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Background: Homozygous or compound heterozygous mutations in the
high-temperature requirement A serine protease 1 gene (HTRAI) elicits
cerebral autosomal recessive arteriopathy with subcortical infarcts and white
matter lesions (CARASIL). The relationship between some heterozygous
mutations, most of which are missense ones, and the occurrence of cerebral
small vessel diseases (CSVD) has been reported. Recently, heterozygous
HTRA1 nonsense mutations have been recognized to be pathogenic.

Case presentation: We described two Chinese patients diagnosed with
HTRA1-CSVD accompanied by heterozygous nonsense mutations. Their first
clinical manifestations were symptoms due to ischemic stroke, and brain
Magnetic Resonance Imaging (MRI) showed diffuse white matter lesions
(WMLs) and microbleeds in both of them. Genetic sequencing revealed
two novel heterozygous nonsense mutations: ¢.1096G>T (p.E366X) and
c.151G>T (p.E51X).

Conclusion: This case report expands the clinical, radiographic, and genetic
spectrum of HTRA1-CSVD. Attention should be paid to young patients with
ischemic stroke as the first clinical manifestation. Genetic screening for such
sporadic CSVD is recommended, even if the symptoms are atypical.

HTRA1, cerebral small vessel disease, nonsense, ischemic stroke, heterozygous
mutations

Introduction

Cerebral small vessel diseases (CSVD) are a series of clinical, imaging, and
pathological syndromes that affect small arteries, arterioles, venules, and capillaries
within the brain. It increases the risk of acute cerebrovascular events and mainly
manifests in cognitive dysfunction (1). Cerebral autosomal recessive arteriopathy with
subcortical infarcts and white matter lesions (CARASIL) is a monogenic CSVD,
determined by mutations in the high-temperature requirement A serine protease 1 gene
(HTRA1I) which is located on chromosome 10 (10q26) and encodes the high-temperature
requirement serine protease.
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HTRAI mutations include heterozygous, homozygous,
and compound heterozygous ones. There are two possible
phenotypes related to HTRAI mutations: classic CARASIL
(OMIM 600142) and CADASIL2 which is also known as
HTRAI-CSVD (OMIM 616779) (2). Classic CARASIL is
caused by homozygous or compound heterozygous mutations
inherited in an autosomal recessive manner. HTRAI-CSVD is
caused by heterozygous mutations inherited in an autosomal
dominant pattern (3). Both of them are clinically characterized
by progressive gait impairment, acute ischemic stroke at
a young age, and cognitive decline, often accompanied by
extra-neurological symptoms, such as alopecia and lumbago
associated with spondylosis deformans. Compared to classic
CARASIL, HTRAI-CSVD is generally milder with a lower
incidence of extra-neurological symptoms, such as alopecia
and lumbago, and neurological symptoms present later (4).
Neuroimaging features (severe leukoencephalopathy, lacunar
infarctions, and microbleeds) are seen in both classic CARASIL
and HTRAI-CSVD, but the latter tends to have milder
changes (5).

Studies have reported that different mutation sites or types
can lead to loss of or decrease in activities of the HTRAI serine
protease through different mechanisms (6-8). The pathogenicity
of heterozygous pathogenic missense variants mainly results
from a significant decrease in the activities of the protease and
a dominant-negative effect on the trimer (6, 7). However, the
underlying molecular mechanism of heterozygous mutations is
not fully understood.

Recent studies have found that nonsense mutations are also
pathogenic. Thus, there are 11 heterozygous nonsense mutations
according to the ClinVar database, but clinical features and
the possible correlation between genotypes and phenotypes
of HTRAI-CSVD are barely understood. In this case report,
we presented two patients with ischemic stroke at a young
age, which was related to novel nonsense mutations. Ischemic
stroke was the first clinical manifestation, and brain MRI of
these patients showed typical white matter lesions (WMLs)
and microbleeds. Genetic sequencing revealed two novel
heterozygous nonsense mutations of ¢.1096G>T (p.E366X) and
¢151G>T (p.E51X), supporting HTRAI-CSVD. Our findings
provide further insights into the relationship between genotypes
and phenotypes.

Materials and methods
Case 1l

A 44-year-old man presented to our department due to
weakness of the left upper limb over the past 4 days. He
had no prevailing risk factors for cerebral infarction such as
hypertension, diabetes mellitus, atrial fibrillation, or smoking.
He denied any memory loss, dysarthria, or loss of consciousness.
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He had no history of alopecia or lumbago. None of his family
members had relevant health problems or hereditary diseases.

Neuropsychological tests showed no signs of cognitive
impairment. His blood indicators, cervical vascular ultrasound,
and dynamic electrocardiogram showed no significant
abnormalities. Brain MRI showed an acute infarct in the right
basal ganglia on DWI images (Figure 1A), diffuse WMLs,
Fazekas scale score 2, bilateral lacunar lesions in regions close to
the lateral ventricle on T2W/FLAIR, and chronic microbleeds
in the deep white matter on SWI images.

During the follow-up, this patient was admitted to the
hospital because of recurrent ischemic stroke despite antiplatelet
therapy with no complaint about cognitive impairment. Brain
MRI showed acute infarct in the region next to the left lateral
ventricle on DWI (Figure 1B), difftuse WMLs and chronic
microbleeds were the same as previously reported.

Prompted by the unusual clinical phenotype and
neuroimaging findings, a hereditary form of CSVD was
suspected (Figures 1C-E). Whole-exome sequencing identified
a novel heterozygous HTRA I nonsense mutation (NM_002775:
C.1096G>T; p.E366X) (Figure 1F). The variant had not been
previously reported in the scientific literature or the HGMD
and was not found in reference population databases such as
gnomAD, ExAC, or 1000 Genome Project. The Mutation-Taster
score was 1. The proband’s parents had passed away, and neither
the proband’s brother nor his son showed abnormality in the
proband’s mutation site upon gene testing. Based on the clinical
manifestations of this patient and gene sequencing results,
which are concordant with each other, this variant has been
proposed to be pathogenic.

Case 2

A 53-year-old man presented to our department due to
dysarthria and weakness of the left limb for 17 hours. He had no
past medical history and vascular risk factors. The patient could
not perform some simple tasks in daily life and lost his previous
interests at the age of 49. He did not have migraine, alopecia, or
lumbago, which are characteristic features of monogenic CSVD.
His family history was unremarkable and his family members
were all healthy.

On neurological examination, the patient showed a
pronounced slow response to cognitive tests. The Mini-Mental
State Examination (MMSE) score was 24 and the Montreal
Cognitive Assessment (MoCA) score was 17. His cerebral
vessels showed no significant abnormalities on cerebrovascular
examination. Brain MRI showed acute infarct of the left
corona radiata on DWI images, diffuse WMLs and brain
atrophy, Fazekas scale score 3 on T2W/FLAIR images, chronic
microbleeds in the lobar regions, and deep white matter on
SWI images.
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FIGURE 1

Brain axial images of the first HTRAL-CSVD patient. A DWI image showing an acute infarct in the right basal ganglia (A), and the second acute

infarct in the region next to the left lateral ventricle (B), axial T2-weighted (C), and FLAIR axial images (D) showing diffuse WMLs, Fazekas scale
(Continued)
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FIGURE 1 (Continued)

SWI, susceptibility-weighted imaging.

score 2, lacunar lesions in bilateral regions next to the lateral ventricle, and an SWI image (E) showing chronic microbleeds in the deep white
matter. (F) Validation of a heterozygous G to T mutation at position 1,096 (NM_002775: ¢.1096G=>T) in exon 6 of the HTRAL gene, resulting in a
stop codon at 366 (p.E366X). FLAIR, fluid attenuated inversion recovery; MRI, magnetic resonance imaging; DWI, diffusion-weighted imaging;

Given the presentation of early-onset progressive dementia,
ischemic stroke at a young age, and brain MRI demonstrating
WMLs (Figures 2A-E),
whole-exome performed. Whole-exome

extensive and brain atrophy
sequencing was
sequencing identified a novel heterozygous nonsense mutation
(NM_002775: ¢.151G>T; p.E51X) (Figure 2F). This variant has
not been previously reported in the scientific literature or the
HGMD and was not found in reference population databases,
such as gnomAD, EXAC, or 1000 Genome Project, and the
Mutation-Taster score was 1. This variant has been classified as

pathogenic according to the ACMG pathogenicity rating.

Discussion

In the present study, we reported two HTRAI-CSVD
patients with ischemic stroke at a young age, with two unique
nonsense mutations: ¢.1096G >T (p.E366X) and ¢.151G>T
(p.E51X). To date, only 11 heterozygous nonsense mutation
sites have been reported. Coste et al. (9) have found that the
heterozygous HTRAI stop codon variants are not restricted to
a specific domain but are present throughout the gene. The
present p.E366X and p.E51X mutations may lead to nonsense-
mediated mRNA decay (NMD) or truncation of the protein in
front of the functional protease domain. These conditions may
result in the loss of protein functions. Coste et al. (9) have found
that heterozygous HTRAI stop codon variants are dominant
with an age-dependent and incomplete clinical penetrance in the
analysis of 3,336 patients with CSVD without known pathogenic
mutations. We hypothesize that this might be the reason why
family members of the patients in our study did not have relevant
health problems. Therefore, careful follow-up was warranted for
their relatives.

The clinical and radiographic spectra of these two patients
were similar to those in other studies. Compared with classic
CARASIL, heterozygous HTRAI pathogenic variants may have
a lower incidence of extra-neurological symptoms and manifest
neurological symptoms later (4). Onodera et al. have found
that acute ischemic stroke usually occurs after 40 years, which
is consistent with the results of the patients in our study. In
addition, ischemic stroke was the first clinical manifestation in
our study. Coste et al. have drawn a similar conclusion when
conducting clinical and imaging analyses of 11 symptomatic
carriers of nonsense mutations. Stroke or transient ischemic
attack (TIA) is the first clinical manifestation in seven probands
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(64%) (9). Therefore, ischemic stroke is the essential clinical
manifestation of CSVD. Patients with ischemic stroke at a young
age need particular attention due to the high likelihood of being
a carrier of HTRAI mutations. Neither of the two patients in
our study had apparent symptoms of alopecia or lumbago, which
was consistent with previous findings, in which HTRAI-CSVD
had a lower incidence of extra-neurological symptoms than
classic CARASIL (10).

Radiologic hallmarks of CARASIL include high-signal-
intensity lesions in the periventricular and deep white matter
and multiple lacunar infarcts in the basal ganglia and the
thalamus, but the superficial white matter is generally spared
(11). Whittaker et al. (12) have also reported that microbleeds
are mostly found in the deep white matter of the brain in
patients with heterozygous HTRAI mutations. Our findings are
consistent with the results of the above studies, in that both of
these patients had diffuse WMLSs and chronic microbleeds in the
deep white matter and lacunar infarcts in the basal ganglia and
the corona radiata.

Pathogenic mechanisms of HTRAI-CSVD are gaining
popularity in recent years. Different types of mutations may
lead to discrete protease activities. Heterozygous missense
mutations take a dominant-negative effect on the activities of
the protease. Nozaki et al. have demonstrated that heterozygous
mutations may fail to form stable trimers and interrupt the
HTRAI activation cascade, resulting in a dominant-negative
effect on the wild-type protease (7). Lee et al. (4) have
further confirmed that the core feature of HTRAI-CSVD may
be the disturbance of activities of the protease. However,
the detailed molecular mechanisms of heterozygous nonsense
mutations are not fully understood. A study proposed that
heterozygous nonsense or frameshift variants were pathogenic
through a haploinsufficiency mechanism which resulted in
the degradation of the mutated mRNA at the location of
these variants (9). Further studies are needed to elucidate the
pathogenic mechanisms.

Conclusion

We reported two novel heterozygous nonsense mutations
which expand the mutation spectrum of HTRAI. The age-
dependent and incomplete clinical penetrance of nonsense
mutations of HTRAI increase the difficulty of gene detection;
therefore, a larger number of clinical samples and a longer
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FIGURE 2
Brain axial images of the second patient. A DWI image showing an acute infarct in the left corona radiata (A), axial T2-weighted (B) and FLAIR

axial images (C, D) showing diffuse WMLs and brain atrophy, Fazekas scale score 3, and an SWI image showing chronic microbleeds in lobar
regions and the deep white matter (E). (F) Validation of a heterozygous G to T mutation at position 151 (NM_002775: c.151G>T) in exon 1 of the
HTRA1 gene, resulting in a stop codon at 51 (p.E51X).
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follow-up are necessary to screen these patients. Meanwhile,
attention should be paid to young patients with ischemic stroke
as their first clinical manifestation. Genetic screening for such
sporadic small vascular disease is recommended, even if the
symptoms are atypical.

Data availability statement

The datasets presented in this article are not readily available
because of ethical and privacy restrictions. Requests to access the
datasets should be directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed
and approved by the Ethics Committee of Shanghai Fifth
People’s Hospital of Fudan University. The patients/participants
provided their written informed consent to participate in
this study. Written informed consent was obtained from the
individual(s) for the publication of any potentially identifiable
images or data included in this article.

Author contributions

Preparing the original draft: WC. Reviewing, editing,
supervision, and conceptualization: DW. Genetic data analysis:
LS and XY. Clinical data acquisition: YW and SH. All authors
have read and agreed to publish this report.

Funding

This study was supported by grants from the Shanghai

Committee of Science and Technology (Grant Nos.

References

1. Pantoni L. Cerebral small vessel disease: from pathogenesis and
clinical ~characteristics to therapeutic challenges. Lancet Neurol. (2010)
9:689-701. doi: 10.1016/S1474-4422(10)70104-6

2. Grigaite J, Siauryte K, Audronyte E, Preiksaitiene E, Burnyte B, Pranckeviciene
E, et al. Novel in-frame deletion in HTRA1 gene, responsible for stroke at a young
age and dementia-a case study. Genes. (2021) 12:1955. doi: 10.3390/genes12121955

3. Bougea A. Do heterozygous HTRA1 mutations carriers form a distinct clinical
entity? CNS Neurosci Ther. (2018) 24:1299-300. doi: 10.1111/cns.13047

4. Lee Y-C, Chung C-P, Chao N-C, Fuh J-L, Chang F-C, Soong
B-W, et al. Characterization of heterozygous HTRA1 mutations in
taiwanese patients with cerebral small vessel disease. Stroke. (2018)
49:1593-601. doi: 10.1161/STROKEAHA.118.021283

5. Uemura M, Nozaki H, Kato T, Koyama A, Sakai N, Ando S, et al. HTRA1-
related cerebral small vessel disease: a review of the literature. Front Neurol. (2020)
11:545. doi: 10.3389/fneur.2020.00545

Frontiersin Neurology

06

10.3389/fneur.2022.1069453

20531904400 and 201409004900), the Beijing Health Alliance
Charitable Foundation (Grant No. B21088CS), the Cooperation
Program of Fudan University-Minhang District Joint Health
Center (Grant No. 2021FM22), and the Shanghai Minhang
District Health and Family Planning Commission (great
discipline of Shanghai Minhang District No. 2020MWDXKO1).

Acknowledgments

We sincerely thank the medical staff who participated in the
study, and the patients who provided their data for this report.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those
of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fneur.2022.1069453/full#supplementary-material

6. Verdura E, Hervé D, Scharrer E, Amador MDM, Guyant-Maréchal L, Philippi
A, et al. Heterozygous HTRA1 mutations are associated with autosomal dominant
cerebral small vessel disease. Brain. (2015) 138:2347-58. doi: 10.1093/brain
/awv155

7. Nozaki H, Kato T, Nihonmatsu M, Saito Y, Mizuta I, Noda T, et al.
Distinct molecular mechanisms of HTRA1 mutants in manifesting heterozygotes
with CARASIL. Neurology. (2016) 86:1964-74. doi: 10.1212/WNL.0000000000
002694

8. Di Donato I, Bianchi S, Gallus GN, Cerase A, Taglia I, Pescini F et al.
Heterozygous mutations of HTRA1 gene in patients with familial cerebral
small vessel disease. CNS Neurosci Ther. (2017) 23:759-65. doi: 10.1111/c
ns.12722

9. Coste T, Hervé D, Neau JP, Jouvent E, Ba FE Bergametti
E et al Heterozygous HTRA1 nonsense or frameshift mutations
are  pathogenic.  Brain.  (2021)  144:2616-24. doi:  10.1093/brain/a
wab271

frontiersin.org


https://doi.org/10.3389/fneur.2022.1069453
https://www.frontiersin.org/articles/10.3389/fneur.2022.1069453/full#supplementary-material
https://doi.org/10.1016/S1474-4422(10)70104-6
https://doi.org/10.3390/genes12121955
https://doi.org/10.1111/cns.13047
https://doi.org/10.1161/STROKEAHA.118.021283
https://doi.org/10.3389/fneur.2020.00545
https://doi.org/10.1093/brain/awv155
https://doi.org/10.1212/WNL.0000000000002694
https://doi.org/10.1111/cns.12722
https://doi.org/10.1093/brain/awab271
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Chen et al.

10. Rannikmie K, Henshall DE, Thrippleton S, Kong QG, Chong M, Grami
N, et al. Beyond the brain: systematic review of extracerebral phenotypes
associated with monogenic cerebral small vessel disease. Stroke. (2020) 51:3007-
17. doi: 10.1161/STROKEAHA.120.029517

11. Oluwole O]J, Ibrahim H, Garozzo D, Hamouda KB, Hassan
SIM, Hegazy AM, et al. Cerebral small vessel disease due to a unique

Frontiersin Neurology

07

10.3389/fneur.2022.1069453

heterozygous HTRAI mutation in an African man. Neurol Genet. (2020)
6:¢382. doi: 10.1212/NXG.0000000000000382

12. Whittaker E, Thrippleton S, Chong LYW, Collins VG, Ferguson AC,
Henshall DE, et al. Systematic review of cerebral phenotypes associated
with monogenic cerebral small-vessel disease. | Am Heart Assoc. (2022)
11:€025629. doi: 10.1161/JAHA.121.025629

frontiersin.org


https://doi.org/10.3389/fneur.2022.1069453
https://doi.org/10.1161/STROKEAHA.120.029517
https://doi.org/10.1212/NXG.0000000000000382
https://doi.org/10.1161/JAHA.121.025629
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Case report: Two unique nonsense mutations in HTRA1-related cerebral small vessel disease in a Chinese population and literature review
	Introduction
	Materials and methods
	Case 1
	Case 2

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


