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common forms of rare monogenic early-onset cerebral small vessel disease and share clinical, and, to dif-
ferent extents, neuroradiological and neuropathological features. However, whether CADASIL and RVCL-S
overlapping phenotype may be explained by shared genetic risk or causative factors such as TREX1 coding
variants remains poorly understood. To investigate this intriguing hypothesis, we used exome sequencing
to screen TREX1 protein-coding variability in a large multi-ethnic cohort of 180 early-onset independent
familial and apparently sporadic CADASIL-like Caucasian patients from the USA, Portugal, Finland, Serbia
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and Turkey. We report 2 very rare and likely pathogenic TREX1 mutations: a loss of function mutation
(p.Ala129fs) clustering in the catalytic domain, in an apparently sporadic 46-year-old patient from the
USA and a missense mutation (p.Tyr305Cys) in the well conserved C-terminal region, in a 57-year-old
patient with positive family history from Serbia. In concert with recent findings, our study expands the
clinical spectrum of diseases associated with TREX1 mutations.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Cerebral autosomal dominant arteriopathy with subcortical in-
farcts and leukoencephalopathy (CADASIL) and retinal vasculopa-
thy with cerebral leukodystrophy and systemic manifestations
(RVCL-S) represent 2 very rare pathologies with an incidence
of 2-5/100,000 to only 13 families reported worldwide, respec-
tively (Okada et al., 2020) (Razvi et al., 2005), (Richards et al.,
2007) (DiFrancesco et al., 2015) (Monroy-Jaramillo et al., 2018).
These monogenic vascular disorders share clinical features, in-
cluding migraine, seizures and progressive subcortical demen-
tia (https://www.omim.org/). To a different extent they also
share the classical cerebral small vessel disease (cSVD) neuro-
radiological hallmarks (periventricular hyperintensities, superficial
and deep white matter hyperintensities, status cribrosus, corti-
cal small-microinfarcts, lacunar infarcts, cerebral microbleeds and
cortical atrophy (Soong et al, 2013) (Macaron et al, 2021)
(Dhamija et al., 2015) (Raynowska et al., 2018) (Saito et al., 2019)
(Schoemaker et al., 2019) (Pantoni, 2010)), and neuropathologi-
cal (capillaries with thickened walls (Saito et al., 2019) (Brennan-
Krohn et al., 2010) (Lewandowska et al., 2010) (Lesnik Oberstein
et al.,, 2001)) features (Table 1).

Recently, TREX1 p.Arg174Gly, has been detected in a patient
with a classical CADASIL-like phenotype (Amico et al., 2022), in
concert with the genetic reports of Pelzer and colleagues, de-
scribing significant contributions of TREX1 mutations in CADASIL
and CADASIL-like patients (Pelzer et al., 2013). However, whether
CADASIL and RVCL-S overlapping phenotype may be influenced by
shared genetic causative factors remains poorly investigated.

In this study, we hypothesized that TREX1 mutations
may play a critical role in CADASIL-like patients. To investi-
gate this hypothesis, we performed exome sequencing in a
multi-ethnic cohort of 180 early-onset apparently sporadic,
CADASIL-like Caucasian patients from USA, Portugal, Finland,
Serbia and Turkey, who did not carry any NOTCH3 causative
mutations.

2. Materials and methods
2.1. Patient cohort

The cohort was composed of 180 apparently sporadic and early-
onset, CADASIL-like Caucasian patients from USA, Finland, Portugal,
Serbia and Turkey (Table 2). Inclusion criteria for the USA cohort
included cerebral small vessel disease (cSVD) diagnosis based on
TOAST classification, early age at onset (<65 years [only 2 cases,
whose age-at onset was 68 and 71 years old have been included
in the study because they had a family history of the disease])
and no enrichment for vascular risk factors except for hypertension
or smoking, which generally play a critical role in elderly people
(Abraham et al., 2016).

The collection of samples included in this study has been ap-
proved by the ethics committee of the Faculty of Medicine, Uni-

versity of Coimbra, Coimbra, Portugal; the Ethics Committee of
the School of Medicine, University of Belgrade (Serbia); the Ethics
Committee of Istanbul Faculty of Medicine, Istanbul University
and the Ethics Committee of the Hospital District of Southwest
Finland. All NINDS Repository samples were collected only after
an IRB-approved of the respective institutions, signed informed
consent was secured by the submitter, as previously described
(Messerschmidt et al., 2021, p. 1).

The diagnostic criteria for the CADASIL-like cohort from USA,
Finland, Portugal, Serbia and Turkey were met by combining clini-
cal symptoms, imaging data, positive medical history (at least one
first-degree relative with small vessel disease) in the absence of
known pathogenic mutations in NOTCH3 and based on the pre-
vious literature (Pantoni et al., 2010). Ninety-six patients (53.3%)
were from the USA (NINDS Repository), 34 (18.9%) from Portugal,
33 (18.3%) from Finland, 15 (8.3%) from Serbia and 2 (1.1%) from
Turkey.

The US cohort has been already described in a previous genetic
screening of APP and A3 metabolism genes (Blumenau et al., 2020)
and part of the Finnish cohort has been already included in a pre-
vious genetic screening focused on Mendelian genes causative for
vascular dementia (Monkdre et al., 2022). The mean age at disease
onset was 52 years (SD=10.9) and 76 cases (42.2%) had a posi-
tive family history. Among the comorbidities and possible risk fac-
tors, hypertension was reported in 44.4% of the patients, diabetes
type 2 in 18.3%, cardio-vascular comorbidities (myocardial infarc-
tion, atrial fibrillation) in 12.2%, migraine in 10.0% and hypercholes-
terolemia in 20%. Given the prevalent role of hypertension and di-
abetes mellitus 2 in cSVD in elderly people (Abraham et al., 2016)
and the young age at onset of the cohort, these patients were
considered enriched for genetic risk factors (Table 2). Finally, 478
controls >60 years of age were selected from the ‘HEALTHY EX-
OMES’, HEX database, a publicly available database, which collects
exome sequencing data from elderly, neuropathologically assessed
controls (https://www.alzforum.org/exomes/hex) (Guerreiro et al.,
2018).

2.2. Exome sequencing

We performed whole exome sequencing (WES) on a cohort
of 180 independent familial and early-onset sporadic ¢SVD and
CADASIL-like cases. DNA was extracted from blood using standard
protocols. Library preparation for next generation sequencing used
50 ng DNA. Exome libraries were prepared using Nextera Rapid
Capture Exome Illumina) or SureSelect Exome Capture Kit v4 (Ag-
ilent). WES libraries were sequenced using paired-end reads of 75
or 100bp on either Illumina’s NextSeq550, HiSeq2500 or HiSeq
4000.

2.2.1. Bioinformatics

For samples from the USA, reads were aligned using BWA-MEM
v0.7.15 (Li, 2013) to the reference GRCh37 (hs37d5.fa), separate
read groups were assigned for all reads from 1 lane, and duplicates
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Table 1
Clinical, Neuroradiological and Neuropathological Features of CADASIL and RVCL-S

Feature CADASIL RVCL-S References

Genetics NOTCH3 TREX1

Pathogenic mechanism Impaired vascular smooth muscle cell Vascular endothelial dysfunction

relaxation

Age at onset Adult onset: 35 to 40 years
Death usually in sixth decade
Clinic Central Nervous System

Recurrent subcortical lacunar strokes
Progressive subcortical dementia (6% of
patients)

Migraine (40% of patients)

Seizures (2%-10% of patients)
Pseudobulbar palsy

Gait abnormalities

Eyes

- Acute vision loss due to optic nerve
infarction (rare)

- Nonarteritic anterior ischemic optic
neuropathy (NAION)

Neuroimaging (MRI/CT) MRI (T2-Flair): lacunar infarcts and diffuse
leukoencephalopathy with involvement of
corona

radiata, external capsules, and anterior

temporal poles and cerebral microbleeds

Neuropathology Vessels: degeneration of vascular smooth
muscle cells and pericytes as well as the
presence of granular osmiophilic material
(GOM) within vessels.

Central nervous system: diffuse myelin

rarefaction, lacunes and cortical apoptosis.

Onset in adulthood
Death occurs 5 to 10 years after onset
Central Nervous System

Subcortical lacunar strokes
Progressive subcortical dementia
Migraine

Dysarthria

Seizures

Hemiparesis

Apraxia

Eyes

progressive decreased visual acuity
Retinal vasculopathy

Retinal exudates

Retinal hemorrhage

Macular cotton wool spots

CT: dominant frontal hypoattenuation with extensive
vasogenic edema

and several nonspecific calcifications

MRI:

ring-enhancing frontal mass lesion with associated
edema.,

Multiple small T2 hyperintense lesions in the
bilateral periventricular white matter.

Coalesced and partly necrotic lesions with
calcification occupying

the white matter of the left and right frontoparietal
lobes,

confluent foci of coagulation necrosis and focal
calcifications surrounded by reactive gliosis in the
white matter. In small vessels within the lesions,
fibrous expansion of the adventitia with relative
preservation of smooth muscle cells and thickening of
the intimal layer

https://www.omim.org/

https://www.omim.org/

https://[www.omim.org/

https://www.omim.org/

were masked using Samblaster v0.1.24 (Faust and Hall, 2014). Stan-
dard QC was performed using FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc). The variants were then called us-
ing GATK UnifiedGenotyper v3.7 (DePristo et al., 2011) and anno-
tated using Jannovar v0.24 (Jdger et al., 2014) using RefSeq v105
exons.

For non-USA samples, data processing followed GATK's Best
Practices v4 as implemented in the WARP pipeline “Exome
Germline Single Sample v3.0.0”. Samples were joint called us-
ing GATK’s GenotypeGVCFs with quality control procedures as de-
scribed in the tool's Best Practices v4. Variants were annotated
with snpEff v4.3t (http://snpeff.sourceforge.net/) and dbNSFP v4.0a
(http://database.liulab.science/dbNSFP).

2.3. APOE genotyping

APOE €2 allele has been reported to increase the suscep-
tibility for cerebral small vessel disease (Groot et al., 2018)
(Gesierich et al., 2016). Therefore, to exclude additional potential
cerebral small vessel disease risk factors such as an enrichment for
APOE ¢2 allele we performed APOE genotyping in our CADASIL-like
cohort.

APOE genotypes comprising the APOE €2, €3 and ¢4 alleles, were
assayed using LightCycler 480 Instrument II (Roche), as previously
described (Blumenau et al., 2020). Briefly, SNP-specific primers and
probes were designed by Thermo Fisher (TagMan genotyping as-

says). The polymorphisms distinguish the 2 allele from the €3 and
€4 alleles at amino acid position 158 (rs7412) and the &4 allele from
the €2 and &3 alleles at amino acid position 112 (rs429358). Taq-
Man real-time polymerase chain reaction assays (PCR) consisted in
10 ul of Tagman Universal PCR Master Mix (Thermo Fisher), 0.5
ul of assay, 8.5 ul of water and 1ul of DNA at 20ng/ul. The 20 ul
total volume reaction was loaded in 96-well plates and PCR was
performed in a LightCycler 480 Instrument II (Roche), using a cy-
cling program of: 95°C for 10 min; 40 cycles of 95°C for 15 sec and
60°C for 1 min. Each sample was run in duplicates. Twelve negative
controls (water) were included in each plate and were consistently
called correctly.

2.4. Statistical analysis and methods to prevent bias

The study had at least 80% power for the detection of com-
mon variants, MAF >5%, with strong protective (OR <0.6) or risk
effect (OR >2), with a significance value of two-sided o= 0.05, as
previously described (Messerschmidt et al.,, 2021, p. 1). Low fre-
quency and rare variants were defined as having a 1%<MAF<5%
and MAF<1%, respectively, either in cases or controls. Minor al-
lele frequency was based either on HEX database for elderly con-
trols >70 years of age or EXAC database version 0.3.1 (http://exac.
broadinstitute.org/).

All methods were performed in accordance with the relevant
guidelines and regulations.
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Table 2

cSVD and CADASIL-like Exome Sequencing Cohort.

N Cases With Hy-
percholesterolemia

(

N Cases With Heart
Comorbidities (MI,

Hypertension Diabetes (%) N cases With
Migraine (%)
AF) (%)

N Cases With

M:F

AAO (SD)

Disease

Country of
Origin

Family History (%)

%)

11 (11.4)
1(3)

NA

29 (30.2)
NA

58 (60.4)
NA

43 (44.7)
9 (26.5)

0.82
0.36

51.5 (8.1)

cSVD

96
34

us

9 (26.5)

445 (12.3)

CADASIL-
like

Portugal

10 (30.3) 17 (51.5)

4(12.1) 9 (27.3)

22 (66.6)

16 (48.5)

0.84

60.4 (11.9)

CADASIL-
like

33

Finland
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7 (47)

NA

NA NA NA

7 (46.6)

0.63

CADASIL-
like

15

Serbia

1(50)

NA

1 (50) NA NA NA

1.0

NA

CADASIL-
like

Turkey

22 (12.2) 36 (20)

33 (18.3) 18 (10)

80 (44.4)

76 (42.2)

0.71

52 (10.9)

180

Total or

(96+ 84)
Key: AAO, age at onset; AF, atrial fibrillation; CSVD, cerebral small vessel disease; F, female; M, male; MI, myocardial infarction; SD, standard deviation.

average

3. Results

We performed exome sequencing in a large multi-ethnic cohort
of 180 early-onset apparently sporadic CADASIL-like Caucasian pa-
tients from USA, Portugal, Finland, Serbia and Turkey.

None of the patients carried any pathogenic mutations in
NOTCH3 clustering in epidermal growth factor like repeat domains,
mapping to exons 3 and 4 or consisting in the gain or loss of cys-
teines.

We hypothesized that part of the genetic causative factors lead-
ing to CADASIL-like syndrome could be explained by genetic vari-
ability of protein coding regions and splicing sites in TREX1.

We screened TREX1 in our cohort and identified 2 very rare
coding variants: a loss of function variant (p.Ala129fs) located
in the catalytic domain of the protein, in an apparently spo-
radic 46-year-old patient from the USA, and a missense variant
(p.Tyr305Cys) in the well-conserved C-terminal region of the pro-
tein, in a 57-year-old patient with a positive family history from
Serbia (Table 3).

3.1. Patient A, TREX1 p.Ala129fs

This 46-year-old female patient from the USA presented a very
early-onset and apparently sporadic cerebral small vessel disease.
Besides being a former smoker, she had no cardiovascular risk fac-
tors and there was no positive family history for cardiovascular dis-
eases. She carried an heterozygous frameshift variant, p.Ala129fs,
resulting in a premature translational stop signal in the TREX1 gene
and mapping to the TREX1 well conserved catalytic domain (Fig. 1
A, B), harboring TREX1 p.Argl174Gly, recently reported in a patient
with CADASIL-like syndrom (Amico et al., 2022). This variant is ex-
pected to disrupt the last 176 amino acids of the TREX1 protein,
therefore likely affecting the C-terminal region, where the majority
of RVCL-S mutations have been reported. This variant is predicted
as pathogenic/likely pathogenic, like 22/24 (92%) of frameshift mu-
tations that have been reported in the literature in TREX1 (Fig. 2)
(https://simple-clinvar.broadinstitute.org/). In addition, this patient
carried the APOE ¢4 allele in heterozygosity that, as reported in
previous studies, may not critically influence the susceptibility to
cSVD (Groot et al., 2018) (Gesierich et al., 2016) (Table 3).

3.2. Patient B, TREX1 p.Tyr305Cys

This female patient displayed the first symptoms at a very
early-age, 57 years old, and originated from Serbia. She presented
hyperlipidemia, mild cognitive impairment, had a positive family
history and her mother had migraine. She was heterozygous for a
variant, p.Tyr305Cys, classified as variant of uncertain significance,
based on the American College of Medical Genetics and Genomics
(ACMG) criteria (Richards et al., 2015), located in the C-Terminal
domain of TREX1. This domain of the protein is known to har-
bor loss of function mutations causative for RVCL-S (Richards et al.,
2007). This variant is very rare (MAF 1.4e-04) and clusters in a very
well conserved domain among different species (Fig. 1C, Table 3).
Importantly, p.Tyr305Cys has already been described as causative
for CADASIL-like disease in 2 patients: a 53-year old Dutch pa-
tient who displayed presenile dementia, basal ganglia and pon-
tine lacunar infarcts and bilateral confluent white matter lesions
(Pelzer et al., 2013) and a 39-year old Finnish patient present-
ing migrane without aura, severe and pervasive cognitive impair-
ment, hypertensive retinopathy and severe amyloid angiopathy and
whose MRI scans displayed lacunar infarcts and several microhem-
orrhages (Monkdre et al., 2022).
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Fig. 1. (A) Pathogenic and likely pathogenic mutations detected in TREX1, based on Clinvar database (https://www.ncbi.nlm.nih.gov/clinvar). In blue, variants in the N-
terminal catalytic domain (1-242) containing the exonuclease activity. In red, variants in the C-terminal region (243-314) that facilitates the perinuclear localization of the
enzyme. In green, pathogenic variants associated to CADASIL-like phenotypes, * variants detected in our cohort. (B-C). TREX1 p.A129 and p.Y305 are within well conserved

domains across different species. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
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Fig. 2. Frameshift mutations detected in TREX1 with respective effect, reported in
ClinVar (https://simple-clinvar.broadinstitute.org). The vast majority (22/24 [92%])
of TREX1 frameshift mutations, irrespective of the protein domain, are pathogenic
or likely pathogenic.

Finally, TREX1 p.Tyr305Cys has been previously reported in pa-
tients with systemic lupus erythematosus (SLE) (Namjou et al.,
2011).

Therefore, although classified as variant of uncertain signifi-
cance, based on ClinVar database and on the previous literature,
we hypothesize that TREX1 p.Tyr305Cys may be pathogenic or
likely pathogenic.

Importantly, both Patient A and Patient B did not display se-
vere clinical and neuroradiological hallmark features of RVCL-S (or
SLE and AGS) such as retinal vasculopathy, Raynaud’s phenomenon,
and mild liver micronodular cirrhosis, cardiomyopathy and renal

insufficiency, and subcortical calcifications and tumor-like cerebral
lesions (DiFrancesco et al., 2015).

In addition, these 2 variants were not found in a cohort of
478 controls from the UK (https://www.alzforum.org/exomes/hex),
where we report 3 rare heterozygous missense and likely benign
mutations (p.Arg169His, p.Cys263Ser, p.Glu321Gly, Table 3).

Finally, these samples were collected before 2019, excluding
a possible COVID-19 infection as vascular risk factor for some
of these cases (Cruciani et al.,, 2021) (Rajendran et al., 2021)
(Trifan et al., 2020).

4. Discussion

In this study we tested the hypothesis that part of the genetic
susceptibility or inheritability of a large cohort of early-onset, un-
related CADASIL-like patients, not carrying any NOTCH3 pathologi-
cal mutations, may have been explained by protein coding genetic
variability in TREX]1.

We report 2 very rare variants in TREX1, p.Ala129fs and
p.Tyr305Cys in 2 apparently sporadic and familial cases from the
USA and Serbia, respectively. Importantly, both of these do not rep-
resent the canonical TREX1 mutations leading to RVCL-S. p.Ala129fs
locates in the conserved catalytic domain, harboring different loss
of function (LoF) mutations leading to Aicardi-Goutiéres-Syndrome
(AGS) or systemic lupus erythematosus (SLE). In line with our
findings, a recently described TREX1 variant, mapping to the cat-
alytic domain, p.Arg174Gly, has been reported in a patient with
a classical CADASIL-like phenotype (Amico et al., 2022). More-
over, it is plausible that p.Ala129fs may activate a nonsense medi-
ated decay, likely leading to TREX1 reduced function on endothe-
lial cells with subsequent increased susceptibility to small ves-
sel disease. p.Tyr305Cys maps to the C-Terminal domain of the
protein, where frameshift mutations are causative for RVCL-S and
has been already reported in a 2 early-onset CADASIL-like pa-
tients from Nederland and Finland displaying overlapping features
like progressive cognitive impairment to dementia, lacunar infarcts
confluent and mild to severe retinopathy (Pelzer et al, 2013)
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5 = (Monkadre et al., 2022) as well as distinctive signs such as migraine
% S g without aura, cerebral amyloid angiopathy and microhemorrhages
¥ |t £ ithout bral amyloid angiopathy and microh h
» > a onkdre et al., . The carrier in our cohort presented a pos-
Y i & Ménka I, 2022) . Th ier i h d
S 5| € g itive familial history for migraine however did not display severe
:: f: g itive familial history f igraine h did not displ
';’U 2|lee =2 s s = dementia or retinal vasculopathy, suggesting that the same TREX1
mutation may give rise to heterogeneous cardiovascular pheno-
_ i i i h di 1 h
oo e ¢ g & types, as already described for other TREX1 coding variants such
= S =} =] T . . . . .
ES| 2 F8E D - < p. V235fs, reported in a Mexican family with RVCL-S phenotypic
ST CESEZ z Z spectrum (Monroy-Jaramillo et al, 2018) and p.Argl114His, found
- in a CADASIL-like and SLE patient and reported in 6 controls
§ 3 @ s s s (Pelzer et al., 2013) (Lee-Kirsch et al., 2007) (Namjou et al., 2011).
Moreover, none of the carriers in our cohort presented se-
Q o o o vere clinical and neuroradiological hallmark features o -
' 2 2 g linical and diological hallmark fi f RVCL-S
5 = < B A AA (or SLE and AGS) such as retinopathy, Raynaud’s phenomenon,
2| 5 ) ) and mild liver micronodular cirrhosis, renal failure and cardiomy-
3 5 o © d mild li i dular cirrhosi 1 fail d cardi
< g g g - < < opathy, cerebral pseudotumoral lesions and subcortical calcifica-
S () () . . . . . .
g © = = z z A tions (DiFrancesco et al., 2015). This depicts TREX1 as a pleiotropic
@ gene, where the same mutation or different mutations in the
2 - . h h i diffe i in th
® |5 B o o o same domain lead to a spectrum of cardiovascular phenotypes,
Z o = A 5 5 5 further expanding TREX1 broad range of genotype-phenotype cor-
=g . relations (Table 4). This is in line with a well consolidated ge-
=g . lati (Table 4). This is in li ith 11 lidated
5 g o 2 S s ° netic paradigm and exemplified by several well conserved mono-
sleE |3 2y SE KERE genic Mendelian genes, such as CSFIR, SORL1 and TREM2, whose
5| = $] g = T O T OT O . . .
= - - - T rare coding pathogenic mutations have been reported to cause a
2l |E2. 2. Eu _E_E_ ) wide spectrum of dementing phenotypes (Sassi et al., 2018, p. 3)
=z g%g gg g%g gg %E 2 (Xiromerisiou et al., 2021) (Ibanez et al., 2018) (Carmona et al.,
S8 |2ES38  2EEl80S | 2018).
§ ; Importantly, although TREX1 is mostly expressed in endothe-
> < oy T g z lial cells (Sassi et al, 2018, p. 3) and TREX1 mutations have
“; % 3 g 2 g & g been linked to endothelial dysfunction leading to small ves-
U . = . . .
PRI N - - s - S sel disease and CADASIL to impaired smooth muscle cell re-
g e E E & laxation(de Boer et al, 2018), we hypothesize that endothe-
S g = N 5§z , 582 ; lial impairment may play a pathophysiological role and influ-
£l % £ % =g £z é sE28 % S ence also smooth muscle cells. In addition, there is evidence for
(9] — - b . . . .
= 5% 22 £ Sa2t2gs88 endothelial dysfunction in the microvasculature of CADASIL pa-
5|E8|5% 25 SESEREELEEy tients (Stenborg et al., 2007). It is therefore plausible that TREX1
g|°v|=" =7 CESSEIEN g p.Ala129fs and p.Tyr305Cys through direct endothelial damage or,
S a . . ’
§ @ 5 > 3 alternatively, through a endothelial-dependent smooth muscle cell
% @ & § § § g degeneration, may cause a CADASIL-like phenotype.
s °§ § b 2 g g Importantly, this is the first study investigating the role of
Sle |2 > I 2 2 5 TREX1 mutations in a large multi-ethnic cohort of unrelated
E ®) < o o § CADASIL-like patients, who did not carry causative mutations in
o 3 g% A S 2 = NOTCH3. Previous literature investigated the role of TREX1 in multi-
s é S 3 g [FE £ generational families or small groups of related patients from Asia
S |3 J J o SRS ] (Taiwan, China, Japan), Europe (Italy, Nederland, Germany, Switzer-
= =)
S ° ° o o g land), USA (St. Louis, Los Angeles) and Mexico (Soong et al., 2013)
2le é é ; E e (Xie et al, 2021) (Saito et al, 2019) (DiFrancesco et al. 2015}
A o é é é E = (Pelzer et al., 2013) (Hedderich et al., 2020) (Dhamija et al., 2015)
= . : (Monroy-Jaramillo et al., 2018). Our study expands the clinical en-
5 § § = g 5 *E dophenotypes associated tp TREX1 coding_ mutations and the ge-
2 g g s I 3 S netic spectrum at the basis of CADASIL-like phenotype and war-
LD.J § § E g § <] rants additional studies in larger cohorts. Finally, considering the
= % > 2 > = 2 % likely endothelial-smooth muscle cell microvascular pathophysio-
E o logical link between RVCL-S and CADASIL, and the striking clinical
= o % 0 N g and neuroradiological variability of NOTCH3 pathogenic mutations
lq.z - % g Sé g g 5 (Opherk et al., 2006), it may be worth investigating the role of
E ;§ g g g g g & TREX1 variants as potential genetic modifiers in CADASIL patients.
ale | & é @ o ]
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Table 4
Phenotypic Spectrum Caused by TREX1 Mutations.
Feature AGS SLE RVCL CADASIL-Like References
Inheritability AR, AD AD AD
Genetics TREX1 TREX1 TREX1 TREX1 https://www.
homozygous, compound heterozygous mutations heterozygous C-terminal heterozygous mutations omim.org/
heterozygous, or heterozygous frameshift mutations
mutations
Pathogenic Impaired TREX1 exonuclease Impaired TREX1 Impaired TREX1 Impaired TREX1 https://www.
mechanism activity with accumulation of exonuclease activity with exonuclease activity with exonuclease or catalytic omim.org/

Age at onset

intracellular DNA repair and
replication intermediates, which
then trigger an inappropriate

viral-like innate immune response.

Onset within first year of life

accumulation of
intracellular DNA repair
and replication
intermediates, which then
trigger an inappropriate
viral-like innate immune
response.

Onset between ages 16-55,

accumulation of
intracellular DNA repair
and replication
intermediates, endothelial
dysfunction

Onset in adulthood

Neurologic

Lacunar strokes;
Progressive subcortical

activity with accumulation
of intracellular DNA repair
and replication
intermediates, endothelial
dysfunction, likely indirect
impairment of smooth
muscle cells

Onset in adulthood

Neurologic

Lacunar strokes;
Progressive subcortical

https://www.
omim.org/
https://www.
omim.org/

Clinic Neurologic Neurologic
Encephalopathy Seizures
Developmental retardation, Psychosis
profound . Systemic manifestations
Truncal hypotonia
Tetraplegic spasticity Erythematous malar rash
Dystonia Photosensitivity
Abnormal eye movements iscoid rash, - Leukopenia
Seizures Thrombocytopenia

. . . Hemolytic anemia

Systemic manifestations
Microcephaly, progressive,
Hepatomegaly, Splenomegaly,
Chilblains, Purpura, Petechiae,
Thrombocytopenia

Neuroimaging  Progressive cerebral atrophy

(MRI/CT) bilateral, symmetric intracerebral

calcifications, especially in the
basal ganglia and periventricular
areas, deep white matter
hypodensities,
Leukoencephalopathy

dementia (executive dementia (executive

function, function,

processing speed); processing speed);
Migraine; Migraine;

Dysarthria; Seizures; Dysarthria; Seizures;
Hemiparesis; Hemiparesis; Apraxia
Apraxia

Systemic manifestations

Retinopathy
Renal failure
Hepatic failure

MRI: lacunar subcortical
strokes, confluent
periventricular white
matter hyperintensities

MRI: mass lesion with
calcifications and
associated edema

https://www.
omim.org/

Key: AD, autosomal dominant; AGS, Aicardi-Goutieres Syndrome; AR, autosomal recessive; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy; CT, computer tomography; MRI, magneto-resonance imaging; RVCL-S, retinal vasculopathy with cerebral leukodystrophy and systemic manifestations;

SLE, systemic lupus erythematosus.

Author contributions

CS, MIF, S.B, RG generated the data. CS, R.G, ].B, KP, K. W,
LA, M.CM, ASM, AGY, GS, LS, S.M, LK, ]S, MP, LM, AP, VK,
V.D, EL, HH, M.S, G.G, B.B collected the data. C.S, R.G drafted the
manuscript. C.S, R.G, ].B, K.P, K. W, LA, M.CM, AS.M, A.G.V, GS, LS,
S.M, LK J.S, M.P, LM, AP, VK, V.D, EL, HH, M.S, G.G, B.B,D.B, M.H,
M.F, U.D revised and approved the draft of the manuscript

Data availability

All data generated or analyzed during this study are included
in this published article and are publicly available at the ClinVar
repository (https://www.ncbi.nlm.nih.gov/clinvar/), accession num-
bers are SCV002571716 - SCV002571720.

Acknowledgements

This study was supported by NINDS Repository, NeuroCure,
Deutsches Zentrum fiir Neurodegenerative Erkrankungen (DZNE),
Alexander von Humboldt Fellowship (to Celeste Sassi). DNA sam-
ples from the NINDS Repository were used in this study, as well as
clinical data. NeuroCure, Deutsches Zentrum fiir Neurodegenerative
Erkrankungen (DZNE), Alexander von Humboldt Fellowship (to Ce-
leste Sassi).

References

Abraham, H.M.A., Wolfson, L., Moscufo, N., Guttmann, CR.G., Kaplan, RE,
White, W.B., 2016. Cardiovascular risk factors and small vessel disease of the
brain: Blood pressure, white matter lesions, and functional decline in older per-
sons. ] Cereb Blood Flow Metab. 36, 132-142. doi:10.1038/jcbfm.2015.121.

Amico, G., Hemphill, W.0., Severino, M., Moratti, C., Pascarella, R., Bertamino, M.,
Napoli, F, Volpi, S., Rosamilia, F, Signa, S., Perrino, F, Zedde, M., Ceccherini, 1.On
Behalf Of The Gaslini Stroke Study Group, null, 2022. Genotype-phenotype cor-
relation and functional insights for Two Monoallelic TREX1 missense variants
affecting the catalytic core. Genes (Basel). 13, 1179. doi:10.3390/genes13071179.

Blumenau, S., Foddis, M., Miiller, S., Holtgrewe, M., Bentele, K., Berchtold, D.,
Beule, D., Dirnagl, U., Sassi, C., 2020. Investigating APOE, APP-A8 metabolism
genes and Alzheimer’s disease GWAS hits in brain small vessel ischemic dis-
ease. Sci Rep. 10, 7103. doi:10.1038/s41598-020-63183-5.

Brennan-Krohn, T., Salloway, S., Correia, S., Dong, M., de la Monte, S.M., 2010. Glial
Vascular Degeneration in CADASIL. ] Alzheimers Dis. 21, 1393-1402.

Carmona, S., Zahs, K., Wu, E., Dakin, K., Bras, ]J., Guerreiro, R., 2018. The role of
TREM2 in Alzheimer's disease and other neurodegenerative disorders. Lancet
Neurol. 17, 721-730. doi:10.1016/S1474-4422(18)30232-1.

Cruciani, A., Pilato, F, Rossi, M., Motolese, F., Di Lazzaro, V., Capone, F, 2021. Is-
chemic Stroke in a Patient with Stable CADASIL during COVID-19: A Case Re-
port. Brain Sci. 11, 1615. doi:10.3390/brainsci11121615.

de Boer, 1., Stam, A.H., Buntinx, L., Zielman, R., van der Steen, I, van den Maagden-
berg, A.M.J.M., de Koning, E.J.P.,, Ferrari, M.D., de Hoon, J.N., Terwindt, G.M., 2018.
RVCL-S and CADASIL display distinct impaired vascular function. Neurology. 91,
€956-e963. doi:10.1212/WNL.0000000000006119.

DePristo, M.A., Banks, E., Poplin, R., Garimella, K.V., Maguire, J.R., Hartl, C., Philip-
pakis, A.A., del Angel, G., Rivas, M.A., Hanna, M., McKenna, A., Fennell, T].,
Kernytsky, A.M., Sivachenko, A.. Cibulskis, K., Gabriel, S.B., Altshuler, D.,
Daly, M., 2011. A framework for variation discovery and genotyping using next-
generation DNA sequencing data. Nat Genet. 43, 491-498. doi:10.1038/ng.806.

Please cite this article as: M. Foddis, S. Blumenau, M. Holtgrewe et al.,, TREX1 p.A129fs and p.Y305C variants in a large multi-ethnic
cohort of CADASIL-like unrelated patients, Neurobiology of Aging, https://doi.org/10.1016/j.neurobiolaging.2022.11.013



https://www.omim.org/
https://www.omim.org/
https://www.omim.org/
https://www.omim.org/
https://www.omim.org/
https://www.ncbi.nlm.nih.gov/clinvar/
https://doi.org/10.1038/jcbfm.2015.121
https://doi.org/10.3390/genes13071179
https://doi.org/10.1038/s41598-020-63183-5
http://refhub.elsevier.com/S0197-4580(22)00243-3/sbref0004
https://doi.org/10.1016/S1474-4422(18)30232-1
https://doi.org/10.3390/brainsci11121615
https://doi.org/10.1212/WNL.0000000000006119
https://doi.org/10.1038/ng.806
https://doi.org/10.1016/j.neurobiolaging.2022.11.013

JID: NBA

[mNS;December 30, 2022;0:52]

8 M. Foddis, S. Blumenau, M. Holtgrewe et al./Neurobiology of Aging xxx (XXxx) xxXx

Dhamija, R, Schiff, D., Lopes, M.B.S,, Jen, ].C., Lin, D.D., Worrall, B.B., 2015. Evolution
of brain lesions in a patient with TREX1 cerebroretinal vasculopathy. Neurology.
85, 1633-1634. doi:10.1212/WNL.0000000000002092.

DiFrancesco, J.C,, Novara, F, Zuffardi, O., Forlino, A., Gioia, R., Cossu, F,, Bolognesi, M.,
Andreoni, S., Saracchi, E., Frigeni, B., Stellato, T, Tolnay, M., Winkler, D.T.,
Remida, P, Isimbaldi, G., Ferrarese, C., 2015. TREX1 C-terminal frameshift mu-
tations in the systemic variant of retinal vasculopathy with cerebral leukodys-
trophy. Neurol Sci. 36, 323-330. doi:10.1007/s10072-014-1944-9.

Faust, G.G., Hall, .M., 2014. SAMBLASTER: fast duplicate marking and structural vari-
ant read extraction. Bioinformatics. 30, 2503-2505. doi:10.1093/bioinformatics/
btu314.

Gesierich, B., Opherk, C., Rosand, J., Gonik, M., Malik, R., Jouvent, E., Hervé, D.,
Adib-Samii, P, Bevan, S., Pianese, L., Silvestri, S., Dotti, M.T.,, De Stefano, N.,
van der Grond, J., Boon, E.M.J., Pescini, F, Rost, N., Pantoni, L., Oberstein, S.A.L.,
Federico, A., Ragno, M., Markus, H.S., Tournier-Lasserve, E., Chabriat, H., Dich-
gans, M., Duering, M., Ewers, M., 2016. APOE 2 is associated with white mat-
ter hyperintensity volume in CADASIL. ] Cereb Blood Flow Metab. 36, 199-203.
doi:10.1038/jchfm.2015.85.

Groot, C., Sudre, C.H., Barkhof, F, Teunissen, C.E., van Berckel, B.N.M., Seo, S.W.,
Ourselin, S., Scheltens, P., Cardoso, MJ., van der Flier, W.M., Ossenkoppele, R.,
2018. Clinical phenotype, atrophy, and small vessel disease in APOEe2 car-
riers with Alzheimer disease. Neurology. 91, e1851-e1859. doi:10.1212/WNL.
0000000000006503.

Guerreiro, R., Sassi, C., Gibbs, J., Edsall, C., Hernandez, D., Brown, K., Lupton, M.,
Parkinnen, L., Ansorge, O., Hodges, A., Ryten, M., Tienari, P.,, Deerlin, V.V., Tro-
janowski, J., Morgan, K., Powell, J., Singleton, A., Hardy, J., Bras, J., 2018. A com-
prehensive assessment of benign genetic variability for neurodegenerative dis-
orders. bioRxiv. 270686. doi:10.1101/270686.

Hedderich, D.M., Lummel, N., Deschauer, M., Kiimpfel, T., Schuh, E., Patzig, M., Zim-
mer, C., Huber, T., 2020. Magnetic resonance imaging characteristics of retinal
vasculopathy with cerebral leukoencephalopathy and systemic manifestations.
Clin Neuroradiol. 30, 229-236. doi:10.1007/s00062-018-0755-4.

Ibanez, L., Dube, U, Davis, A.A., Fernandez, M.V. Budde, ]., Cooper, B., Diez-
Fairen, M., Ortega-Cubero, S., Pastor, P, Perlmutter, J.S., Cruchaga, C., Ben-
itez, B.A., 2018. Pleiotropic effects of variants in dementia genes in parkinson
disease. Front Neurosci. 12, 230. doi:10.3389/fnins.2018.00230.

Jager, M., Wang, K., Bauer, S., Smedley, D., Krawitz, P,, Robinson, P.N., 2014. Janno-
var: a java library for exome annotation. Hum Mutat. 35, 548-555. doi:10.1002/
humu.22531.

Lee-Kirsch, M.A., Gong, M., Chowdhury, D., Senenko, L., Engel, K, Lee, Y.-A,, de
Silva, U,, Bailey, S.L., Witte, T., Vyse, TJ., Kere, ]., Pfeiffer, C., Harvey, S., Wong, A.,
Koskenmies, S., Hummel, O., Rohde, K., Schmidt, R.E., Dominiczak, A.F.,, Gahr, M.,
Hollis, T., Perrino, EW., Lieberman, J., Hiibner, N., 2007. Mutations in the gene
encoding the 3’-5" DNA exonuclease TREX1 are associated with systemic lupus
erythematosus. Nat Genet. 39, 1065-1067. doi:10.1038/ng2091.

Lesnik Oberstein, S.A., van den Boom, R., van Buchem, M.A., van Houwelingen, H.C.,
Bakker, E., Vollebregt, E., Ferrari, M.D., Breuning, M.H., Haan, J.Dutch CADASIL
Research Group, 2001. Cerebral microbleeds in CADASIL. Neurology. 57, 1066-
1070. doi:10.1212/wnl.57.6.1066.

Lewandowska, E., Szpak, G.M., Wierzba-Bobrowicz, T., Modzelewska, ]., Stepief, T.,
Pasennik, E., Schmidt-Sidor, B., Rafatowska, J., 2010. Capillary vessel wall in
CADASIL angiopathy. Folia Neuropathol. 48, 104-115.

Li, H., 2013. Aligning sequence reads, clone sequences and assembly contigs with
BWA-MEM.

Macaron, G., Khoury, ], Hajj-Ali, R.A.,, Prayson, R.A. Srivastava, S., Ehlers, J.P,
Mamsa, H., Liszewski, M.K,, Jen, ].C., Bermel, R.A., Ontaneda, D., 2021. Novel
de novo TREX1 mutation in a patient with retinal vasculopathy with cerebral
leukoencephalopathy and systemic manifestations mimicking demyelinating
disease. Mult Scler Relat Disord. 52, 103015. doi:10.1016/j.msard.2021.103015.

Messerschmidt, C., Foddis, M., Blumenau, S., Miiller, S., Bentele, K., Holtgrewe, M.,
Kun-Rodrigues, C., Alonso, I, do Carmo Macario, M. Morgadinho, A.S.,
Velon, A.G., Santo, G., Santana, I, Monkadre, S., Kuuluvainen, L., Schleutker, ]J.,
Poyhonen, M., Myllykangas, L., Senatore, A., Berchtold, D., Winek, K., Meisel, A.,
Pavlovic, A., Kostic, V., Dobricic, V., Lohmann, E., Hanagasi, H., Guven, G., Bil-
gic, B., Bras, J., Guerreiro, R., Beule, D., Dirnagl, U., Sassi, C., 2021. PHACTR1
genetic variability is not critical in small vessel ischemic disease patients
and PcomA recruitment in C57BL/6] mice. Sci Rep. 11, 6072. doi:10.1038/
s41598-021-84919-x.

Ménkadre, S., Kuuluvainen, L., Schleutker, J., Bras, J., Roine, S., Péyhonen, M., Guer-
reiro, R., Myllykangas, L., 2022. Genetic analysis reveals novel variants for vas-
cular cognitive impairment. Acta Neurol Scand doi:10.1111/ane.13613.

Monroy-Jaramillo, N., Cerén, A., Leén, E. Rivas, V., Ochoa-Morales, A., Arteaga-
Alcaraz, M.G., Nocedal-Rustrian, FE.C., Gallegos, C., Alonso-Vilatela, M.E.,
Corona, T., Flores, J., 2018. Phenotypic Variability in a Mexican Mestizo Family
with Retinal Vasculopathy with Cerebral Leukodystrophy and TREX1 Mutation
p.V235Gfs*6. Rev Invest Clin. 70, 68-75. doi:10.24875/RIC.18002492.

Namjou, B., Kothari, P.H., Kelly, J.A,, Glenn, S.B., Ojwang, J.O., Adler, A., Alarcén-
Riquelme, M.E., Gallant, CJ., Boackle, S.A., Criswell, L.A., Kimberly, R.P., Brown, E.,
Edberg, ], Stevens, A.M., Jacob, C.O., Tsao, B.P, Gilkeson, G.S., Kamen, D.L, Mer-
rill, J.T,, Petri, M., Goldman, RR,, Vila, L.M., Anaya, J.-M., Niewold, T.B., Martin, ]J.,
Pons-Estel, B.A., Sabio, J.M., Callejas, ].L., Vyse, TJ., Bae, S.-C., Perrino, EW., Freed-
man, B.I, Scofield, R.H., Moser, K.L., Gaffney, PM., James, J.A., Langefeld, C.D.,
Kaufman, K.M., Harley, J.B., Atkinson, ].P., 2011. Evaluation of the TREX1 gene in
a large multi-ancestral lupus cohort. Genes Immun. 12, 270-279. doi:10.1038/
gene.2010.73.

Okada, T., Washida, K., Irie, K., Saito, S., Noguchi, M., Tomita, T., Koga, M., Toyoda, K.,
Okazaki, S., Koizumi, T., Mizuta, I., Mizuno, T., lhara, M., 2020. Prevalence and
Atypical Clinical Characteristics of NOTCH3 mutations among patients admitted
for acute lacunar infarctions. Front Aging Neurosci. 12, 130. doi:10.3389/fnagi.
2020.00130.

Opherk, C., Peters, N., Holtmannspétter, M., Gschwendtner, A., Miiller-Myhsok, B.,
Dichgans, M., 2006. Heritability of MRI lesion volume in CADASIL: evidence for
genetic modifiers. Stroke. 37, 2684-2689. doi:10.1161/01.STR.0000245084.35575.
66.

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

Pantoni, L., Pescini, F, Nannucci, S., Sarti, C, Bianchi, S., Dotti, M.T., Fed-
erico, A., Inzitari, D., 2010. Comparison of clinical, familial, and MRI features
of CADASIL and NOTCH3-negative patients. Neurology. 74, 57-63. doi:10.1212/
WNL.0b013e3181c7da7c.

Pelzer, N., de Vries, B., Boon, EM,]., Kruit, M.C,, Haan, J., Ferrari, M.D., van den
Maagdenberg, A.MJ.M., Terwindt, G.M., 2013. Heterozygous TREX1 mutations
in early-onset cerebrovascular disease. J Neurol. 260, 2188-2190. doi:10.1007/
s00415-013-7050-8.

Rajendran, I, Natarajan, M.D., Narwani, P, Alzouabi, O., Kawafi, K., Khanna, N., 2021.
A case of cerebral autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy (CADASIL) presenting as post-infectious manifestation
of SARS-CoV-2 infection. BJR Case Rep. 7, 20210020. doi:10.1259/bjrcr.20210020.

Raynowska, ]., Miskin, D.P,, Pramanik, B., Asiry, S., Anderson, T., Boockvar, ]., Na-
jiar, S., Harel, A., 2018. Retinal vasculopathy with cerebral leukoencephalopa-
thy (RVCL): A rare mimic of tumefactive MS. Neurology. 91, el423-e1428.
doi:10.1212/WNL.0000000000006329.

Razvi, S.5S.M., Davidson, R., Bone, 1., Muir, KW., 2005. The prevalence of cerebral au-
tosomal dominant arteriopathy with subcortical infarcts and leucoencephalopa-
thy (CADASIL) in the west of Scotland. ] Neurol Neurosurg Psychiatry. 76, 739-
741. doi:10.1136/jnnp.2004.051847.

Richards, A., van den Maagdenberg, A.M.J.M.,, Jen, J.C., Kavanagh, D., Bertram, P,
Spitzer, D., Liszewski, M.K.,, Barilla-Labarca, M.-L., Terwindt, G.M., Kasai, Y.,
McLellan, M., Grand, M.G., Vanmolkot, K.R]., de Vries, B., Wan, J., Kane, MJ].,
Mamsa, H., Schifer, R, Stam, AH., Haan, ], de Jong, PT.V.M, Stori-
mans, CW.,, van Schooneveld, M.J., Oosterhuis, J.A., Gschwendter, A., Dich-
gans, M., Kotschet, K.E., Hodgkinson, S., Hardy, T.A., Delatycki, M.B., Hajj-Ali, R.A.,
Kothari, P.H., Nelson, S.F,, Frants, R.R., Baloh, RW., Ferrari, M.D., Atkinson, ].P.,
2007. C-terminal truncations in human 3’-5' DNA exonuclease TREX1 cause
autosomal dominant retinal vasculopathy with cerebral leukodystrophy. Nat
Genet. 39, 1068-1070. doi:10.1038/ng2082.

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, ], Grody, W.W.,
Hegde, M., Lyon, E., Spector, E., Voelkerding, K., Rehm, H.LACMG Laboratory
Quality Assurance Committee, 2015. Standards and guidelines for the interpreta-
tion of sequence variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the Association for Molecular
Pathology. Genet Med. 17, 405-424. doi:10.1038/gim.2015.30.

Saito, R., Nozaki, H., Kato, T, Toyoshima, Y., Tanaka, H., Tsubata, Y., Morioka, T.,
Horikawa, Y., Oyanagi, K., Morita, T., Onodera, O., Kakita, A., 2019. Retinal Vascu-
lopathy With Cerebral Leukodystrophy: Clinicopathologic Features of an Autop-
sied Patient With a Heterozygous TREX 1 Mutation. J Neuropathol Exp Neurol.
78, 181-186. doi:10.1093/jnen/nly115.

Sassi, C., Nalls, M.A., Ridge, P.G., Gibbs, J.R., Lupton, M.K., Troakes, C., Lunnon, K.,
Al-Sarraj, S., Brown, KS. Medway, C., Lord, ], Turton, ], Bras, J., Consor-
tium, ARUK, Blumenau, S., Thielke, M., Josties, C., Freyer, D., Dietrich, A., Ham-
mer, M., Baier, M., Dirnagl, U., Morgan, K., Powell, ].F,, Kauwe, ].S., Cruchaga, C.,
Goate, A.M., Singleton, A.B., Guerreiro, R., Hodges, A., Hardy, J., 2018. Mendelian
adult-onset leukodystrophy genes in Alzheimer’s disease: critical influence
of CSFIR and NOTCH3. Neurobiol Aging. 66, 179.e17-179.e29. doi:10.1016/j.
neurobiolaging.2018.01.015.

Schoemaker, D., Quiroz, Y.T., Torrico-Teave, H., Arboleda-Velasquez, J.F.,, 2019. Clin-
ical and research applications of magnetic resonance imaging in the study of
CADASIL. Neurosci Lett. 698, 173-179. doi:10.1016/j.neulet.2019.01.014.

Soong, B.-W.,, Liao, Y.-C,, Tu, P-H,, Tsai, P.-C., Lee, L.-H., Chung, C.-P, Lee, Y.-C., 2013.
A homozygous NOTCH3 mutation p.R544C and a heterozygous TREX1 variant
p.C99MfsX3 in a family with hereditary small vessel disease of the brain. ] Chin
Med Assoc. 76, 319-324. doi:10.1016/j.jcma.2013.03.002.

Stenborg, A., Kalimo, H., Viitanen, M., Terent, A., Lind, L., 2007. Impaired endothelial
function of forearm resistance arteries in CADASIL patients. Stroke. 38, 2692-
2697. doi:10.1161/STROKEAHA.107.490029.

Trifan, G., Hillmann, M., Testai, FD., 2020. Acute stroke as the presenting symptom
of SARS-CoV-2 infection in a young patient with cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy. ] Stroke Cere-
brovasc Dis. 29, 105167. doi:10.1016/j.jstrokecerebrovasdis.2020.105167.

Xie, N., Sun, Q., Yang, J., Zhou, Yangjie, Xu, H., Zhou, L., Zhou, Yafang, 2021. High clin-
ical heterogeneity in a Chinese pedigree of retinal vasculopathy with cerebral
leukoencephalopathy and systemic manifestations (RVCL-S). Orphanet ] Rare
Dis. 16, 56. doi:10.1186/s13023-021-01712-9.

Xiromerisiou, G., Bourinaris, T., Houlden, H., Lewis, P.A., Senkevich, K., Hammer, M.,
Federoff, M., Khan, A., Spanaki, C., Hadjigeorgiou, G.M., Bonstanjopoulou, S., Fi-
dani, L., Ermolaev, A., Gan-Or, Z., Singleton, A., Vandrovcova, J., Hardy, J., 2021.
SORL1 mutation in a Greek family with Parkinson’s disease and dementia. Ann
Clin Transl Neurol. 8, 1961-1969. doi:10.1002/acn3.51433.

Please cite this article as: M. Foddis, S. Blumenau, M. Holtgrewe et al.,, TREX1 p.A129fs and p.Y305C variants in a large multi-ethnic
cohort of CADASIL-like unrelated patients, Neurobiology of Aging, https://doi.org/10.1016/j.neurobiolaging.2022.11.013



https://doi.org/10.1212/WNL.0000000000002092
https://doi.org/10.1007/s10072-014-1944-9
https://doi.org/10.1093/bioinformatics/btu314
https://doi.org/10.1038/jcbfm.2015.85
https://doi.org/10.1212/WNL.0000000000006503
https://doi.org/10.1101/270686
https://doi.org/10.1007/s00062-018-0755-4
https://doi.org/10.3389/fnins.2018.00230
https://doi.org/10.1002/humu.22531
https://doi.org/10.1038/ng2091
https://doi.org/10.1212/wnl.57.6.1066
http://refhub.elsevier.com/S0197-4580(22)00243-3/sbref0020
http://refhub.elsevier.com/S0197-4580(22)00243-3/sbref0021
https://doi.org/10.1016/j.msard.2021.103015
https://doi.org/10.1038/s41598-021-84919-x
https://doi.org/10.1111/ane.13613
https://doi.org/10.24875/RIC.18002492
https://doi.org/10.1038/gene.2010.73
https://doi.org/10.3389/fnagi.2020.00130
https://doi.org/10.1161/01.STR.0000245084.35575.66
https://doi.org/10.1016/S1474-4422(10)70104-6
https://doi.org/10.1212/WNL.0b013e3181c7da7c
https://doi.org/10.1007/s00415-013-7050-8
https://doi.org/10.1259/bjrcr.20210020
https://doi.org/10.1212/WNL.0000000000006329
https://doi.org/10.1136/jnnp.2004.051847
https://doi.org/10.1038/ng2082
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1093/jnen/nly115
https://doi.org/10.1016/j.neurobiolaging.2018.01.015
https://doi.org/10.1016/j.neulet.2019.01.014
https://doi.org/10.1016/j.jcma.2013.03.002
https://doi.org/10.1161/STROKEAHA.107.490029
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105167
https://doi.org/10.1186/s13023-021-01712-9
https://doi.org/10.1002/acn3.51433
https://doi.org/10.1016/j.neurobiolaging.2022.11.013

	TREX1 p.A129fs and p.Y305C variants in a large multi-ethnic cohort of CADASIL-like unrelated patients
	1 Introduction
	2 Materials and methods
	2.1 Patient cohort
	2.2 Exome sequencing
	2.2.1 Bioinformatics

	2.3 APOE genotyping
	2.4 Statistical analysis and methods to prevent bias

	3 Results
	3.1 Patient A, TREX1 p.Ala129fs
	3.2 Patient B, TREX1 p.Tyr305Cys

	4 Discussion
	Disclosure statement
	Author contributions
	Data availability
	Acknowledgements
	References


