium dodecyl sulphate–polyacrylamide gel
electrophoresis using TRIM47 antibody (Thermofisher Scientific,
#PA5-50892). Protein loading quantity was controlled using mouse
monoclonal anti a-tubulin antibodies (Sigma, Cat no. T5168) and
Ve cadherin (Invitrogen, 35-2500).

Permeability assay

After 24 h of siRNA treatment, hCMEC/D3 and HBMECs were
seeded on the top of 24-well filter inserts at a density of 3 � 105

cells/cm2 (membrane pore size 8.0 lm, Falcon). The day after, fluo-
rescently labelled tracers 3 kDa Texas RedVR Dextran (TXR 3 kDa,
#D3328, Thermofisher), 20 kDa tetramethylrhodamine isothio-
cyanate dextran (TMR 20 kDa, #73766, Sigma-Aldrich) and 70 kDa
fluorescein isothiocyanate dextran (70 kDa, 5 lM, #FD70S, Sigma-
Aldrich) in a final concentration of 10 lM were added to the top
chamber of the filter inserts. Fluorescently labelled tracer mole-
cules were chosen as biomarkers for paracellular transport. At
least three inserts per condition were used for each experimental
set. Samples were taken from the bottom chamber after 1 h of in-
cubation at 37�C. Fluorescence was measured on Tecan’s infinite
M200 PRO, using the following order of excitation/emission (nm):
TXR 560/620, TMR 540/590, FITC 485/535. Permeability flux was cal-
culated as a ratio to the control condition fluorescence measure-
ment. For each condition, three inserts were used for each
experimental set and samples were taken in duplicates each time.
Significance was calculated with GraphPad Prism 8.0 software
using a two-way ANOVA with Dunnett’s multiple comparison test.

Data availability

The data that support the findings of this study are available from
the corresponding author, upon reasonable request.
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Results
Seventeen population-based cohorts of European and African
American ancestry with brain MRI and genome-wide genotyping
(n¼ 41 326, nEuropean ¼ 39 584), WES (n¼ 15 965, nEuropean ¼ 15 239),
or EC (n¼ 5298, nEuropean ¼ 4265) data from the CHARGE consor-
tium19 and the UK Biobank participated in this study. We used a
composite MRI-defined phenotype combining WMH burden and
lacunes in CHARGE cohorts and only WMH burden in the UK
Biobank to define extreme-SVD, including ‘cases’ with extensive-
SVD and ‘controls’ with minimal-SVD severity (Fig. 1). We observed
a high genetic correlation of 0.72 (SE¼ 0.14, P-value¼ 1.13� 10�7)
between the composite extreme-SVD defined in CHARGE cohorts
and extreme-SVD defined using WMH burden only in the UK
Biobank. Overall we derived 13 776 (nEuropean ¼ 13 196) extreme-
SVD participants for the GWAS (mean age: 65.14 6 10.28 years,
52.31% female) and 7079 (nEuropean ¼ 6525) extreme-SVD partici-
pants for the WEAS (mean age: 64.44 6 9.83 years, 53.53% female).

Baseline characteristics of extensive- and minimal-SVD partici-
pants are reported in Supplementary Table 1 (GWAS) and
Supplementary Table 2 (WEAS).

Common variant association study

We performed inverse-variance weighted meta-analysis of GWAS
on extreme-SVD adjusting for age, sex and when relevant principal
component of population stratification, study site and familial
relationships. The intercept of LD Score regression in the European
ancestry GWAS meta-analysis of 0.98 and the genomic inflation
factor, k, of 1.04 in the transethnic GWAS meta-analysis show no
systematic inflation of summary statistics (Supplementary Fig. 1).
We identified genome-wide significant associations with extreme-
SVD at eight chromosomal locations (Fig. 2): chr2p21 (nearest gene
to lead variant, HAAO), chr2p16.1 (EFEMP1), chr6q25.1 (PLEKHG1),
chr12q24.11 (PPTC7), chr16q12.1 (SALL1), chr16q24.1
(LOC101928708), chr17q21.31 (NMT1) and chr17q25.1 (TRIM65), of
which chr12q24.11 was not previously reported to be associated
with MRI markers of small vessel disease, including in two recent
publications on WMH burden with n> 40 000 (Table 1, Fig. 2).8,12

Notably the risk allele at the lead extreme-SVD chr12q24.11 risk
variant, rs73191849-C, showed suggestive association with
increasing WMH burden,8 [b(SE) ¼ 0.05 (0.01), P-value¼ 6.92� 10�5,
n¼ 48 236] and nominal association with MRI-defined brain
infarcts14 [OR (CI 95%) ¼ 1.18 (1.02–1.36), P-value¼ 0.02, n¼ 13 659;
Supplementary Table 3). The conditional and joint analysis35 did
not identify more than one independent genome-wide significant
signal at the eight genome-wide significant risk loci for extreme-

Figure 2 Miami plot of GWAS and WEAS of extreme-SVD. Top: The GWAS plot reports chromosomal location and nearest gene to the top genome-
wide significant variant. Bottom: The WES plot reports whole exome-wide significant associations with the most likely functional variants and
affected gene.
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SVD (Supplementary Table 4). After additional adjustment for
hypertension (n¼ 10 258), associations at chr2p16.1, chr6q25.1,
chr12q24.11, chr16q12.1 and chr17q21.31 were no longer genome-
wide significant, whereas associations at chr2p21, chr16q24.2 and
chr17q25.1 remained genome-wide significant, suggesting that
these three loci are not primarily mediated by hypertension
(Supplementary Table 5). We explored associations with extreme-
SVD of previously reported 33 LD independent risk variants for
WMH burden,8–13 of which four variants reported by Persyn et al.12

were available only in the UK Biobank and hence filtered out from
our meta-analysis, two suggestive risk loci for lacunes,14 five risk
loci for clinical lacunar stroke and seven risk loci reported for
multi-trait analyses of clinical lacunar stroke and WMH burden.36

All available 29 WMH burden risk variants showed nominally sig-
nificant association with extreme-SVD (P-value< 0.05), with 26
associations remaining significant after multiple testing correction
(P-value< 1.79� 10�3; Supplementary Table 6). We saw evidence
for association of one suggestive lacune risk locus rs9371194 at
chr6q25.1 (P-value¼ 9.21� 10�3) with extreme-SVD, while no asso-
ciation was observed for other lacune risk locus rs75889566 at
chr6q27 (P-value¼ 0.46). Notably, rs9371194 is in moderate LD (r2 ¼
0.45, in 1000 genomes European ancestry sample) with a recently
reported WMH volume risk variant rs27535010 and extreme-SVD
risk variant rs275350 at chr6q25.1. Four of five lacunar stroke risk
loci and all seven loci from multi-trait analysis of lacunar stroke
and WMH burden showed nominally significant association with
extreme-SVD (P-value< 0.05). After multiple testing correction
three lacunar stroke risk loci (P-value< 0.01) and six loci from
multi-trait analysis of lacunar stroke and WMH burden (P-val-
ue< 7.14� 10�3) remain significantly associated with extreme-SVD
(Supplementary Table 6).

The joint SNP gene-based analysis using the VEGAS2 software37

identified significantly associated genes at three additional loci:
chr2q32.1 (CALCRL), chr2q33.2 (ICA1L and WDR12) and chr10q24.33
(SH3PXD2A; Supplementary Table 7), which were recently reported
to be associated with WMH burden.8 Overall, using an extreme-
phenotype strategy we identified genome-wide and gene-wide sig-
nificant associations with extreme-SVD at 11 common variant risk
loci, of which one locus is novel, despite a much smaller total sam-
ple size compared to the published analyses on continuous WMH
burden alone.8–13

The SNP-based heritability estimate of extreme-SVD computed
using European only GWAS summary statistics was 0.36 (SE¼ 0.06).
We performed partitioned heritability analyses of extreme-SVD by
functional categories,38 and genes expressed specifically in human
brain and blood vessel tissues,39 using the LD SCore regression soft-
ware.40 We identified high and significant enrichment of extreme-
SVD SNP-heritability in multiple functional categories
(Supplementary Table 8). The highest enrichment was observed for
transcription start sites, with 2% of SNP coverage explaining 29% of
extreme-SVD SNP-based heritability. The partitioned heritability
analysis of genes expressed specifically in human brain and blood
vessel tissues did not identify any significant association after mul-
tiple testing correction, with coronary artery and brain stem reach-
ing nominal significance (Supplementary Table 9).

Whole-exome association study

We performed a WEAS study on 7079 extreme-SVD participants, to
identify exonic variants associated with extreme-SVD. Overall,
324 714 variants with a minor allele count of more than five across
all participants qualified for single variant association testing. We
used the genome-wide significance threshold P< 5� 10�8 for testing
association of non-coding variants, and P-value< 4.3� 10�7 for cod-
ing variants.41 Eleven variants at chr2p16.1 and chr17q25.1 were

associated with extreme-SVD (Fig. 2 and Table 2), including one
variant (rs3762515) in the 50 UTR region of EFEMP1 (chr2p16.1) and
two missense variants in TRIM47 (rs4600514) and FBF1 (rs1135889)
(chr17q25.1). These variants are common and in LD with sentinel
variants at the same loci identified in the GWAS (Table 2). The poly-
phen-2 software24 predicted rs4600514 to be probably damaging to
TRIM47 stability and function using both HumDiv and HumVar
training data sets, and rs1135889 to be possibly damaging (HumDiv)
or benign (HumVar) to FBF1 stability and function (Table 2).

Overall, 14 149 genes qualified for the SKAT-O gene-based ana-
lysis of protein-modifying rare and low-frequency variants. We did
not observe any gene-wide significant association at P-val-
ue< 3.53� 10�6. The top five SKAT-O gene-based associations with
extreme-SVD were PEMT (17p11.2, P-value¼ 1.01� 10�4), LTBP4
(19q13.2, P-value¼ 3.17� 10�4), PIK3C2G (12p12.3, P-val-
ue¼ 5.58� 10�4), SLC11A2 (12q13.12, P-value¼ 6.09� 10�4), and
KLHL38 (8q24.13, P-value¼ 6.21� 10�4; Supplementary Table 10).
These genes are not located within extreme-SVD GWAS risk loci.

We performed Biosystems gene-set enrichment tests based on
SKAT-O gene-based P-values, using the resampling strategy and
accounting for correlated P-values of overlapping and neighbouring
genes and the number of genes per gene-set.25 We did not observe
any gene-set wide significant association after Bonferroni correction
for multiple testing of 9981 Biosystems gene-sets (P-val-
ue< 5.01� 10�6). Interestingly, however, the top gene-set associa-
tions included the ‘regulation of Notch signalling pathway, GO:
0008593, Biosystems ID: 492852’ (P-value¼ 1.20� 10�4) and the ‘com-
plement and coagulation cascades gene-set, WikiPathways ID:
WP558 Biosystems ID: 198880’ (P-value¼ 4.20� 10�4; Supplementary
Table 11).

Clinical significance of extreme-SVD using
Mendelian randomization

In our pilot study, we reported that European ancestry participants
with extensive-SVD severity were at significantly higher risk of in-
cident dementia and incident stroke than participants with min-
imal SVD.16 Using the effect size estimates at extreme-SVD risk
loci in Europeans (Supplementary Table 12), we now performed
MR tests to explore the causal nature of the association between
extensive-SVD severity and risk of Alzheimer’s disease and stroke,
as this approach is less exposed to unmeasured confounding and
reverse causation than observational studies.42 We observed that
doubling of the genetically predicted risk of extensive-SVD severity
was associated with significantly increased risk of Alzheimer’s dis-
ease [OR (95% CI) ¼ 1.01 (1.01–1.02), P-value¼ 2.01� 10�6], any
ischaemic stroke [OR (95% CI) ¼ 1.03 (1.01–1.06), P-val-
ue¼ 3.54� 10�3] and small vessel stroke [OR (95% CI) ¼ 1.10 (1.04–
1.15), P-value ¼5.21� 10�4] at P< 7.14� 10�3 (after correcting for
seven traits, Supplementary Table 13). Although some indication
of horizontal pleiotropy for the association with small vessel
stroke was evident, after removing pleiotropic outliers, the in-
verse-variance weighted association remained significant for
small vessel stroke while the MR-Egger intercept (average pleio-
tropic effects) did not significantly differ from zero. Goodness of fit
for the inverse-variance weighted model was additionally con-
firmed with QR values close to one. Using MR-Steiger we provided
additional evidence for the causal direction of the association be-
tween extreme-SVD and Alzheimer’s disease, any ischaemic
stroke and small vessel stroke (Supplementary Table 13).

Prioritization of putative biotarget of extreme-SVD

We used the SMR/HEIDI approach17 to seek evidence supporting
potential causal associations of changes in transcription level of
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specific genes in brain or blood vessels with extreme-SVD risk. At
the chr17q25.1 locus, which comprises a total of 40 genes within
6500 kb of the lead variant, the SMR test was significant for six
genes in the brain (TRIM47, TRIM65, MRPL38, FBF1, RP11-552F3.9
and WBP2) and three genes in blood vessels (TRIM47, TRIM65 and
FBF1; Fig. 3A and Table 3). The HEIDI test rejected linkage-based as-
sociation (supporting causal or pleiotropic relationship) of gene ex-
pression profiles of TRIM47 with extreme-SVD in both brain and
blood vessels (Fig. 3B and C), and of RP11-552F3.9 and WBP2 in the
brain (Supplementary Fig. 2A and B). At the chr2q32.1 locus (two
genes within 6500 kb of the lead variant), the SMR test was signifi-
cant for CALCRL in blood vessels (Supplementary Fig. 3A), and the
HEIDI test rejected linkage-based association for this gene
(Supplementary Fig. 3B and Table 3). At the chr17q21.31 locus (29
genes within 6500 kb of the lead variant), the SMR test was signifi-
cant for DCAKD in both brain (Supplementary Fig. 4A) and blood
vessels (Supplementary Fig. 5A), and the HEIDI test rejected link-
age-based association in the brain (Supplementary Fig. 4B) but not
in blood vessels (Supplementary Fig. 5B) for this gene (Table 3).
The sign of the effect estimate for SMR associations was suggestive
of genetically determined higher expression of TRIM47, RP11-
552F3.9 and WBP2 in the brain, as well as TRIM47 and CALCRL in
blood vessels, being associated with lower risk of extensive-SVD;
and genetically determined higher expression of DCAKD in the
brain being associated with higher risk of extensive-SVD (Table 3).

We hypothesized that, if a linear relationship exists between ex-
pression of SMR-associated genes in the brain or blood vessels and
risk of extensive-SVD severity, then participants born with zero or
only one functional copy (homozygous or heterozygous knockout)
of a true causal gene are likely to show extensive-SVD if the expres-
sion level of this gene is negatively associated with extensive-SVD
risk. To identify human knockouts of putative causal genes for ex-
tensive-SVD severity, we screened the WES data of 10 832 UK
Biobank participants of European ancestry with available informa-
tion on WMH burden for loss of function allele carriers in SMR/
HEIDI-associated protein coding genes (TRIM47, WBP2, CALCRL and
DCAKD), and MRPL38 as RP11-552F3.9 encodes its antisense non-
coding RNA. Using LOFTEE, we identified two participants carrying
a loss-of-function allele in TRIM47 and WBP2, and one participant
carrying a loss-of-function allele in MRPL38 (all heterozygous car-
riers). These participants did not carry any pathogenic variant
(Supplementary Table 14) in genes known to cause familial cerebral
small vessel disease (NOTCH3, HTRA1, COL4A1, COL4A2 and TREX1).
Both participants carrying loss-of-function alleles in TRIM47 dis-
played extensive-SVD on their brain MRI (Supplementary Table 15):
one with a scan at age 56 and a stop gain variant (TRIM47: stop
gained: NM_033452.3:c.1595G>A: exon6: c.G1595A: NP_258411.2:
p.Trp532Ter) and the other with a scan at age 65 and a frameshift
variant (TRIM47: frameshift variant: NM_033452.3:c.1541del:
NP_258411.2: p.Gly514fs). In WBP2, both participants carried the
same loss-of-function splice acceptor variant (WBP2: splice acceptor
variant: NM_012478.4: INTRON¼ 4/7: INTRON_SIZE¼ 639), but only
one participant developed extensive-SVD at age 60, while the other
did not develop extensive-SVD by age 76 (Supplementary Table 15).
The participant carrying a loss-of-function splice donor variant in
MRPL38 (MRPL38: splice donor variant: NM_032478.4: INTRON¼ 4/8:
INTRON_SIZE¼ 438) did not develop extensive-SVD by age 56
(Supplementary Table 15).

To seek prima facie evidence of potential functional involve-
ment of TRIM47 in cerebral small vessel disease pathology, we per-
formed two follow-up in vivo and in vitro experiments. First, we
compared the expression profile of the mice homologue of TRIM47
in isolated brain vessel preparations versus total brain fraction.
For this experiment, we prepared intact brain vessel fragments
from the mouse brain parenchyma to preserve structural integrityT
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and molecular properties of the blood–brain barrier
(Supplementary Fig. 6A).43 The purity of the microvessel prepar-
ation was assessed by analysing the expression of markers for vas-
cular (endothelial, pericyte, smooth muscle) and non-vascular
(astrocyte, neuron) cells using qRT-PCR, and comparing it to the
expression of the same markers in non-vascular brain tissue
(Supplementary Fig. 6B and C). This experiment identified signifi-
cant enrichment of Trim47 expression in isolated brain vessel
preparations compared to total brain fraction (Supplementary Fig.
6D), consistent with the molecular atlas of cell types and zonation
in the brain vasculature (see ‘URLs’ section), where Trim47 was

shown to be highly expressed in venous, capillary and arterial
endothelial cells.44 Endothelial cells form the inner lining of the
brain’s blood vessels and are responsible for maintaining the in-
tegrity of the blood–brain barrier and regulating transport across it.
Blood–brain barrier leakage due to endothelial dysfunction is one
of the main characteristic features of cerebral small vessel dis-
ease.45 We examined whether experimental knockdown of TRIM47
has any effect on human brain endothelial cell permeability. In
this experiment, two distinct human brain endothelial cells,
HBMEC and hCMEC/D3, were challenged for TRIM47 depletion
using two different single siRNA oligos (siTRIM47-#1 and

Figure 3 SMR associations at chr17q25.1 (A) SMR associations in brain and blood vessels; (B) SMR effect size plot of TRIM47 eQTLs in brain; and (C)
SMR effect size plot of TRIM47 eQTLs in blood vessels.
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siTRIM47-#2) (Fig. 4A). We measured the passage of 3, 20 and
70 kDa FITC-dextran across confluent TRIM47 depleted endothelial
cell monolayers grown on transwell inserts to assess change in
permeability (Fig. 4B). Compared to siControl transfected endothe-
lial cells, significantly more dextran molecules of different sizes
passed across siTRIM47 transfected endothelial cell monolayers
after 1 h (Fig. 4C and D), suggesting that siRNA silencing of TRIM47
increases endothelial cell permeability in vitro.

Discussion
In summary, we report a first GWAS and WEAS meta-analysis of a
composite, MRI-defined extreme-SVD phenotype in population-
based cohorts of middle-aged and older persons. The GWAS and
follow-up gene-based analysis identified 11 extreme-SVD risk loci,
of which the chr12q24.11 locus was not previously reported to be
associated with any MRI marker of SVD. The WEAS identified 11
significant associations in two GWAS loci, including one probably
damaging missense variant in TRIM47 at the chr17q25.1 risk locus,
and one 50UTR variant in EFEMP1 at chr2p16.1. Utilizing the GWAS
summary data of European ancestry we validated and quantified
the causal associations of extensive-SVD severity with increased
risk of ischaemic stroke, small vessel stroke and Alzheimer’s dis-
ease. Using both in silico and in vitro studies we identified TRIM47
as a putative causal gene underlying the extremely gene-rich and
most significant risk locus of extreme-SVD: chr17q25.1. Notably
our in silico analyses showed genetically determined reduced
expression of TRIM47 is associated with increased risk of exten-
sive-SVD, while our in vitro analyses showed that experimental

knockdown of TRIM47 was responsible for a significant increase of
human brain endothelial cell permeability.

The identification of 11 cerebral small vessel disease risk loci,
of which one novel finding in chr12q24.11 locus near PPTC7 gene,
which encodes a mitochondrial phosphatase involved in the bio-
synthesis of coenzyme Q10 by targeting CoQ7,46 in 13 776 partici-
pants with extreme-SVD. Moreover, we observed significant
association after multiple testing correction with extreme-SVD of
26 of 29 WMH burden risk loci (�86%), 3 of 5 lacunar stroke risk loci
(60%) and 6 of 7 multi-trait lacunar stroke and WMH burden risk
loci (�90%), highlighting that our study design could capture a
broader spectrum of SVD manifestations. Our GWAS on 13 776 par-
ticipants yielded more significant hits than previous GWAS con-
ducted in over 20 000 participants from the general population that
reported only five genome-wide significant risk loci for WMH bur-
den11 and none for lacunes.14 We acknowledge that the total sam-
ple of participants with brain MRI and genomic information used
for deriving 13 776 extreme-SVD participants was 41 326, and that
a recent GWAS on continuous WMH volume using genotype–
phenotype data of 42 310 participants has yielded 19 genome-wide
significant loci,12 which is substantially more than the 11 loci iden-
tified in our study. However, our study provides evidence that for
applying cutting-edge, expensive next-generation sequencing
platforms (WES and whole-genome sequencing) to understand the
genetic architecture of covert SVD, costs of sequencing in a popu-
lation-based setting could be substantially reduced by adopting
our study design with limited loss in power. We previously showed
that extreme-SVD is associated with two and a half times
increased risk of incident stroke and doubling the risk of incident
dementia,16 for which we now provide the evidence for causality

Figure 4 TRIM47 depletion in human brain endothelial cells increases endothelial permeability. (A) Efficient reduction of TRIM47 expression in endo-
thelial cells was achieved by siTRIM47 #1 and 2 versus siControl. Ve-cadherin expression, a marker of endothelial cell junction was followed and a
tubulin was used as a loading control. (B) Endothelial transwell permeability assay. Quantification of dextran leakage expressed as fold change com-
pared to HBMEC and (C) hCMEC/D3 (D) cells treated with control siRNA TRIM47 #1 and #2 versus siControl. Fluorescent intensity was normalized to
siControl knock down. Two-way ANOVA with a Dunnett’s multiple comparisons test was performed. Data are presented as mean 6 SD. **P-val-
ue< 0.01, ***P< 0.0001, ***P> 0.00001.
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using the Mendelian randomization approach, highlighting the
clinical relevance of the extreme-SVD phenotype.

We report the largest WEAS (7079 participants) on any MRI-
marker of cerebral small vessel disease to date. We were
underpowered to identify novel rare variants associated with ex-
treme-SVD, in line with previous publications suggesting that hun-
dreds of thousands of sequencing samples will be required to
understand the rare variant risk architecture of complex dis-
eases.47 Nevertheless, this WEAS analysis provided interesting
complementary insight. At chr2p16.1 we identified whole exome-
wide significant association of extreme-SVD with a common vari-
ant in the 50UTR of EFEMP1, encoding extracellular matrix glyco-
protein fibulin-3. Mutations in EFEMP1 are known to cause Doyne
honeycomb degeneration of the retina, a rare autosomal dominant
disease (MIM: 126600) and Efemp1 knockout mice were reported to
age faster and die earlier compared to wild-type ones.48 A recent
article reported two loss of function variants in EFEMP1 causing an
uncharacterized connective tissue disorder,49 the phenotype of
which has similarities with cutis laxa (MIM: 613177), an inherited
connected tissue disorder caused by variants in LTBP4.
Interestingly LTBP4 was one of the top five genes identified in our
SKAT-O gene-based analysis of rare and low-frequency protein-
modifying variants. At chr17q25.1 we identified whole exome-
wide significant association of extreme-SVD with a common
exonic variant predicted to be probably damaging to the stability
and function of the TRIM47 protein, adding to the bioinformatics
and experimental evidences supporting an involvement of TRIM47
in extreme-SVD pathophysiology, as detailed below.

Indeed, using multiple complementary analyses to detect
gene–trait relationships we report TRIM47 as the most plausible
causal gene at the gene-rich and most significant extreme-SVD
risk locus, chr17q25.1, also by far the most significant risk locus
for WMH burden, replicated in multiple populations of different
ancestry backgrounds.9–12 First, we made the following in silico
observations: (i) an SMR/HEIDI test showed causal or pleiotropic
association of lower expressions of TRIM47 in the brain and blood
vessels with increased risk of extensive-SVD; and (ii) building on
the SMR/HEIDI findings our targeted human knockout screening
in the UK Biobank revealed two middle-aged participants carrying
heterozygous loss-of-function alleles in TRIM47 and both partici-
pants developed extensive-SVD, both analyses suggest a genetic-
ally determined inverse relationship between TRIM47 activity
and risk of extensive-SVD. Second, our preliminary functional fol-
low-up showed (i) an enrichment of Trim47 in isolated brain ves-
sel preparations compared to total brain fraction in mice, in line
with single cell sequencing resources showing high enrichment
of TRIM47 in venous, capillary and arterial human endothelial
cells44; and (ii) a significant increase in permeability of human
brain endothelial cells after experimental knockdown of TRIM47
using two distinct TRIM47 siRNAs, in agreement with the hypoth-
esis that enhanced blood–brain barrier permeability is one of the
key mechanisms of SVD.45 Overall, both in silico and in vitro
experiments support the hypothesis that genetically determined
or experimentally attenuated activity of TRIM47 could be involved
in cerebral small vessel disease pathophysiology. Detailed func-
tional in vivo studies are thus warranted in TRIM47 knockout cel-
lular and animal models to explore the mechanisms underlying
its association with extreme-SVD. The TRIM47 gene encodes an
E3 ubiquitin-protein ligase,50 which is responsible for ubiquitina-
tion and subsequent proteosomal degradation of SMAD4 and
CYLD.51 SMAD4 is the key mediator of canonical TGF-b signal-
ling.52 CYLD is known to inhibit IKK and NF-kB signalling through
deubiquitination of TRAF2, TRAF6 and NEMO53,54 and is involved
in neuronal death and its ablation is protective for trauma-
induced brain damage.55

Overall, our comprehensive study highlights the added value of
a composite extreme phenotype design for the discovery of novel
genetic risk variants for MRI features of cerebral small vessel dis-
ease, demonstrates a likely causal relation of MRI-defined ex-
treme-SVD with risk of stroke and dementia, and provides
compelling evidence for a role of TRIM47 in the pathophysiology of
cerebral small vessel disease. Nonetheless, we acknowledge sev-
eral limitations. First, our GWAS and WEAS were underpowered to
understand the full genetic risk architecture of extreme-SVD.
Moreover �50% of our extreme-SVD sample in both GWAS and
WEAS were defined using only WMH burden as information on
lacunes was missing in the UK Biobank; however, both phenotypes
showed high genetic correlation. Second, we explored the role of
extreme-SVD risk variants in adult brain and blood vessel tissues
using available eQTL resources, while some cerebral small vessel
disease risk variants might exert their effect through specific cell
types, other tissues or at different developmental stages. Third,
human knockout screening was performed on a relatively limited
sample size of �10 000 UK Biobank participants, additional loss-of-
function variants may be detected in larger, well-characterized
cohorts with WES data. Fourth, the presented experimental work
is preliminary and had a specific objective to assess only prima facie
evidence for a functional role of prioritized candidate genes from
SMR and human knockout screening analyses in the context of
cerebral small vessel disease pathology. In vivo characterization of
brain vessel structure and function and brain features in Trim47
knockout animal models are warranted to validate our findings
and explore the underlying mechanisms.

In conclusion, we report a comprehensive gene-mapping study
identifying 11 risk loci of extreme-SVD, of which chr12q24.11 is a
novel finding. We also provide converging bioinformatics and ex-
perimental evidence to prioritize TRIM47 at the chr17q25.1 ex-
treme-SVD risk locus for further experimental explorations to
decipher the mechanisms underlying this most significant risk
locus for cerebral small vessel disease. If confirmed in future stud-
ies, TRIM47 could represent an important putative biotarget for
SVD.
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