Considerations on a mutation in the NOTCH3 gene
sparing a cysteine residue: a rare polymorphism
rather than a CADASIL variant

Anna Bersano, MD, PhD=**
Michela Ranieri, MD¢
Andrea Ciammola, MD*
Claudia Cinnante, MD®
Silvia Lanfranconi, MD®
Maria Teresa Dotti, MD'
Livia Candelise, MD¢
Cinzia Baschirotto, MD®
Isabella Ghione, MD=*
Elena Ballabio, MD*
Nereo Bresolin, MD**
Maria Teresa Bassi, PhD¢

2 Emergency Unit, C. Mondino National Institute of
Neurology Foundation, IRCCS, Pavia, Italy

® Cerebrovascular Unit, Foundation of the Carlo Besta
Neurological Institute, IRCCS, Milan, ltaly

¢ Department of Neurological Sciences, Dino Ferrari
Center, University of Milan, IRCCS Ospedale Maggiore
Policlinico Mangiagalli and Regina Elena Foundation,
Milan, Italy

¢ Department of Neurology, IRCCS Istituto Auxologico
Italiano, Milan, Italy

¢ Neuroradiological Service, IRCCS Ospedale
Maggiore Policlinico Mangiagalli and Regina Elena
Foundation, Milan, Italy

" Department of Neurological, Neurosurgical and
Behavioral Sciences, University of Siena, Italy

¢ Laboratory of Molecular Biology, E. Medea Scientific
Institute, Bosisio Parini, Lecco, Italy

Correspondence to: Anna Bersano

UO Malattie Cerebrovascolari

Fondazione IRCCS Istituto Neurologico C. Besta
Via Celoria 11, Milan, Italy

E-mail: anna.bersano@gmail.com

Summary

Some missense mutations and small deletions in the
NOTCH3 gene, not involving cysteine residues, have
been described in patients considered to be affected by
paucisymptomatic CADASIL. However, the significance
of such molecular variants is still unclear. We describe
a 49-year-old woman with a CADASIL-like phenotype,
carrying a novel cysteine-sparing mutation in exon 29
of the NOTCH3 gene, and discuss the possible patho-
genetic role of this molecular variant. Even though
atypical clinical and MRI findings make a diagnosis of
CADASIL unlikely in this patient, our report neverthe-
less underlines the intriguing genotype-phenotype re-
lationship in NOTCH3 mutations and the importance of
functional investigation to ascertain the role of new
NOTCH3 mutations in CADASIL pathogenesis.
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Introduction

CADASIL (cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy;
OMIM#125310) is an autosomal dominant disease of
the cerebral small vessels (Sourander and Walinder,
1977). The clinical phenotype, which is highly variable
even within single families, is characterized by recurrent
ischemic episodes (TIA or stroke), typically lacunar, mi-
graine with aura, mood disorders, cognitive deficits and
epileptic seizures (Dichgans et al., 1998). Magnetic res-
onance imaging (MRI) is characterized by lacunar in-
farcts and diffuse and severe white matter changes that,
usually preceding the onset of symptoms, progressively
extend to the anterior pole of the temporal lobes, exter-
nal and internal capsule, basal ganglia and thalamus
(Chabriat et al., 1998). Skin biopsy, although positive in
only 45% of CADASIL patients, can show the typical and
highly disease-specific finding of ‘granular osmiophilic
material’ (GOM) (Markus et al., 2002; Malandrini et al.,
2007). CADASIL is due to a mutation of NOTCH3, a
34-exon gene located on chromosome 19q12 coding for
a transmembrane receptor containing a large number of
tandemly arranged epidermal growth factor (EGF)-like
repeated domains (Tournier-Lasserve et al., 1993; Arta-
vanis-Tsakonas et al., 1995). Several mutations, mostly
missense, but also splice site mutations and small in-
frame deletions, have been identified in NOTCHS3, clus-
tering in exons 3 and 4 (Artavanis-Tsakonas et al., 1995;
Dichgans et al., 2000). However, in recent years, muta-
tions in almost all exons within the 34 EGF-like repeats
(EGFRs) have been reported (Artavanis-Tsakonas et
al., 1995; Dichgans et al., 2000; Dotti et al., 2005; Lesnik
Obserstein et al., 2003; Ragno et al., 2006). It is current-
ly not known how CADASIL mutations become patho-
genic, although some mechanisms of Notch3 activation
and abnormal signal transduction have been hypothe-
sized. Since the reported mutations usually involve ei-
ther the creation or destruction of a cysteine residue,
some authors have hypothesized that unpaired cysteine
residues might cause aberrant interaction between the
Notch3 receptor and other proteins (Oberstein et al.,
1999). Recently, some cysteine-sparing mutations have
been described in patients with different MRI findings
and a slower clinical course, leading to the suggestion
that they might be responsible for milder CADASIL phe-
notypes rather than rare polymorphisms (Joutel et
al.,1997; Mazzei et al., 2004; Kim et al., 2006; Santa et
al., 2003; Uchino et al., 2002; Scheid et al., 2008).

We here describe the case of a 49-year-old woman with
migraine, sudden falls without loss of consciousness,
psychiatric disorders and widespread white matter le-
sions on MRI carrying a novel cysteine-sparing mutation
in exon 29 of the NOTCH3 gene.
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Materials and methods
Patient history and clinical features

In July 2007 a 49-year-old woman was admitted to our
hospital due to recurrent attacks of right temporal mi-
graine without aura, followed, after a few seconds, by
weakness and sudden falls, sometimes associated with
brief episodes of loss of consciousness. Morsus and uri-
nary incontinence were never reported. However, the
patient had no memory of these episodes. Migraine at-
tacks, which were reported from early childhood, were
characterized by diffuse headache, lasting for minutes
to hours and associated with nausea, vomiting and pho-
tophobia. During the year preceding her admission, the
patient reported a significant worsening of migraine,
which occurred about twice a week and was associated
with falls to the ground. She also reported progressive
memory impairment. The patient’s past history included
depression and panic disorder, increased prolactin lev-
els with MRI detection of pituitary microadenoma, hyper-
cholesterolemia not controlled by therapy, and smoking
(up to 30-40 cigarettes per day). No other cerebrovas-
cular risk factor was reported. Her 88-year-old mother
(I-1), still alive, reported hypertension, recurrent throm-
bophlebitis and severe depression at the age of 30, dur-
ing pregnancy, whereas her father, who died of prostate
cancer at the age of 88, had had a positive history of
heart disease. The proband (II-3) is the third of three sib-
lings. The first, a 60-year-old male (II-1), was affected by
hypertension, whereas the second, a 55-year-old male
(1I-2), had an unremarkable medical history, except for
mood disorders. The patient’s maternal aunt reported an
ischemic stroke whereas three paternal aunts reported
intracerebral hemorrhages. There was no family history
of migraine, seizures, or cognitive impairment. Neuro-
logical examination of the patient, performed during hos-
pitalization, was normal except for the presence of pos-
tural instability consisting of body sway to the right on
the Romberg test. Repeated measurements of arterial
blood pressure over 24 hours were normal and no sig-
nificant reduction in pressure was detected during the
test. Likewise, 24-hour electrocardiography was normal,
except for the presence of type | atrioventricular block.
Structural cardiac defects were excluded by echocardio-
graphy. Interestingly, head-up tilt testing showed a rapid
and full compensatory reflex adaptation to the upright
position during the preparatory phase, followed by an
abrupt drop in pressure with heart rate decrease consis-
tent with a type 1 (mixed) vasovagal syncope. Biochem-
istry, including blood tests for coagulation and autoim-
mune disorders, was normal. Electroencephalogram
(EEG) revealed only mild slow activity from bilateral
frontotemporal derivations. Furthermore, 17-hour EEG
polygraphic recording did not show epileptic activity.
Neuropsychological tests were normal. The psychiatric
assessment resulted in a diagnosis of panic attacks, per-
sonality disorder and cyclothymia. T2-weighted and fluid-
attenuating inversion recovery (FLAIR) brain MRI
(Philips Eclipse 1.5 T MRI scanner, Eindhoven, the
Netherlands) revealed severe diffuse leukoen-
cephalopathy with cortical-subcortical atrophy and multi-
ple confluent signal abnormalities in the periventricular
white matter, semioval centers and the central part of the
pons bilaterally, without gadolinium enhancement (Fig.
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1), findings consistent with severe cerebral small vessel
disease. Cerebral angiography did not reveal vasculitic
signs, such as multifocal segmental stenosis of the in-
tracranial vessels, or display any vascular malformation
or aneurysm. On the basis of the clinical history and neu-
roimaging data, a diagnosis of CADASIL was suspected
and, after obtaining written consent, genetic screening of
the NOTCH3 gene was performed. Skin biopsy did not
reveal GOM deposits or vessel abnormalities. The pa-
tient began treatment with valproic acid 1 g/day for the
psychiatric disorder, obtaining partial benefit. Given the
persistence of migraine accompanied by falls, in April
2009 she was hospitalized again elsewhere. At that time,
the neurological examination was normal and the one-
year follow-up MRI did not show any significant change
in comparison to previous examinations. Valproic acid
was stopped on the patient’s request and substituted
with lamotrigine 100 mg/day.

Genetic analysis

After obtaining written informed consent we purified DNA
from blood of the proband and relatives using the Iso-
Quick Nucleic Acid Extraction kit (ORCA Research, Both-
ell, WA, USA). Primers for PCR reactions were designed
following the NOTCH3 genomic sequences accessible at
the NCBI database (Acc N. NC 00019.9). Mutation
analysis of all the exons of the NOTCH3 gene was per-
formed by direct sequencing of the PCR products ob-
tained with a Big Terminator Sequencing Kit (version 3.1;
Applied Biosystems, Life Technology, Carlsbad, CA,
USA) in an automated sequencer (ABI 3130 XL, Applied
Biosystems). Genomic DNA from 200 unrelated healthy
white Italian individuals was available as a control group.
Multiplex ligation-dependent probe amplification (MLPA)
was performed using the SALSA MLPA P072-A1 probe
mix kit (MRC-Holland, Amsterdam, the Netherlands) ac-
cording to the manufacturer’s instructions.

Results
Genetic analysis

The proband’s DNA was screened for mutations in all ex-
ons of the NOTCH3 gene. A single heterozygous base
change was found in exon 29 in position c. 5284G>A,
which leads to amino acid substitution p.V1762M. The
V1762 amino acid residue is partly conserved through
evolution in mammals while the substituting residue, me-
thionine, is present in zebrafish (Fig. 2). The change al-
though occurring within an evolutionarily conserved re-
gion, lies outside the recognized protein functional do-
mains of EGF or Notch/Lin12. The same change was al-
so detected in the mother (I-1) and in the younger of the
two brothers (11-2) whereas none of the healthy subjects
carried this molecular variant. No other known potentially
pathogenic sequence changes were detected within the
analyzed gene region. Intragenic deletion/duplication
and/or rearrangements were excluded by MLPA analysis.
Cerebral MRI was not performed in the patient’s mother,
who refused to undergo the examination on the grounds
of her old age, and in the younger of the two brothers
who suffered from severe claustrophobia. The CT scan
of the patient’s mother showed widespread leukoarario-
sis whereas that of the brother (II-2) was completely nor-
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Figure 1 - Patient’s brain MRI
DP and T2-weighted MRI showing diffuse hyperintensities in the pons (black arrows) and the deep and periventricular white matter
(white arrows). Note the absence of involvement of the anterior temporal pole and of the external capsule.
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Figure 2 - Family pedigree

The pedigree of the family analyzed is shown in the upper left part of the figure. Asterisks indicate the subjects from whom DNA was
obtained. The arrow indicates the proband. Rhombic symbols are used for privacy reasons. Electropherograms of the sequence en-
compassing the nucleotide change in the patient (PT) with respect to the control (CTRL) are shown on the right. At the bottom the
alignment of the Nothc3 homologs from different species is shown: NP_000426 H. sapiens; XP_853041 C. lupus familiaris;
NP_032742 M. musculus; NP_064472 R. norvegicus; NP_571624 D. rerio.
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mal. The patient’s brother also underwent skin biopsy,
which did not show vessel abnormalities.

Discussion

The majority of disease-causing mutations in the NOTCH3
gene described to date occur within the 34 EGFRs of the
Notch3 extracellular domain (ECD) subunit, encoded by ex-
ons 2-24, and lead to an odd number of cysteine residues.
They have been shown to cause mutant Notch3 ECDs to
abnormally accumulate at the cell surface of vascular
smooth muscle cells over the disease course (Dichgans et
al., 2000; Joutel et al., 2001). The exact mechanisms lead-
ing to Notch3 ECD accumulation remain unknown. It is
believed that mutations causing CADASIL produce vari-
ous dysfunctional Notch3 proteins through abnormal fold-
ing, dimerization, or tertiary structure or aberrant interac-
tions with other proteins which could cause vascular dys-

function even before the appearance of pathological
CADASIL hallmarks (GOM deposits) (Peters et al., 2005).
Herein, we describe a patient carrying a missense vari-
ant in exon 29 of the NOTCH3 gene, consisting of a me-
thionine/valine substitution. Methionine and valine are
two residues with similar biophysical properties in terms
of charge and polarity but different steric hindrance. The
5284G>A variant does not constitute a typical CADASIL
mutation since it does not lie within an EGFR and does
not lead to cysteine substitution.

NOTCH3 gene mutations not involving cysteine
residues have already been described in a few patients.
Carriers had atypical MRI findings (i.e. a less frequent
involvement of the anterior temporal lobes), showed a
later disease onset and presented a slower and a milder
clinical course than CADASIL patients (Joutel et
al.,1997; Mazzei et al., 2004; Kim et al., 2006; Santa et
al., 2003; Uchino et al., 2002; Scheid et al., 2008; Quat-
trone et al., 2009) (Table 1).

Table 1 - Notch 3 mutations not involving cysteine residues reported in the literature

Authors Families Origin  NOTCH3 Exon Phenotype/Onset Age of MRl GOM
and patients mutation onset
Uchino M et al., 1A* Japanese R213K 4 Mild migraine, moderate dementia and 63 + -
2002 gait disturbance
2A* Japanese  V237M Mild dementia and gait disturbance 71 + -
Santa Y et al., 3A* Japanese  R213K Migraine with aura, emotional instability, 63 + +
2003 character change and gait disturbance,
disorientation, urinary incontinence,
pseudobulbar palsy and dementia
Mazzei et al., 4A* ltalian  delta 88-91 3  Emotional disorders, mild depression, 62 + +
2004 gait difficulties, progressive cognitive
decline, stroke-like episodes
4B ltalian  delta 88-91 3  Migraine with aura preceded by 45 +/— -
numbness of the right face and dysphasia
Kim et al., 5A* Korean R75P 3  Dementia, ischemic episodes 53 + NA
2006 5B Asymptomatic NA - NA
5C Asymptomatic NA - NA
6A Korean R75P 3  Ischemic episodes, dementia 51 A NA
6B Emotional disturbance 39 + NA
6C Ischemic event, mood changes 47 + NA
6D* Ischemic episodes NA + NA
6E Asymptomatic NA + NA
6F Asymptomatic NA - NA
7A* Korean R75P 3  Ischemic episodes, dementia 55 + NA
7B Asymptomatic NA - NA
7C Asymptomatic NA - NA
7D Asymptomatic NA - NA
8A* Korean R75P 3  Ischemic events, dementia 65 + NA
8B Asymptomatic NA - NA
8C Asymptomatic NA - NA
Scheid et al., 9A* German  A1020P 19  Sensorineural hearing loss, migraine, 40 + +
2008 intermittent paresthesias and weakness of
left extremities, reduced fine motor skills,
cognitive slowing, impaired memory
9B Sensorineural hearing loss, nystagmus 71 + NA
9C Sensorineural hearing loss NA  +~- NA
10A* German  A1020P 19  Depression, change of personality, 70 + NA
loss of independence in daily living
Our report 11A* ltalian c. 5284G>A 29  Migraine, psychiatric disorders (panic attacks, 49 + -
personality disorder and cyclothymia),
leukoencephalopathy, vasovagal syncope
1B c. 5284G>A Asymptomatic 88 NA NA
11C c. 5284G>A Asymptomatic 60 NA NA
11D c. 5284G>A Psychiatric disorders 55 NA -

Abbreviations and symbols: *=index case; GOM=granular osmiophilic material
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The variant herein identified differs from previously de-
scribed atypical mutations also because it does not lie
within in any recognized functional domain of the Notch3
protein. Nevertheless the variant was not present in the
set of controls and it occurred within a protein region
that is highly evolutionarily conserved in mammals.
These observations suggest that this variant is a rare
polymorphism, rather than a cause of a milder CADASIL
phenotype.

Fouillade et al. (2008) reported a patient with small ves-
sel disease carrying a cysteine-sparing mutation in exon
25, not sharing any molecular, functional and
histopathological features of CADASIL-associated
NOTCH3 gene mutations. This mutation, unlike canoni-
cal NOTCH3 gene mutations, increased Notch3 signal-
ing and the skin biopsy did not show GOM deposits.
Given these findings the authors hypothesized that the
mutation, through complex gene rearrangements, not
revealed by classical molecular procedures, could,
somehow, affect Notch3 signaling activity (Fouillade et
al., 2008). In the same year, Scheid et al. reported a cys-
teine-sparing mutation within the EGFR in two German
families that presented a CADASIL-like phenotype, ex-
cept for the absence of GOM deposits on skin biopsy,
suggesting the potential existence of more benign
CADASIL variants (Scheid et al., 2008).

Taking into account the two above reports as well as the
absence of the mutation in 200 healthy controls it can be
suggested that the mutation herein described is respon-
sible for a CADASIL-like phenotype. This may involve
additional factors, both environmental and genetic, al-
ready suggested to influence stroke severity in
CADASIL patients and variably accounting for the mild
phenotype and the low familial penetrance (Singhal et
al., 2004; Adib-Samii et al., 2010).

The interesting finding in our patient of a vasovagal syn-
drome on tilt testing, which could be purely coincidental
since it has never previously been reported in CADASIL,
could also be consistent with a major structural alter-
ation of brain arteries leading to impaired ability of ves-
sels to dilate when blood pressure falls, as shown in
CADASIL experimental models (Lacombe et al., 2005).
However, there are some clinical and molecular data
that weaken the hypothesis of a pathogenetic role of the
NOTCH3 5284G>A variant.

First, even though MRI studies in the asymptomatic fam-
ily members are not available to complete the investiga-
tion, genotypic segregation within the family was not
found to match phenotypic status (I-1l and 1I-2 are healthy
subjects despite being mutation carriers). Moreover, the
absence of a history of stroke, both in the patient, and in
the genetically affected mother and brother, the atypical
MRI findings in the proband (lack of temporal lobe in-
volvement and of confluent white matter lesions), and the
absence of GOM on skin biospy in all the carriers are at
odds with the typical CADASIL phenotype.

Finally, although a functional study is not available,
MLPA analysis excluded possible intragenic rearrange-
ments in the NOTCH3 gene, making an impact on
Notch3 signaling activity unlikely.

In conclusion even though we are not able to demon-
strate the causal role of c. 5284G>A, our report con-
tributes to the ongoing debate on the role of cysteine-
sparing mutations and underlines the importance of
deeper investigation and functional studies in order to

Functional Neurology 2012; 27(4): 247-252

ascertain the role of atypical mutations in CADASIL
pathogenesis. In addition, we advocate the utility of
complete screening of Notch3 coding exons in suspect-
ed cases to better define CADASIL phenotype and
genotype spectrum.
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