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Whole-exome sequencing reveals a role of
HTRA1 and EGFLS8 in brain white matter
hyperintensities
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White matter hyperintensities (WMH) are among the most common radiological abnormalities in the ageing popu-
lation and an established risk factor for stroke and dementia. While common variant association studies have
revealed multiple genetic loci with an influence on their volume, the contribution of rare variants to the WMH bur-
den in the general population remains largely unexplored. We conducted a comprehensive analysis of this burden
in the UK Biobank using publicly available whole-exome sequencing data (n up to 17 830) and found a splice-site
variant in GBE1, encoding 1,4-alpha-glucan branching enzyme 1, to be associated with lower white matter burden
on an exome-wide level [c.691+2T>C, B =-0.74, standard error (SE) =0.13,P=9.7 x 10‘9].

Applying whole-exome gene-based burden tests, we found damaging missense and loss-of-function variants in
HTRA1 (frequency of 1 in 275 in the UK Biobank population) to associate with an increased WMH volume (P =5.5 x
1075, false discovery rate = 0.04). HTRA1 encodes a secreted serine protease implicated in familial forms of small
vessel disease. Domain-specific burden tests revealed that the association with WMH volume was restricted to
rare variants in the protease domain (amino acids 204-364; p=0.79, SE=0.14, P=9.4 x 10®). The frequency of
such variants in the UK Biobank population was 1 in 450. The WMH volume was brought forward by ~11years in
carriers of a rare protease domain variant.

A comparison with the effect size of established risk factors for WMH burden revealed that the presence of a rare
variant in the HTRA1 protease domain corresponded to a larger effect than meeting the criteria for hypertension
(B=0.26, SE=0.02, P=2.9 x 107°) or being in the upper 99.8% percentile of the distribution of a polygenic risk score
based on common genetic variants (§=0.44, SE =0.14, P =0.002). In biochemical experiments, most (6/9) of the
identified protease domain variants resulted in markedly reduced protease activity. We further found EGFLS8, which
showed suggestive evidence for association with WMH volume (P=1.5 x 107 false discovery rate = 0.22) in gene
burden tests, to be a direct substrate of HTRA1 and to be preferentially expressed in cerebral arterioles and
arteries.

In a phenome-wide association study mapping ICD-10 diagnoses to 741 standardized Phecodes, rare variants in
the HTRA1 protease domain were associated with multiple neurological and non-neurological conditions including
migraine with aura (odds ratio = 12.24, 95%CI: 2.54-35.25; P=8.3 x 10]. Collectively, these findings highlight an
important role of rare genetic variation and the HTRA1 protease in determining WMH burden in the general
population.
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score; SVD = small vessel disease; WES = whole-exome sequencing; WMH = white matter hyperintensities

Introduction

White matter hyperintensities (WMH) are common in elderly indi-
viduals™? and are an increasingly recognized risk factor for
stroke,>* dementia®® and functional decline in older age.® They
are further associated with poor long-term outcomes after ischae-
mic stroke, including an increased risk of stroke recurrence, de-
mentia and mortality.” While not specific to any particular
aetiology, WMH are considered to be markers of cerebral small
vessel disease (SVD).>® Hypertension is the single strongest treat-
able risk factor for WMH.*”° However, the precise mechanisms
underlying WMH remain largely elusive.

WMH are highly heritable with estimates ranging from
18% to 54%.'%'' Accordingly, recent genome-wide association
studies (GWAS) found common genetic variants at multiple loci to
be associated with WMH burden.*™ In addition to confirming a
causal link with hypertension,® these studies also pinpoint specif-
ic molecular pathways and biological mechanisms. Among the
most prominent themes are perturbations of the extracellular ma-
trix as evidenced by associations at loci that encode matrisome
proteins. These loci include COL4A2 (encoding collagen type IV
alpha 2 chain), EFEMP1 (encoding EGF containing fibulin extracel-
lular matrix protein 1), VCAN (encoding versican) and NID2 (encod-
ing nidogen). Additional themes that have emerged from recent
GWAS include dysfunction of vascular endothelial and mural cells,
the blood-brain barrier and inflammatory mechanisms.'>*3*
Results from recent GWAS on WMH further highlight links with
small vessel stroke, ischaemic stroke, intracerebral haemorrhage
and neurodegenerative disease.'*'®'” As such, large scale genetic
studies have been instrumental in uncovering core pathways and
mechanisms underlying WMH and defining relationships with
related phenotypes, SVD in particular.

A close link between WMH and SVD is further supported by
observations in familial forms of the disease.’®* WMH are a regular
feature in carriers of a pathogenic mutation in NOTCH3 (encoding
neurogenic locus notch homolog protein 3), the gene implicated in
cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL).>*° They are further
seen in patients with cerebral autosomal recessive arteriopathy

with subcortical infarcts and leukoencephalopathy (CARASIL), a
severe type of SVD caused by homozygous or bi-allelic HTRA1
mutations.? HTRA1 encodes a secreted serine protease that asso-
ciates with the extracellular matrix and has been shown to process
various molecular constituents of it proteolytically, including la-
tent TGF-B binding protein, vitronectin and elastin.?? The out-
standing importance of perturbations of the extracellular matrix in
the pathophysiology of WMH is further illustrated by highly pene-
trant mutations in COL4A1 and COL4A2.2% These mutations
cause a broad range of phenotypes, including WMH, small vessel
stroke, intracerebral haemorrhage, porencephalopathy and extrac-
erebral manifestations.?*?> Notably, extracerebral manifestations
such as ocular and renal manifestations sometimes occur in rare
forms of hereditary SVD.%

While the above studies have contributed to the understanding
of common genetic variation in WMH and the role of highly pene-
trant mutations in familial SVD, the significance of rare genetic
variations for WMH in the general population remains largely un-
explored. To the best of our knowledge, previous studies focused
on variants included on HumanExome BeadChip arrays®*” and on
genes implicated in familial SVD.?*3° Of note, some of these
included samples that had been selected on the basis of extreme
phenotypes.®

The UK Biobank (UKB)*! is a large-scale (~500 000 participants)
prospective community-based study that recruits from the general
midlife population aged between 40 and 69 years and offers pheno-
typic information on multiple traits including brain imaging, with
quantitative data on WMH volumes available for about 44 000 indi-
viduals.®? The UKB further offers detailed clinical information
mapped to international classification of diseases (10th revision of
the International Statistical Classification of Diseases and Related
Health Problems, ICD-10) codes, genome-wide genotyping of single
nucleotide polymorphisms (SNPs) and, as of recently, whole-
exome sequencing (WES) data. In contrast to genome-wide geno-
typing, WES enables the comprehensive analysis of all genetic
variation in coding regions, including rare variants that have previ-
ously been inaccessible. In many complex traits and diseases,
studying this variation has contributed to understanding their
genetic basis.**°
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Here, we leveraged data from the UKB to systemically investi-
gate associations between rare variation and WMH burden in a
population-based setting. Specifically, we set out to: (i) identify
single variants associated with WMH burden at an exome-wide
level; (ii) identify genes associated with WMH load in burden tests;
(iii) experimentally determine the functional consequences of
selected variants; (iv) identify genes implicated in pathways and
interaction networks relevant to SVD; and (v) explore the pheno-
typic spectrum of alternative allele carriers in a phenome-wide as-
sociation study (PheWAS).

Materials and methods

The UKB received ethics approval from the National Health Service
Research Ethics Service (London, UK; reference 11/NW/0382). This
analysis was carried out under UKB project 2532. Our resource was
the UK Biobank Exome 200k release from October 2020. Primary and
secondary analyses were performed with an updated Functional
Equivalence protocol that retains original quality scores in the CRAM
files (referred to as the OQFE protocol).*® We included only variants
that met the following criteria: individual and variant missingness
<10%, Hardy-Weinberg equilibrium P-value > 107", minimum read
coverage depth of 7 for SNPs and 10 for indels, at least one sample
per site passed the allele balance threshold >0.15 for SNPs and 0.20
for indels.

The 200k release encompasses 1135 parent-offspring pairs,
3855 full-sibling pairs, including 101 trios, 27 monozygotic twin
pairs and 7461 second degree genetically determined relation-
ships. To avoid bias due to relatedness, we selected an unrelated
set of individuals up to the second degree (KING cut-off 0.0877).%
For the WMH volume analysis, we preferentially retained individu-
als with more extreme trait values (i.e. further away from the
mean) in the analysis using PRIMUS.?® For PheWAS analyses, we
selected a standard unrelated set (also up to the second degree),
which was used for all subsequent analyses (n = 166 897). We fur-
ther excluded individuals showing an excess of heterozygosity
from the UKB genotyping analysis and individuals of non-white
British ancestry.

For the WMH analyses, we used UKB field ID 25781 (n = 38347; n
with WES =17830; n unrelated =16511). This study used the
January 2020 release of UKB imaging data on ~44 000 individuals.
MRI was performed on two identical Siemens Skyra 3.0 T scanners
(Siemens Medical Solutions), running VD13A SP4, with a standard
Siemens 32-channel RF receiver head coil. Identical acquisition
parameters and detailed quality control was used for all scans.
Using the T,-FLAIR sequence, WMH volumes were generated by an
image-processing pipeline developed and run on behalf of UKB
and were available as part of the UKB central analysis (https://bio
bank.ctsu.ox.ac.uk/crystal/crystal/docs/brain_mri.pdf, accessed 13
September 2021).>*' We excluded three extreme volume outliers
[>6 standard deviations (SD)] and used the log-transformed WMH
(logWMH) volume to ensure normal distribution.

Single variant analysis of rare variants in the WES data was per-
formed using REGENIE.*” REGENIE accounts for relatedness and
subtle population stratification through a mixed-model approach.
The mixed model parameters were estimated using 200000 geno-
typed common variants. Saddle point approximation regression
was used in favour of Firth’s correction due to performance issues.
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We set a conservative exome-wide threshold of 5 x 107 as the sig-
nificance cut-off in our analysis.

We determined the functional consequences of exome-wide var-
iants using the variant effect predictor (VEP) tool v101.** For the
whole-exome burden test on WMH analysis, we selected rare var-
iants [minor allele frequency (MAF) < 0.01] that are either pre-
dicted to be damaging by REVEL** (REVEL score > 0.5) or predicted
to exert a high-confidence loss-of-function effect using the
LOFTEE® plugin in VEP. We used the GrCh38 refFlat definition of
genes as provided by the UCSC genome annotation database.

For the domain specific analyses of HTRA1, we extracted all
missense variants according to their position in the domain struc-
ture as defined by Uniprot identifier Q92743%: signal peptide do-
main [amino acids (AA) 1-22], IGFBP domain (AA 33-100), Kazal-
like domain (AA 100-157), protease domain (AA 204-364) and PDZ
domain (AA 365-467).

Whole-exome burden tests were carried out using rvtests*” and
by calculating multivariable burden tests using the combined
multivariate and collapsing burden schema.*® Sex, age at imaging
and 10 genomic principal components were used as covariates in
all analyses. For the primary logWMH analysis, we additionally
corrected for vascular risk factors that were shown to associate
with WMH volume® (smoking, hypertension, pulse pressure, dia-
betes and waist-to-hip ratio) in a sensitivity analysis. To test the
stability of our results, we also performed the burden test using a
weighting scheme suggested by Morris and Zeggini,®® a SKAT
test®® and a SKAT-O test.> Results were deemed significant at a
false discovery rate (FDR) of 5% after FDR correction. To estimate
effect sizes and standard errors, we used linear regression with
minor allele carrier status as a dependent variable and age at
imaging, sex and 10 genomic principal components as covariates.

To compare effect sizes to dichotomized risk factors for WMH,
we extracted the following information from the UKB: hyperten-
sion status (yes/no), defined as either (i) diagnosis of hypertension
through self-report or ICD-10 codes (I10-116); (ii) use of antihyper-
tensive drugs; or (iii) systolic blood pressure >140 or diastolic
blood pressure >90; diabetes mellitus (yes/no, UKB field 2443);
body mass index (above mean versus below mean; UKB field
21001); and smoking (ever smoked versus never smoked; UKB field
20116). We further calculated a polygenic risk score (PRS) based on
common genetic variants from the most recent WMH GWAS."
Specifically, we selected the 27 genome-wide significant lead SNPs
and constructed a weighted allelic risk score for each individual in
our dataset. Variants were weighted by their respective effect sizes
in their association with WMH. We compared individuals above
the mean versus below the mean with a PRS > 95% percentile ver-
sus PRS < 95% percentile and a PRS > 99.8% percentile versus
PRS < 99.8% percentile. The cut-off of 99.8% was chosen to achieve
the same case number as for the HTRA1 protease domain variant
carrier status. Thus, the standard error (SE) is identical.

The cDNA encoding human full-length HTRA1 (AA 1-480) or human
full-length EGFL8 (AA 1-293, Origene) was cloned into a pcDNA4/TO/
myc-His expression plasmid (Invitrogen). The cDNA encoding the
N-terminal region of human LTBP1 (latent-transforming growth
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factor B-binding protein 1, AA 1-689) fused to a C-terminal V5-His tag
was cloned into the pTT5 plasmid. Mutagenesis was conducted using
the QuickChange Lightning Site-Directed Mutagenesis kit (Agilent
Technologies).

Human embryonic kidney (HEK) 293E cells were grown in
Dulbecco’s modified Eagle medium (DMEM) containing GlutaMAX,
10% (v/v) foetal calf serum (FCS), 100 U/ml penicillin and 100 pg/ml
streptomycin (all from Invitrogen). Cells were transfected with
Lipofectamine™ 2000 (Invitrogen) and maintained for 48h in FCS-
free DMEM before the culture medium was collected and centri-
fuged for 10 min at 400g to remove debris.

Stably transfected HEK cells were selected using Zeocin (100 pg/
ml, Invitrogen), then maintained in FCS-free DMEM for 4-5 days.
The culture medium was collected and centrifuged at 1000g for
15min, dialysed at room temperature against 0.5 x phosphate-
buffered saline (PBS) for 2h and overnight at 4°C against 0.5 x
PBS containing 200 mM NaCl. The medium was gently agitated
for 1h at room temperature in the presence of Talon resin (5ul
solution per ml medium, Clontech) and the resin subsequently
transferred to a gravity flow column. After washing, EGFL8 was
eluted with 100mM EDTA in PBS and the eluate dialysed over-
night at 4°C against 1000 volumes of Tris 50 mM, NaCl 150 mM,
pH 8.0.

Human HTRA1 wild-type lacking the N-terminal Mac domain (AA
158-480) was produced as described previously>® with minor modi-
fications. N-terminally Strepll-tagged wild-type HTRA1 was affin-
ity-purified with a strep-tactin resin material (IBA Lifesciences)
and subsequently subjected to size exclusion chromatography
using a Superdex™ 200 preparation grade column (GE Healthcare)
in 20 mM HEPES and 50 mM NaCl, pH 7.5.

Medium from HEK cells overexpressing LTBP1 was treated with me-
dium from cells overexpressing HTRA1 for 24 h at 37°C. LTBP1 prote-
olysis was evaluated by anti-V5 immunoblot. Relative protease
activity was calculated as the ratio of cleaved to intact LTBP1 and
normalized to HTRA1 expression, assessed by anti-Myc immunoblot.

EGFL8 was treated with 100 or 500 nM purified wild-type HTRA1
for 24 h at 37°C. Where indicated, 5 uM of the HTRA1 inhibitor NVP-
LBG976 (obtained from Novartis Pharmaceuticals) were added to
the reaction.>® Substrate proteolysis was assessed by anti-Myc
(EGFL8) immunoblot.

Proteins were separated by SDS-PAGE and transferred onto pol-
yvinylidene difluoride membranes (Immobilon-P, Millipore).
Membranes were blocked in Tris-buffered saline (TBS) contain-
ing 0.2% (v/v) Tween 20 and 4% (w/v) skimmed milk and probed
with anti-Myc (Santa Cruz Biotechnology, #sc-40, 1:5000), anti-
V5 (Invitrogen, #R960-25, 1:10000) or anti-HTRA1l (R&D
Systems, #MAB2916, 1:5000) primary antibodies prepared in
TBS/Tween/milk. Detection was performed with horseradish
peroxidase-coupled secondary antibodies (Dako), Immobilon
Western kit reagents (Millipore) and the Fusion FX7 documen-
tation system (Vilbert Lourmat). Signal intensity was quanti-
fied with Image].
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Frozen human brain (frontal subcortex) from a 55-year-old individ-
ual with no known cerebrovascular disorder was provided by the
Brain-Net Europe Biobank (Ludwig-Maximilian University, Munich)
and analysed following ethical approval by the local ethics commit-
tee (reference number 17-140). The participant gave written
informed consent according to the Declaration of Helsinki. For
EGFL8 detection, 10 ym tissue sections were thawed to room tem-
perature and fixed for 20min in 4% (w/v) paraformaldehyde then
permeabilized and blocked in PBS added with 0.1% (v/v) Triton X-100
and 5% (w/v) bovine serum albumin (BSA) for 1h at room tempera-
ture. Primary antibodies were diluted in PBS/Triton/BSA as follows:
anti-EGFL8 Ab (Sigma-Aldrich, #HPA061173, 1:50), anti-collagen IV
Ab (SouthernBiotech, #1340-01, 1:200), Cy3-coupled anti-o smooth
muscle actin (SMA) Ab (Merck, #C6198, 1:100), and incubation was
performed overnight at 4°C. After washing with PBS, sections were
incubated with Alexa Fluor 488- or 647-coupled secondary antibod-
ies (Abcam, 1:100) and 4,6-diamidino-2-phenylindol (DAPI,
ThermoFisher Scientific) diluted in PBS for 1h at room temperature.
Tissue was washed, mounted with Fluoromount (Sigma-Aldrich)
and images captured by confocal microscopy (LSM800, Zeiss).

To explore the association of specific regions and variants in the
full range of phenotypes encoded within the UKB, we used the
Phecode Map 1.2 to map UKB ICD-10 codes to Phecodes.>® We used
all ICD10 codes (main position, secondary position, death records)
from the UKB. We excluded Phecodes with <100 cases and those
that were male or female-specific. Individuals were assigned a
case status if >1 ICD-10 code mapped to the respective Phecode.
Individuals meeting the prespecified exclusion criteria were
removed from the analysis; otherwise, the individual was assigned
a control status. Given the known association between WMH and
stroke, we further analysed any stroke (4143 cases/162811 con-
trols), any ischaemic stroke (1948 cases/165 006 controls) and intra-
cerebral haemorrhage (413 cases/166 541 controls) as defined by
the algorithmically-defined stroke outcomes (UKB fields 42006-
42013), parental history of stroke (42875 with family history/124
022 without family history) and family history of dementia (23730
with family history/143167 without family history) (UKB fields
20107 and 20110). The results were deemed significant at an FDR
level of 5% after FDR correction. To approximate the effect size in a
logistic regression framework, we used minor allele carrier status
as an independent variable and age at baseline, sex and 10 genom-
ic principal components as covariates. We used Firth’s correction
for unbalanced case/control ratios in our logistic regression ana-
lysis. Additionally, we analysed serum biomarker levels available
in the UKB [UKB category 17518; diastolic blood pressure, mean ar-
terial pressure, total cholesterol, urate, systolic blood pressure,
LDL cholesterol, apolipoprotein B, total protein, HDL cholesterol,
glucose, lipoprotein A, glycated haemoglobin (HbA1lc), apolipopro-
tein A, triglycerides, pulse pressure, cystatin C, urea, creatinine, C-
reactive protein, body mass index and vitamin D].

UKB data are available through a procedure described at http:/
www.ukbiobank.ac.uk/using-the-resource/ (accessed 13 September
2021).

Results

We analysed up to 17830 individuals from the UKB for whom both
WES data and quantitative data on WMH volume were available.
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Their demographic  characteristics are

Supplementary Table 1.

presented  in

In the single variant analysis using a mixed model approach and
correcting for sex, age at imaging and 10 principal components, we
found one rare variant (MAF < 0.01) to be associated at the gen-
ome-wide significance level (P <5 x 107%) with a lower logWMH
volume (B =-0.74, SE = 0.13) in 17 830 individuals. This variant is a
predicted splice donor loss-of-function variant in GBE1
(rs192044702, c.691+2T > C, MAF = 0.00131) encoding 1,4-alpha-glu-
can branching enzyme 1. We further found three single variants in
KLHL21  (rs891958177), PARP2  (rs750147320) and ABCC1
(rs748043154) to reach a suggestive threshold of P < 5 x 107 for as-
sociation with logWMH volume (Supplementary Table 2).

We next performed a whole-exome burden test using the com-
bined multivariate and collapsing method implemented in rvtests
software. Analyses were corrected for sex, age at imaging and 10
genomic principal components as covariates with the logWMH
volume as the dependent variable (n=16511 unrelated individu-
als). The results were subsequently filtered to retain genes with
>20 alternative alleles in the analysed dataset. HTRA1 was the
only gene significantly associated at an FDR level of 5% (P =5.6 x
107%), based on 59 alternative HTRA1 allele carriers (prevalence of
~3.6/1000 in the UKB) at 18 genomic positions. Four additional
genes including GBE1, DCAKD, EGFL8 and RGS12 showed suggestive
associations at an FDR level of 25% (Table 1, Fig. 1 and
Supplementary Table 3). To estimate the effects of carrier status
on the logWMH volume, we performed a linear regression analysis
on the log transformed WMH volume and minor allele carrier sta-
tus, corrected for sex, age at imaging and 10 genomic principal
components. Carriers of rare variants in either HTRA1, EGFL8 or
RGS12 showed increased WMH volumes compared with non-car-
riers (HTRA1: B =0.36, SE = 0.09, P = 0.0003; EGFL8: p = 0.22, SE = 0.06,
P=96 x 10 RGSI2: p=0.29, SE=0.10, P=0.003, respectively),
whereas carriers of rare variants in GBE1 (Bf=-0.20, SE=0.05,
P=6.7 x 10™) and DCAKD (§ =-0.21, SE = 0.05, P = 0.0002) showed
lower WMH volumes. The results did not materially change when
further correcting for vascular risk factors (smoking, hypertension,
pulse pressure, diabetes and waist-to-hip ratio) (Supplementary
Table 4). In an additional sensitivity analysis, we only considered
loss-of-function mutations in the exome-wide burden test. The
associations of GBE1, DCAKD and EGFL8 with WMH volume were of
similar magnitude as in the combined damaging missense and
loss-of-function analysis. (Supplementary Table 5) In contrast, the
association of HTRA1, which was based on only nine loss-of-func-
tion variants, was greatly diminished (P=0.97), and therefore,
HTRA1 loss-of-function variants were not considered in further
analyses. There was no association with loss-of-function alleles in
RGS12 (P=0.69). We did not identify additional FDR-significant
genes when considering different weighting schemes in the bur-
den test (Supplementary Tables 6-8).

Given the association between rare variants in HTRA1 and WMH
volume in the burden tests and the overall structure of the HTRA1
protease, which is organized into functionally distinct domains
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(Fig. 1), we next repeated the analyses focusing on rare missense
variants in individual domains. Specifically, we performed a separ-
ate combined multivariate and collapsing burden test for the sig-
nal peptide (AA 1-22, n=2 variants, prevalence 7.8/1000), IGFBP
domain (AA 33-100, n = 6 variants, prevalence 0.6/1000), Kazal-like
domain (AA 100-157, n = 4 variants, prevalence 0.9/1000), protease
domain (AA 204-364, n =9 variants, prevalence 2.2/1000) and PDZ
domain (AA 365-467, n=11 variants, prevalence 1.6/1000). Rare
missense variants in the HTRA1 protease domain were significant-
ly associated with altered WMH volumes (P =9.5 x 10°%), whereas
there was no signal for the other domains (Fig. 1 and Table 2) and
the results remained stable after exclusion of one compound het-
erozygote individual (D320N/R403W). When including loss-of-
function mutations in the model, the association was attenuated
(P=1.6 x 107™°). Baseline characteristics of protease domain variant
carriers did not differ from those of non-carriers (Supplementary
Table 9). We also calculated results for the combined protease and
linker domain as the linker domain (AA 158-204; two variants)
serves as an activator of protease function and found the associ-
ation to be slightly attenuated (P =5.5 x 107).

To approximate the effects of carrier status on WMH volume,
we performed linear regression analysis correcting for sex, age at
imaging and 10 genomic principal components. The carrier status
of an alternative allele in the HTRA1 protease domain was associ-
ated with an increase in the logWMH volume (8 =0.79, SE =0.14,
P=9.4 x 107 FDR < 5%), whereas we found no effect of carrier sta-
tus on WMH volume in other domains (Table 2). In an age-strati-
fied analysis, carriers exhibited logWMH volumes comparable to
non-carriers that were 11.4years older (Fig. 1B). Compared with
other dichotomized risk factors for WMH volume, protease domain
mutation carrier status showed a larger effect than hypertension
(B=0.28, SE =0.02), diabetes (B =0.25, SE = 0.04), body mass index
(B =0.18, SE =0.01) and smoking (B = 0.10, SE = 0.01). Also, compari-
son with individuals on a PRS distribution based on 27 common
genetic variants'® showed a larger effect size for the carrier status
of an alternative allele in the HTRA1 protease domain than for
individuals with a PRS above versus below the 99.8% percentile of
the PRS distribution (B = 0.44, SE = 0.14) (Fig. 2). Because of sample
overlap in the discovery and replication sets of the PRS, we per-
formed a sensitivity analysis using a PRS based on six variants
associated with WMH volume published by the CHARGE consor-
tium.>® The results were slightly attenuated compared with the
full PRS from the CHARGE + UKB sample (PRS above mean versus
PRS below mean: f=0.18, SE =0.02; PRS > 95th percentile versus
PRS < 95th percentile:  =0.26, SE = 0.04; PRS > 98.8th percentile
versus PRS <98.8th percentile: = 0.29, SE = 0.14).

To elucidate the functional consequence of the identified HTRA1
variants, we performed activity assays using human cell-derived
recombinant proteins (Fig. 3). Specifically, we evaluated HTRA1
protease activity towards its known physiological substrate LTBP1.
Wild-type HTRA1 and an active site mutant obtained by replacing
catalytic serine with an alanine (S328A) served as positive and
negative controls, respectively. We investigated the enzymatic ac-
tivity of two Kazal-like domain, two PDZ domain and nine protease
domain-mutants. Three known CARASIL loss-of-function mutants
were also included in the assays.?>*” We found the protease activ-
ity of Kazal-like and PDZ domain mutants to be comparable to that
of wild-type HTRAL, in accordance with the fact that these domains
are dispensable for protease activity.”®® In contrast, six of nine
protease domain mutants (V221L, V221M, R227W, P275L, M314V
and D320N) exhibited a marked reduction of protease activity.
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Table 1 Whole-exome burden test on white matter hyperintensities
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Gene Genomic position No. of rare variants Minor allele count P-value FDR-adjusted
(hg38) P-value
HTRA1 10:122461552-122514907 18 59 5.5 x 10° 0.044
GBE1 3:81489704-81761645 48 281 32 x 107 0.131
DCAKD 17:45023337-45061129 9 225 7.1 x 107 0.192
EGFL8 6:32164594-32168285 15 237 15 x 107 0.229
RGS12 4: 3314146-3439913 17 72 17 x 10™* 0.229

Genes reaching exome wide significance (FDR-adjusted P < 0.05; in bold) or suggestive evidence (FDR-adjusted P < 0.25) for an association with logWMH volume are listed. The
results were derived from a unidirectional mutivariable burden test on logWMH and adjusted for age at imaging, sex and the first 10 genomic principal components. Only the
variants that were predicted to be damaging (REVEL score > 0.5) or predicted to exert a loss-of-function effect by LoFTEE were considered in the analysis. Genes with a minor

allele count <20 were filtered out.
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Figure 1 Overview of rare HTRA1 variants and the association with WMH burden. (A) The domain structure of the HTRA1 protein and the position of
rare missense variants in the 16 511 UKB participants included in the current analysis. The vertical lines reflect effect sizes (line length) and direction-
ality of effect (increasing versus decreasing) of the respective variant on WMH volume. Variants reaching statistical significance in single variant tests
(P < 0.05) are shown in bold with the number of minor allele carriers indicated below. (B) A violin plot of the age-stratified WMH burden in the UKB.
Carriers of a rare variant in the HTRA1 protease domain are depicted in red. The dashed lines represent fitted linear regression lines (WMH~age) for
all participants (black) and protease mutations carriers (red). (C) Example brain MRI images of HTRA1 protease domain variant carriers and age-
matched non-carriers. Non-carriers were chosen to represent individuals with a mean logWMH value near the mean of the age group.

EGFL8 is proteolytically processed by HTRA1 and
expressed in the human brain vasculature

Given the prominence of variants in the HTRA1 protease domain
in the association analyses and the results of the protease
assays, we next performed a targeted analysis of genes encoding
potential substrates of HTRA1L. Potential substrates were identi-
fied from a recent proteomic study in HTRA1-deficient mice®°
that found 38 proteins to be enriched in the brain vasculature of
Htral”~ compared with wild-type mice, among them several
verified HTRA1 substrates including EFEMP1, VTN and LTBP1
(Supplementary Table 10).°>¢* Notably, one of the most strongly
enriched proteins in that dataset was EGFL8. Focusing on the
corresponding genes encoding these 38 candidate substrates in
our burden test, EGFL8 was the only gene that reached experi-
ment-wide significance at an FDR level of 5% (P = 1.54 x 107%).

We next set out to determine experimentally whether the human
EGFL8 protein is a substrate of HTRA1. Treatment of EGFL8 with
HTRA1 resulted in dose-dependent degradation of EGFL8, which was
prevented in the presence of a selective HTRA1 inhibitor (Fig. 4A).
These observations thus identified EGFL8 as a novel HTRA1 sub-
strate. We further examined the cerebral expression pattern of EGFL8
using immunohistochemistry. In the human cortex, EGFL8 was pre-
dominantly localized to the aSMA-positive vasculature, thus corre-
sponding to arteries and arterioles (Fig. 4B).

Rare variants in the HTRA1 protease domain
associate with multiple neurological and
non-neurological phenotypes

HTRA1 mutation carriers exhibit a wide range of cerebral and
extracerebral phenotypes.”® To comprehensively assess disease
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Table 2 HTRA1 domain-specific burden test on white matter
hyperintensities

Domain Variants MAC B SE P-value
Signal peptide 129  -0.02 0.07 7.80x 107"
P4S 2 021 061 7.34x10"
A20V 127 007 0.08 379 x 107!
IGFBP domain 11 018 0.23 4.30 x 107!
A35S 1 0.66 0.87 445 x 107!
G36V 3 092 050 654 x 1072
PS0A 2  -052 061 4.01x10"
E51K 1 -153 087 7.77 x 1072
G73D 1 -059 087 498x 10"
P82R 3  -042 050 4.06 x 10"
Kazal domain 15 0.12 022 5.20 x 107
R133G 1 034 056 7.80 x 107!
R138C 1 023 066 450 x 107!
Q151K 12 002 025 934 x 107"
Q157R 1 032 087 717 x 107"
Protease domain 35 079 0.14 9.50 x 108
V221L 1 1.87 0.87 3.10 x 1072
V221M 1 0.08 087 926 x 107
R227W 20 073 019 1.71x 107*
K248T 1 0.85 087 3.26x 107"
E272V 3 0.03 050 959 x 107!
P275L 1 161 0.87 6.40 x 1072
M314V 1 048 087 583 x 107"
D320N 6 117 035 9.77 x 107*
K362N 1 1.82 0.87 3.60 x 1072
PDZ domain 26 006 017 430 x 107!
A372V 1 053 061 3.89 x 107!
R403W 3 1.01 050 4.51 x 1072
V4171 1 1.06 0.87 224 x 10"
D420E 4 0.26 043 549 x 107!
S436G 1 054 087 535x10"
V442M 1 -096 087 271x10"
A445T 4 030 043 495 x 107!
D450N 2 001 061 9.83 x 107!
V4511 6 -030 035 4.05x 10"
V461A 1 036 087 6.75x 107"
R463C 2 002 061 972x10"

The results were derived from a multivariable burden test (combined multivariate
and collapsing, for domains) or from a Wald association statistic (for single var-
iants). All analyses were adjusted for age at imaging, sex and the first 10 genomic
principal components. All missense variants mapping to the respective domains
were considered. Results are displayed for the specific domains or the single var-
iants. Significant P-values (P < 0.05) are displayed in bold.

outcomes associated with rare variants in HTRA1 or EGFLS8, we per-
formed a rare-variant burden PheWAS on biomarkers and standar-
dized Phecodes in the UKB. Specifically, we matched patients’ ICD-
10 codes (both primary, secondary and death-record based) to
PheCodes. After excluding Phecodes that were sex-specific or had
<100 cases in the analysis, 741 different Phecodes remained that
were analysed in burden tests. We further performed analyses for
any stroke, any ischaemic stroke and intracerebral haemorrhage
as defined by the algorithmically defined stroke outcomes (UKB
fields 42006-42013) and for parental history of stroke and family
history of dementia (UKB fields 20107 and 20110).

Considering all identified damaging and loss-of-function var-
iants in HTRA1 (Supplementary Tables 11 and 12), we found con-
ductive hearing loss (Phecode 389.2) to be associated at an FDR
level of 5% (Supplementary Table 13 and Supplementary Fig. 2)
with minor allele carriers having a higher risk in Firth logistic re-
gression [OR: 5.37, CI95 (2.39-9.49)]. Focusing on damaging variants
in the protease domain, we identified 12 Phecodes at an FDR level

R. Malik et al.

of 5% (Fig. 5, Table 3 and Supplementary Table 14) including mi-
graine with aura (Phecode 340.1), encephalitis (Phecode 323),
aneurysms and dissection of heart (Phecode 411.41) and heart
valve replaced (Phecode 395.6). Notably, for all significant
Phecodes, minor allele carrier status was associated with higher
risk of the respective phenotype. We did not find any FDR-signifi-
cant associations with biomarkers available in the UKB
(Supplementary Table 15). For EGFL8, we identified two Phecodes
at an FDR level of 5%: 578.8 (haemorrhage of rectum and anus) and
696.41 (psoriasis vulgaris), the latter confirming prior work in the
UKB (Supplementary Table 16 and Supplementary Fig. 3).%

Discussion

Using WES data from the UKB, we showed that rare variants in
HTRA1 are associated with a higher burden of radiological WMH in
the general population. We further showed that the association
with WMH burden is largely restricted to variants affecting the
HTRA1 protease domain and provided experimental evidence that
the variants giving the strongest association signal result in a loss
of proteolytic activity of HTRA1. Our PheWAS results revealed that
heterozygous variants in the HTRA1 protease domain, which are
present at a frequency of 1 in 450 in the UKB population, are asso-
ciated with a wide range of phenotypes including migraine with
aura. We further demonstrated that the gene product of EGFLS,
which shows suggestive association with WMH burden in the UKB,
is a direct substrate of HTRA1 and is expressed in the brain vascu-
lature. Collectively, these findings highlight an important role of
the HTRA1 protease in maintaining white matter integrity and pro-
vide insights into disease mechanisms.

HTRA1 has been implicated in familial SVD. Biallelic mutations
in HTRA1 cause CARASIL, an early-onset condition that is charac-
terized by stroke, dementia, spondylosis deformans and alope-
cia.??? In contrast, heterozygous mutations in HTRA1 cause an
autosomal dominantly inherited SVD that displays a more
restricted phenotype of stroke, cognitive decline and gait disturb-
ance and manifests at a later age of onset.®® Our results extend
these findings by showing that rare variants in HTRA1, and more
specifically variants in the HTRA1 protease domain, are associated
with the WMH burden on a population-wide level. Notably, we
found no association of such variants with stroke, dementia or a
family history of stroke or dementia in the UKB. Instead, we found
an association with both neurological and non-neurological phe-
notypes that have not previously been associated with HTRA1
mutations.

The domain-specific analyses for HTRA1 in combination with
the protease assays suggest that the mechanism underlying the
observed association between rare variants in HTRA1 and WMH
burden is a loss of proteolytic function of the HTRA1 protease. This
would be in line with the proposed mechanisms for mutations
implicated in HTRAl-related familial SVD.??®®* However, our
experiments focused on a set of variants identified in the UKB and
were limited to biochemical assays using recombinant proteins.
Other putative loss-of-function mechanisms related to e.g. gene
expression, mRNA or protein stability?>®* were not evaluated.
Moreover, we did not go further in examining possible dominant
negative effects, as recently reported for a subset of HTRA1 var-
iants linked to hereditary SVD.*”-*8 Of interest, one of the variants
(D320N) detected here has previously been reported in an Asian
CARASIL patient®® who was compound heterozygous for D320N. In
contrast, R227W, which had an allele frequency of 0.04% in the
UKB population with available WES data (0.06% in those with
imaging), was associated with WMH burden and has so far not
been linked to neurological disease. More work is needed to delin-
eate genotype-phenotype correlations at this locus.
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Figure 2 Effect size of protease domain variant carrier status on logWMH volume in comparison with established risk factors. The effect sizes and
standard errors of dichotomized risk factors (age, hypertension, diabetes, smoking and body mass index), a dichotomized PRS based on common gen-
etic variants (pink) and the HTRA1 protease domain variant carrier status (red) are shown. Effect sizes and standard errors were derived for the
logWMH volume change using a linear regression model adjusting for age (except for the age categories), sex and 10 genetic principal components.

While DCAKD and EGFL8 did not reach exome-wide significance
for association with WMH burden, we consider these genes to ex-
hibit strong evidence for a causal involvement in WMH. Recent
GWAS found common variants at DCAKD to reach genome-wide
significance for association with WMH, while leaving the respon-
sible gene unidentified.*>*® The current study pinpoints DCAKD as
a likely causal gene in this region and further demonstrates a role
of rare variants in DCAKD. A causal involvement of EGFL8 is sup-
ported by the following observations. First, we found the gene
product of EGFL8 to be efficiently cleaved by HTRA1 in our protease
assays, thus demonstrating a functional interaction between
EGFL8 and a protease with an established role in SVD and cerebral
WMH. Notably, common variants in EFEMP1 encoding another
substrate of HTRA1,""**¢ have consistently been associated with
WMH in recent GWAS.**"'3%1 Second, we found human EGFL8 to be
prominently expressed in the brain vasculature, which would be
in line with the role of vascular mechanisms in WMH. The bio-
logical function of EGFLS8, encoding EGF like domain multiple 8,
remains largely unexplored. A recent study®® found EGFLS to act as
neuritogen and rewire cellular signalling pathways by activating
kinases involved in neurogenesis. Notably, EGFL7, a close
paralogue of EGFL8, which is likewise expressed in brain vessels,
has been implicated in various vascular functions including angio-
genesis and elastogenesis.®”’*® DCAKD, encoding dephospho-CoA
kinase domain containing protein, is ubiquitously expressed in
brain, has a putative role in neurodevelopment and has previously
been shown to be implicated in psychiatric disease.”®”* Moreover,
studies on expression quantitative loci have linked expression lev-
els of DCAKD to white matter microstructure and WMH
volume.**”°

Among the phenotypes shown here to be associated with rare
variants in the HTRA1 protease domain is migraine with aura,
thus pointing to a potential mechanistic link between WMH and
migraine with aura. Previous population-based studies found a

higher frequency of radiological WMH in migraineurs.”>”®

However, this was not consistently observed in other studies
and there was no clear pattern in terms of a preferential associ-
ation with migraine with aura compared to migraine without
aura.”?”’® Of further interest, common variant association studies
reveal that several of the risk loci for migraine overlap with
known risk loci for WMH including COL4A1, COL4A2, NBEAL1-
CARF, and ADAMTSL4.*%'>78 The association between rare var-
iants in HTRA1 and migraine with aura observed here further
adds to recent GWAS that found common variants at HTRA1 to be
associated with migraine.”®’° Studies in additional datasets are
needed to better delineate the relationship between rare variants
in HTRA1 and migraine and a potential mechanistic link with
WMH.

Another interesting finding is the observed association of
HTRA1 protease domain carrier status and ‘aneurysm and dissec-
tion of heart’. LRP1, a major risk gene for coronary artery dissec-
tion,®>#! is a direct regulator of HTRA1 in the vasculature, and has
been shown to play an important role in maintaining vessel integ-
rity.®? Interestingly, patients suffering from coronary artery dissec-
tions display a higher prevalence of migraine® and LRP1 itself is a
risk gene for migraine,’® adding to the complex relationship be-
tween genetic variation in these genes and vascular disease.

The setting of the UKB enabled us to provide an estimate of the
frequency of rare variants and their impact on WMH on a popula-
tion level. Altogether, we found rare variants in the HTRA1 prote-
ase domain to occur at a frequency of ~1 in 400. As expected, some
variants, such as R227W, were found to be more prevalent than
others and effect sizes varied between variants, although these
results need to be interpreted with caution given the low number
of risk allele carriers. Contrasting with the current gene-burden
tests that considered rare variants in HTRA1, common variants at
HTRA1 did not reach genome-wide significance for association
with WMH in two recent GWAS that mostly included individuals

76,77
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Figure 3 Functional consequences of rare HTRA1 variants. (A) Culture medium from transfected cells was collected to assess HTRA1 expression (anti-
Myc immunoblots) and protease activity towards LTBP1 (anti-V5 immunoblots). Black arrowhead = intact LTBP1; grey arrowhead = cleaved LTBP1. (B)
Protease activity was determined as the ratio between cleaved and intact LTBP1 and was normalized to HTRA1 levels. Data are presented as box-and-
whisker plots [median + standard error of the mean (SEM); the activity of wild-type HTRA1 was set to 1]. Data-points represent independent measure-
ments. At least three independent biological replicates were analysed. ASM = active site mutant.
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Figure 4 EGFL8 is a direct substrate of HTRA1 and expressed in the human brain vasculature. (A) EGFL8 was exposed to increasing concentrations of
purified HTRA1 in the absence or presence of an HTRA1 inhibitor. EGFL8 and HTRA1 were detected by anti-Myc and anti-HTRA1 immunoblots, re-
spectively. (B) Immunohistochemical detection of EGFL8 in human brain sections. The vascular basement membrane component collagen IV (Coll.
IV) and the smooth muscle cell marker «SMA were detected as controls. Representative images are shown. Scale bar = 50 ym.

from the general population.'** However, a recent candidate gene (rs2293871; allele frequency: 19%) to be associated with WMH vol-
association study in population-based subjects with extreme ume.”® Also, HTRA1 reached genome-wide significance in a multi-
WMH volumes found a common intronic variant in HTRA1 trait analysis that combined GWAS data on WMH and lacunar
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Figure 5 Rare variants in the HTRA1 protease domain associate with multiple neurological and non-neurological phenotypes. A PheWAS Manhattan
plot for carriers of rare variants in the HTRA1 protease domain. All of the standardized Phecodes along with stroke-related phenotypes are shown.
For phenotypes to the right, H-TRA1 protease domain variant carriers show higher risk, for phenotypes to the left, carriers are at lower risk. The red

dashed line represents the FDR 5% cut-off.

stroke.'” Overall, these findings emphasize the relevance of HTRA1
for vascular brain injury beyond rare hereditary arteriopathies.

Our single variant analysis revealed one variant that reached
exome-wide significance and three additional variants that
reached suggestive evidence for association with WMH.
15192044702 in GBE1 has previously been reported in compound
heterozygous individuals with glycogen storage disease IV,5%%°
which is allelic to adult polyglucosan body disease (APBD, OMIM
#263570).%¢ The majority of patients with this disease have WMH
on MRL®*®” which seems at odds with our observation of a protect-
ive effect of rs192044702 on WMH burden. However, carriers of a
single APBD mutation are generally asymptomatic and the effects
by which variants in GBE1 might influence white matter integrity
in one or the other direction remain poorly understood.

Our study has limitations. First, while the analysis of a quanti-
tative trait offers higher statistical power than a binary phenotype
our study still had limited power to detect small to moderate effect
sizes. Also, the low number of alternative allele carriers may have
resulted in inaccurate effect estimates with wide confidence inter-
vals and potentially also false-positive findings, especially in our
PheWAS analysis. Second, as with any WES approach, there
remains a possibility of errors in calling very rare variants.
However, this would be expected to bias the results from gene bur-
den tests towards the null hypothesis whereas we found a high
consistency in the directionality of effects for associated variants
in HTRA1. Also, despite rigorous quality control of WES data in the
UKB,*® we cannot exclude the possibility of miscalled ultra-rare
variants. Third, the results from our PheWAS might be more favor-
ably powered for phenotypes with an early age-of-onset. Given the

relatively young age of UKB participants at study inclusion (mean
age 56.8 years) and the low number of participants with long-term
follow up (median 8.98 years), associations with late-onset pheno-
types such as stroke and dementia might have been missed. As a
possible indication, we found rare variants in the HTRA1 protease
domain to reach only nominal significance for Phecodes repre-
senting ‘transient cerebral ischaemia’ (Phecode 433.21) and ‘occlu-
sion of cerebral arteries’ (Phecode 433.31). Fourth, the level of
phenotyping for stroke in the UKB precluded analyses restricted to
lacunar stroke which would be of considerable interest. Fifth, our
PheWAS analysis was limited to hospital episode stay and death
record ICD-10 codes mapped to Phecodes. Several symptoms and
phenotypes of interest (e.g. alopecia) are not sufficiently reflected
by these codes. Sixth, we did not assess longitudinal changes in
WMH burden, as the number of individuals with available follow-
up data on WMH in the UKB is still very low (~1500 individuals).
Seventh, we focused on non-synonymous variants. Synonymous
variants have been shown to impact transcription, splicing, folding
or mRNA stability.2® While these variants certainly exist, including
all synonymous variants in our burden test would add noise to the
results. Furthermore, we chose REVEL to provide pathogenicity
predictions of single variants. While REVEL outperforms other
methods,® there remains a risk of misclassification of non-syn-
onymous variants. Eighth, our results cannot be extrapolated to
other ethnicities and populations, which differ in terms of genetic
architecture, vascular risk factors and environmental fac-
tors.>°%9! Ninth, in constructing the common variant PRS, we
were only able to include genome-wide significant variants, as we
did not have access to the full summary statistics. Using different
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Table 3 HTRA1 protease domain PheWAS

R. Malik et al.

Phecode Phenotype P-value FDR-adjusted  Odds ratio 95% confidence
P-value interval
389.2 Conductive hearing loss 3.60 x 107° 0.0025 10.75 2.99-26.90
571.6 Primary biliary cirrhosis 3.37 x 107 0.012 13.37 2.77-38.77
411.41 Aneurysm and dissection of heart 6.34 x 107 0.015 6.68 2.22-15.20
340.1 Migraine with aura 8.31 x 107 0.015 12.24 2.54-35.25
395.6 Heart valve replaced 0.00011 0.016 4.70 1.92-9.49
323 Encephalitis 0.00016 0.019 11.43 2.38-32.92
291.8 Alteration of consciousness 0.00018 0.019 7.68 2.14-19.13
324 Other CNS infection and poliomyelitis 0.00027 0.024 10.80 2.24-31.13
575.1 Cholangitis 0.00042 0.032 7.08 1.97-17.68
613.1 Inflammatory disease of breast 0.00044 0.032 7.04 1.96-17.64
857 Mechanical complication of unspecified genitourinary device, 0.00055 0.036 4.62 1.74-9.78
implant, graft
465 Acute upper respiratory infections of multiple or unspecified 0.00067 0.040 4.53 1.70-9.58
sites
Any stroke 0.255 0.833 143 0.75-2.47
Any ischaemic stroke 0.102 0.833 1.99 0.88-3.83
Intracerebral haemorrhage 0.857 0.957 1.79 0.20-6.42
Family history of stroke 0.145 0.833 1.85 0.76-2.93
Family history of dementia 0.74 0.957 1.56 0.32-4.54

PheWAS analysis using Phecodes as the phenotypes of interest. Shown is the association of variants in the protease domain of HTRA1 with the individual Phecodes from a
combined multivariate and collapsing burden test. Odds ratios were calculated using Firth’s regression and rare allele carrier status as an independent variable.

variant selection criteria and algorithms might optimize the model
and lead to higher power in the analysis. Finally, in the absence of
available large datasets offering both WES and quantitative WMH
assessment, we were unable to perform independent replication
of rare variant or burden results. The upcoming release of the full
UKB WES dataset will provide an excellent opportunity to replicate
our findings in an identical setting.
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