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1 | INTRODUCTION

Summary

Aims: Cerebral small vessel disease (SVD) is the leading cause of vascular dementia.
Although the most of cases are sporadic, familial monogenic causes have been identi-
fied in a growing minority of patients. CADASIL, due to mutations of NOTCH3 gene, is
the most common genetic SVD, and CARASIL, linked to HTRA1 gene mutations, is a
rare but well known autosomal recessive SVD. Recently, also heterozygous HTRA1
mutations have been described in patients with familial SVD. To detect a genetic cause
of familial SVD, we performed mutational analysis of HTRA1 gene in a large cohort of
Italian NOTCH3-negative patients.

Methods: We recruited 142 NOTCH3-negative patients and 160 healthy age-matched
controls. Additional control data were obtained from five pathogenicity prediction
software.

Results: Five different HTRA1 heterozygous mutations were detected in nine patients
from five unrelated families. Clinical phenotype was typical of SVD, and the onset was
presenile. Brain magnetic resonance imaging (MRI) showed a subcortical leukoenceph-
alopathy, with involvement of the external and internal capsule, corpus callosum, and
multiple lacunar infarcts. Cerebral microbleeds were also seen, while anterior temporal
lobes involvement was not present.

Conclusion: Our observation further supports the pathogenic role of the heterozygous
HTRA1 mutations in familial SVD.

KEYWORDS
CADASIL, CARASIL, HTRA1, NOTCH3, small vessel disease

of patientsA1 The monogenic SVDs, which share overlapping clinical
and radiological features among them and with the sporadic form,

Cerebral small vessel disease (SVD) is a heterogeneous group of dis-
orders affecting small vessels of the brain and is commonly recog-
nized to be the leading cause of vascular cognitive impairment and
dementia. While in the great majority of cases cerebral SVD is an
age-related sporadic disorder with multifactorial origin, familial mono-
genic causes have been identified in the last decades in a minority

are generally early onset and transmitted with a dominant inheritance
pattern. Cerebral Autosomal Dominant Arteriopathy with Subcortical
Infarcts and Leukoencephalopathy (CADASIL),? due to NOTCH3 gene
mutations, is the most common dominantly inherited SVD, hundreds
of subjects having been diagnosed worldwide with a prevalence of
about 4/100 000 in European countries.® Therefore, NOTCH3 gene
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analysis is currently performed in familial cases with evidence of dom-
inant transmission. However, it is common experience the finding of
a considerable number of patients with typical CADASIL phenotype
who do not carry NOTCH3 mutations.

Cerebral Autosomal Recessive Arteriopathy with Subcortical
Infarcts and Leukoencephalopathy (CARASIL)? is a very rare au-
tosomal recessive familial SVD reported, with the exception of few

cases,lo'15

only in a small number of Japanese and Chinese families.
CARASIL distinctive features include the onset in early adulthood
(20-30 years) of a nonhypertensive cerebral arteriopathy with rap-
idly progressive cognitive and motor disability in association with
extraneurological manifestations, namely alopecia and spondylosis.
Brain magnetic resonance imaging (MRI) shows diffuse leukoencepha-
lopathy and multiple subcortical infarcts. HtrA serine protease 1 gene
(HTRA1) which encodes a serine protease that represses signaling by
TGF- # family members has been recognized16 as the only causative
gene of CARASIL.Y

Recently, heterozygous HTRA1 mutations have been described in
patients with late-onset familial SVD.*81?

To better investigate our undiagnosed cases of familial SVD, we
performed mutational analysis of HTRA1 gene in a large cohort (142
cases) of NOTCH3-negative patients. Our study resulted in the detec-
tion of heterozygous HTRA1 mutations in nine patients from five fami-
lies, accounting for about 3.5% of cases. These findings further support

the role of heterozygous HTRA1 mutations in the development of SVD.

2 | METHODS

2.1 | Standard protocol approvals, registration, and
patient consent

We recruited 142 Italian patients (mean age 58.2+12,7, 69 females)
with cerebral ischemic SVD and 160 healthy age-matched Caucasian
controls among three Italian reference centers for cerebrovascular
disorders (Siena, Florence, Modena). The inclusion criteria were as
follows: age 18-75 years, moderate/severe leukoaraiosis (grade 2-3
of the modified Fazekas scale),?° a family history of stroke/transient
ischemic attack (TIA) or dementia, a Mendelian pattern of inheritance,
and negative screening for NOTCH3-gene (exons 2-24). Demographic,
clinical, and MRI data were collected for each patient. In our cohort of
142 patients, 80 patients had a history of stroke/TIA, 60 patients a his-
tory of cognitive decline, and 30 patients both stroke/TIA and demen-
tia. The rest of patients were asymptomatic and had leukoaraiosis and
a familial history of cerebrovascular disease. The occurrence of typical
disease features in the family and the presence of vascular risk factors
were also recorded. Family history was defined, if available, with di-
rect examination, otherwise with interview of the probands. Vascular
risk factors, if present, were well controlled: 7/142 presented diabe-
tes mellitus, 20/142 hypertension, 30/142 dyslipidemia, and 35/142
smoking. No other significant comorbidities were present.

The study was approved by the local Ethic Committee. All patients
and healthy controls provided written informed consent before partic-
ipation in the study.

2.2 | Genetic analysis

Total genomic DNA from patients and control subjects was extracted
from whole blood. Then, the entire coding regions and adjacent in-
tronic regions of HTRA1 (current RefSeq: NM_002775) were amplified
by PCR and directly sequenced in patients; the presence of genetic
variants was screened in sex- and age-matched healthy control sub-
jects. When available, relatives of HTRA1 mutation carriers were also
sequenced. Additional control data were obtained from five patho-
genicity prediction software (Polyphen-2, SIFT, Mutation Tester,
Panther, and Mutation Assessor) and four freely available databases
of genetic variants (dbSNP, 1000Genomes, ExAc, and EVS).

3 | RESULTS

3.1 | Genetic results

Among 142 NOTCH3-negative patients, five different HTRA1 het-
erozygous mutations were detected in nine patients from five unre-
lated families.

These mutations included two new genomic variants, p.Ser136Gly
and p.Gly206Glu, found in two patients, and three previously reported
variants found in seven patients: p.GIn151Lys, p.Vall175Met, and
p.Gly295Arg.

All variants affect highly conserved amino acids (from human
to fish) and are absent in 320 chromosomes from matched healthy
controls.

In details, p.Gly206Glu and p.Gly295Arg are predicted to be dele-
terious by all in silico tools and are located in the serine protease do-
main. The p.Gly206Glu variant is absent in 1000 Genomes, Exac, and
EVS databases. The p.Gly295Arg variant is absent in 1000 Genomes
and EVS databases, but it is found in ExAc database in one nonFinnish
European out of 60 546 subjects. Furthermore, this variant has been
reported in homozygousity in a Caucasian man with CARASIL.™

p.Ser136Gly and p.GIn151Lys, predicted to be deleterious by four
out of five in silico tools, are located in the Kazal-like domain.

p.GIn151Lys has been found in Exac database in two South Asians
out of 5352 subjects, whereas p.Ser136Gly is absent in all databases.

The p.Val175Met variant is predicted to be deleterious by four out
of five in silico tools and it affects the interdomain region, a linker re-
gion from aminoacid position 157-204. The variant is absent in 1000
Genomes and EVS databases, but it is found in ExAc database in one
nonFinnish European out of 60706 subjects.

The localization of the five variants in the protein structure, the
ID SNP, and the frequency in public variant databases (where avail-
able) and in silico analysis with pathogenicity prediction are reported
in Table 1.

3.2 | Clinical results

Clinical characteristics of patients are detailed in Table 2. As a whole,
the phenotype was quite homogeneous among them, the clinical

picture being typical of the SVD (subcortical ischemic events and/
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or progressive cognitive impairment). The age at onset was presenile
(mean 61.3 years+4.2 SD).

None of our patients had early-onset alopecia and/or spondylosis,
explored with lumbar MRI, usually described in CARASIL. When they
were present, they manifested over age 40. The frequency of vascular
risk factors is reported in Table 2. Pedigrees of the families carrying
heterozygous HTRA1 mutations are shown in Figure 1, and a short de-
scription of them is reported below.

Family 1 (F1): The proband (11,3) was a 73-year-old man, with a pro-
gressive cognitive decline and mood depression since he was 65. To date,
the patient is bedridden with pseudobulbar palsy. Brain MRI showed a
severe subcortical leukoencephalopathy and mild diffuse atrophy.

His 71-year-old brother (I1,5), at the age of 67, experienced two
TIAs, and in the same period, he developed a mild reduction in cog-
nitive performances and mood disorders. Clinical conditions have
remained substantially stable. Brain MRI showed a severe leukoen-
cephalopathy (Figure 2). Two brothers (II,1 and 11,7) died of compli-
cations of a presenile dementia, respectively at age 71 and 52. For
both of them, a severe leukoencephalopathy had been described. Two
asymptomatic carriers (11,9 aged 63, 11,3 aged 49) showed moderate
leukoencephalopathy.

Family 2 (F2): The index case (l1,1), since he was 55, had progressive
gait disturbances, mood depression, and cognitive impairment. Brain
MRI showed diffuse leukoencephalopathy with temporal involvement
and mild cerebral atrophy. His father (1,2) died of stroke at 55.

Family 3 (F3): The proband (IV,1) was a 77-year-old woman with
dementia, gait disturbances, urinary incontinence, and dysarthria. She
had a history of mood depression and a stroke at the age of 63, and

some TIAs during the years. History of stroke, cognitive decline, and
psychiatric disorders from her father’ side was reported. Brain MRI
showed diffuse subcortical leukoencephalopathy.

Family 4 (F4): The proband (I1,1) died at 77 years. He had several
TIAs and progressive cognitive decline since he was 59, and a major
stroke at 61 years. Brain MRI showed a moderate leukoencephalopa-
thy and ischemic lacunes. An asymptomatic daughter (111,2) performed
MRI which showed white matter abnormalities.

Family 5 (F5): The proband (Ill,1) was a 61-year-old man who pre-
sented, since a couple of years, progressive ataxic gait, dysarthria and
dysphagia, and a moderate cognitive impairment. The same clinical
pattern was referred in his mother and his maternal uncle. In his past,
history was unremarkable. Brain MRI showed confluent subcortical

leukoencephalopathy, microbleeds, and mild diffuse atrophy.

3.3 | MRI description

Brain MRI of HTRA1 heterozygous patients was centrally reviewed by
an expert neuroradiologist (A.C.). Figure 2 shows the main observed
findings. Typical MRI findings included foci to confluent areas of high
signal intensity on T2-weighted and FLAIR images in the periventricu-
lar and deep white matter,?! with involvement of the external and
internal capsule and multiple lacunar infarcts in most of them. U fib-
ers were always spared. Corpus callosum was involved in one patient
(Figure 2B), while anterior temporal lobes were not involved. Dilated in-
terstitial perivascular spaces or so-called Virchow-Robin spaces show-
ing “status cribrosum” in the basal ganglia, were present. Microbleeds

were observed peripherally in two patient (I1,5-F1,1Il,1-F5), however,
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FIGURE 1 Pedigrees of the probands. Black filled symbol: patient with leukoencephalopathy and/or neurological signs/symptom of SVD.
Black dot: patient with positive past history for SVD. +: patient with single HTRA1 mutation. -: individual without single HTRA1 deleterious

variant
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FIGURE 2 Brain MRI findings. (A) Periventricular white matter Fazekas grade 1 and deep white matter Fazekas grade 2 involvement
including internal capsules (Patient F1-111,3, age 46, serial consecutive axial FLAIR images); (B) Periventricular and deep white matter Fazekas
grade 3 involvement including external and internal capsules and corpus callosum, lacunar infarcts, subacute ischemia in the left internal capsule,
previous infarction in the left occipital lobe, and supratentorial subcortical atrophy, without involvement of anterior temporal lobes (Patient
F1-11,5, age 67, serial nonconsecutive axial FLAIR and DWI images); (C) Periventricular and deep white matter Fazekas grade 3 involvement
including external and internal capsule, lacunar infarcts, microbleeds, and supratentorial subcortical atrophy (Patient F5-111,1, age 60, sagittal

nonconsecutive axial FLAIR and SWI images)

due to the absence of T2*- or susceptibility-weighted images in most
of patients, we were unable to estimate the MRI frequency of micro-
bleeds. Gliotic-malacic changes in the left occipital lobe from previous
infarction were seen in one patient (II,5-F1). Supra- and subtentorial
atrophy was seen in one patient (lll,1-F5). In one patient (Il,5-F1), an
acute-to-early subacute ischemic lesion was observed in the left pos-

terior limb of the internal capsule.

4 | DISCUSSION

Herein, we reported clinical, MRI, and genetic details of nine individu-
als from five unrelated families with familial cerebral SVD related to
heterozygous mutations of HTRA1 gene. The pathogenic role in late-
onset cerebrovascular phenotype of heterozygous HTRA1 gene muta-
tions, otherwise causative in homozygosity of CARASIL, was recently
hypothesized by Verdura et al.'®

Moreover, familial recurrence of SVD and/or leukoencephalopathy

11,13,14 and

has been outlined in obligate carriers of CARASIL patients
in CARASIL pedigrees.??%®

The pathogenicity of HTRA1 variants found in our patients is
supported by the following observations: all variants were (i) located
in highly conserved positions; (ii) absent in our control subjects; (iii)

absent (p.Ser136Gly, p.Gly206Glu) or rare (MAF<0.01: p.GIn151Lys,

p.Val175Met, p.Gly295Arg) in databases; (iv) predicted as deleteri-
ous at least by four out of five in silico tools (p.Gly206Glu and p.p.Gl-
y295Arg are classified pathogenic by all five in silico tools); and e)
located in regions of the protein where pathogenic mutations were al-
ready found (Kazal-like domain, linker region, and serine protease do-
main) both in CARASIL and in HTRA1-related SVD patients. Moreover,
segregation analysis was positive in the two families (F1 and F4) in
which it was possible to perform it.

We point out the limitation of our study consisting in the absence
of functional studies, although functional studies on the HTRA1 mu-
tant protein does not necessarily resolve the question regarding the

|18

pathogenicity: Verdura et al.*® show a complete loss of protease ac-

tivity only in five of seven pathogenic variants described, and Nozaki

etal?*

present HTRA1 mutant with no reduction in protease activity.

The role of single mutations of putative recessive genes, included
HTRA1 gene, is still matter of debate. Mild phenotypic expression in
heterozygotes for recessive diseases has largely described for an in-
creasing number of diseases.?>2 As regards to the pathogenic mech-

anism of heterozygous HTRA1 mutations, Nozaki et al.?*

suggested a
dominant-negative effect.

The deleterious effect of HTRA1 mutations on vascular homeo-
stasis is not yet fully understood but is probably related to the dys-
regulation of TGF-p signaling. Recently, the TGF-p binding protein

(LTBP), an important component of the extracellular matrix (ECM), has



bl DONATO ET AL.

764
Wl L EY_ C N S Neuroscience & Therapeutics

been shown to be a substrate of proteolytic HTRA1 activity.?” Human
HTRA1, like all eukaryotic HTRA proteins, is not completely structur-
ally and biochemically characterized®in particularin its N-domain: The
autolysis of HTRA1 N-terminal domain is observed in vivo, without
decreasing the protease activity.®! The detection of HTRA1 mutations
even in the Kazal-like domain, both in CARASIL and in HTRA1-related
small vessel disease patients, suggests for the N-terminal domain a
function not fully understood.

Clinical features of this novel familial condition,18 which include
acute cerebrovascular events, cognitive impairment, progressive gait
disturbances, and presenile onset, overlap with common sporadic SVD
and other adult rare monogenic cerebrovascular disorders, specifically
CADASIL and CARASIL.

Compared to CARASIL, in heterozygous HTRA1, the age of onset
is older, the phenotype is milder, the history of illness is long-lasting,
and extraneurological signs (early-onset spondylosis and alopecia)
are usually lacking. No significant clinical differences are present with
respect to CADASIL except for the age at onset, usually earlier in
CADASIL. Migraine with aura, a common early clinical manifestation
of CADASIL,*? is very rarely observed in heterozygous HTRA1.*® With
respect to common sporadic SVD, the main differentiating features are
usually younger age at onset with a presenile pattern, the familial recur-
rence, and the substantial lack of correlation of clinical and MRI phe-
notype with vascular risk factors which may be occasionally present.

Brain MRI in HTRA1-related SVD presents the typical neuroim-
aging pattern of SVD, with confluent subcortical T2-weighted white
matter hyperintensities with relative sparing of U fibers, lacunar in-
farcts, status cribrosum, microbleeds and sparing of anterior temporal
lobes.*® Of note, we found corpus callosum involvement in one patient
and this is a finding rarely observed in CADASIL and generally absent
in CARASIL and SVD.

In conclusion, we have confirmed single HTRA1 mutations as a
cause of late-onset familial SVD. Therefore, we suggest to perform the
screening of HTRA1 gene in all patients with an undiagnosed SVD, also
in the absence of an evident familial pattern, which otherwise could
be overlooked for the late onset of clinical symptoms. Further studies
could better define the genetic spectrum of mutations, the pheno-
typic picture of this novel condition, and the possible still unproved

genotype-phenotype correlation.
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