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Abstract

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leucoencephalopathy (CADASIL) represents the most
common monogenic cause of adult-onset ischemic stroke and vascular dementia. It is caused by heterozygous missense muta-
tions in the NOTCH3 gene, encoding a transmembrane receptor protein on vascular smooth muscle cells. Classical CADASIL
mutations affect conserved cysteine residues of the Notch3 protein. By contrast, the role of non-canonical genetic variation
in NOTCH3, in particular of variants causing a hypomorphic Notch3 protein, is subject to an ongoing scientific debate. In
this context, we here report a novel NOTCH3 frameshift variant in exon 18 (NM_000435.2: ¢.2853_2857delTCCCG), caus-
ing a frameshift and introducing a premature stop codon, which was detected in a 43-year-old woman and her father. Both
carriers of the variant were carefully evaluated, including serial follow-up in the index. Neither clinical nor imaging features
provided convincing evidence for a classical CADASIL phenotype, thus reinforcing the concept of hypomorphic NOTCH3
variants most likely not being causative for CADASIL. Our finding, which is discussed in the light of the published litera-
ture, has practical implications for interpreting results of NOTCH3 molecular genetic testing as well as patient counseling.
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Introduction

The hereditary cerebral small-vessel disease CADASIL
(cerebral autosomal dominant arteriopathy with subcorti-
cal infarcts and leucoencephalopathy) represents the most
common monogenic cause of adult-onset ischemic stroke
and vascular dementia [1]. Migraine, in particular migraine
with aura, is a typical early disease manifestation, which is
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present in approximately 40% of patients [2, 3]. Other core
clinical features, which occur in subsequent disease stages,
include recurrent subcortical ischemic strokes and cognitive
deficits, eventually leading to vascular dementia. Classical
findings on cranial magnetic resonance imaging (cMRI)
include lacunar infarcts, leukoencephalopathy (especially
with involvement of the external capsule and the temporal
poles), and microbleeds [1, 4].

CADASIL is most commonly caused by heterozygous
missense mutations in the NOTCH3 gene [5], which encodes
a transmembrane receptor protein expressed on vascular
smooth muscle cells and pericytes. CADASIL NOTCH3
mutations affect the extracellular domain of the receptor
[6], which contains 34 epidermal growth factor-like repeat
(EGFR) domains. Each of these EGFR domains features six
conserved cysteine residues, and CADASIL mutations affect
one of these cysteine residues, thus causing an uneven num-
ber of cysteine residues, i.e., leaving one cysteine unpaired
[7]. Diagnosis is established by direct sequencing analysis
of NOTCH3 and/or electron microscopic evidence of ultra-
structural changes on skin biopsy (so called granular osmio-
philic material, GOM) [8].
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Beyond classical cysteine-sparing CADASIL mutations,
there have been several reports on non-canonical genetic
variation in NOTCH3, in particular variants causing a hypo-
morphic Notch3 protein. The pathophysiological relevance
of these findings is subject to an ongoing and unresolved
scientific debate. This discussion is closely related to the
pathophysiological mechanisms underlying CADASIL,
i.e., the question, whether CADASIL is rather caused by a
neomorphic effect (i.e., toxic accumulation of mutated pro-
tein [9]), the currently prevailing standpoint, or whether a
loss-of-function may potentially play a role, as suggested by
some experimental findings [10].

In this context, we here report a young female with
diverse unspecific neurological complaints, in whom a novel
NOTCH3 frameshift variant was detected. We present results
of detailed clinical work-up and, in the light of the published
literature, discuss the pathophysiological relevance of this
genetic finding.

Clinical and genetic findings

The index patient is a now 43-year-old woman. Past medi-
cal history revealed Hashimoto’s thyroiditis treated by oral
thyroid hormones and episodic migraine without as well as
with aura (age at onset: 12 years; attack frequency: 1-2/
year), but was otherwise unremarkable, and there were no
vascular risk factors.

At the age of 37, she began to experience diverse physical
complaints, including back pain, bilateral pressing headache,
intermittently persisting for several weeks and described as
different from her migraine attacks, dizziness, a “diffuse feel-
ing of being exhausted”, increased daytime sleepiness and
bilateral tremor of the hands, especially when she felt nerv-
ous. Because of these symptoms, she presented to another
hospital at the age of 38, where cMRI revealed “bilateral
subcortical T2-hyperintense lesions” (data not shown),
while electrophysiology (visually and somatosensory evoked
potentials) and CSF analysis were unremarkable. Assuming
a tentative diagnosis of “autoimmune inflammatory disorder
of the central nervous system”, a 3-day course of intravenous
steroids (500 mg methylprednisolone) was administered, fol-
lowed by oral tapering over 4 weeks.

When she presented to our center a few months later
for re-evaluation, neurological exam was completely nor-
mal. On neuroimaging (Fig. 1), no progression of the non-
confluent T2 hyperintense lesions was noted upon manual
review, importantly without specific involvement of the
temporal poles or the external capsule. Furthermore, there
was no evidence of lacunes, microbleeds, or lesions on
diffusion-weighted sequences. Repeated electrophysiology,
CSF (including oligoclonal bands) and laboratory analysis
(including vasculitis parameters) were all within normal

Fig. 1 Representative results of brain imaging in the index patient.
On cMRI, T2-weighted sequences revealed a few non-confluent
T2 hyperintense lesions (left panel). Of note, there was no specific
involvement of the temporal poles (right panel) or the external cap-
sule

limits. Spinal MRI was also normal. Detailed neuropsycho-
logical testing was unremarkable except for discrete fluctua-
tions of concentration. In summary, a differential diagnosis
of somatoform complaints was considered, as supported by
psychosomatic evaluation, and treatment with amitriptyline
was initiated.

The medical team primarily in charge of the patient at
that time initiated molecular genetic testing of NOTCH3.
This revealed a novel heterozygous variant in exon 18
(NM_000435.2: ¢.2853_2857delTCCCG). On the protein
level, this variant causes a change from prolin to leucin in
codon 952 followed by a frameshift, with the introduction of
a premature stop codon 9 codons downstream within extra-
cellular EGF-like domain number 24 (p.Pro952Leufs*9).
The variant was not detected in various public databases
(Human Genome Mutation Database, Leiden Open (source)
Variation Database, genome Aggregation Database). Skin
biopsy was without evidence of GOM upon electron
microscopy.

Family history was negative for symptoms suggestive of
CADASIL; in particular, there was no evidence of migraine,
recurrent transient ischemic attacks, early strokes, or vas-
cular dementia. The patient’s sister was reported to have
had similar changes on cranial MRI and to have committed
suicide. No further clinical details were available.

The only other family member, from whom a DNA
sample could be obtained, was the index patient’s father.
Genetic analysis revealed the presence of the NOTCH3
variant in exon 18. We were able to personally interview
and examine him at age 69. In line with his daughter’s ear-
lier reports, there was no history of migraine or recurrent
strokes or focal neurological deficits. He had a long-time
history as an episodic drinker and had retired 10 years ear-
lier after “knee surgery” (further details unknown). Vascular
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risk factors included hypertension and a long-term history
of smoking. MRI of the brain revealed lacunar lesions, a
single microbleed and extensive confluent leukoencepha-
lopathy, yet without involvement of the temporal regions or
the external capsule (Fig. 2). On neurological examination,
which was without focal deficits, the patient presented with
a multifactorial gait disorder, related to polyneuropathy and
most likely also to the extensive white matter disease. Neu-
ropsychological testing (Montreal Cognitive Assessment)
revealed a score of 21 (out of 30).

We have been following-up on the index patient over a
course of more than 5 years with regular telephone inter-
views and re-evaluations in our outpatient unit. During that
interval, the symptoms, which had initially caused her to
seek medical advice, had completely remitted, and she was
without subjective complaints. There were no strokes or
stroke-like episodes, and bedside neuropsychology contin-
ued to be normal. Repeated neuroimaging (over a period of
more than 5 years) displayed no progression of the T2 hyper-
intense subcortical lesions upon detailed manual review.

Discussion

We here report a novel non-canonical variant in the NOTCH3
gene, i.e., the gene involved in the hereditary cerebral small-
vessel disease CADASIL [1, 5]. For both the index patient
and her father, both of whom were heterozygous carriers of
the novel allele, we acquired detailed clinical and imaging
data, which were neither suggestive nor supportive of a diag-
nosis of CADASIL. Thus, in other words, our observation
provides evidence that the reported novel NOTCH3 variant
does not cause a classical CADASIL phenotype.

Fig.2 Representative results of Brain imaging in the index patient’s
father. cMRI revealed lacunar lesions and extensive confluent leu-
koencephalopathy (left panel), importantly without involvement of
the temporal regions (right panel) or the external capsule
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With respect to the index patient, several lines of evi-
dence argue against a diagnosis of CADASIL: First of all,
although clinical presentation of CADASIL is in principle
variable, the clinical symptomatology was not suggestive of
CADASIL: many of the diverse unspecific complaints can
be interpreted as somatoform in origin, and a substantial
part of these remitted over time without specific interven-
tions. Neurological status and detailed neuropsychological
evaluation were unremarkable. The patient had a history of
migraine, but there was no evidence of atypical or compli-
cated aura symptoms, as has been reported in the context of
CADASIL [2, 3], and finally, there were no recurrent lacu-
nar syndromes. Second, cranial MRI displayed only a few
unspecific non-confluent white matter lesions, which, impor-
tantly, did not progress over an extended time course of more
than 5 years, although stability of WML has been occasion-
ally observed in CADASIL. Importantly, neither during ini-
tial evaluation nor during follow-up MRI, there were any
features typical of CADASIL, such as involvement of the
temporal lobes or the external capsule [11-14]. Especially,
anterior temporal lobe involvement—although not an obliga-
tory finding—is usually found already early in the course of
CADASIL [13] and has been shown to have high sensitivity
and specificity [11]. Furthermore, at no time point, any lacu-
nes, microbleeds, or lesions on diffusion-weighted imaging
were noted. Finally, skin biopsy was unremarkable, without
evidence of GOM, although we are aware of the limited
diagnostic sensitivity of this method [11].

Along the same lines, there was no evidence of CADASIL
in the index patient’s father: his chief complaint was a
10-year history of gait disturbance, explained by (most likely
alcohol-related) polyneuropathy as well as related to exten-
sive white matter disease. Clinical neurological evaluation
at the age of 69, except for signs of polyneuropathy, revealed
no focal deficits, and there was no history of migraine or
recurrent strokes or focal neurological deficits. Bedside
neuropsychological testing revealed mild cognitive deficits
(MOCA score: 21/30), with some impact on activities of
daily living, which, in our interpretation, can be related to a
long-standing history as an episodic drinker. cMRI, in addi-
tion to some lacunar lesions, revealed a substantial load of
leukoencephalopathy (without involvement to the tempo-
ral poles or the external capsule), which, in the light of the
patient’s extensive vascular risk factor profile (including
hypertension, smoking and chronic alcohol abuse), is com-
patible with a diagnosis of sporadic cerebral small-vessel
disease, possibly aggravating the cognitive deficits.

We were not able to obtain DNA samples or retrieve clini-
cal information from any other family members, which is
a limitation of our report. Specifically, the lack of genetic,
clinical and imaging data on the index patient’s sister is a
limitation, in particular given the anecdotal report of WML
in her and the fact that she committed suicide, suggesting
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a possible psychiatric phenotype. However, since she was
already deceased at the time when we were first in contact
with the index patient, we had no opportunity to obtain more
detailed information.

On the other hand, we provide in-depth clinical informa-
tion on both the index patient and her father, which, as a
further strength, includes longitudinal clinical and imaging
data for the index, covering a follow-up period of 6 years.

Looking into the literature, a few other authors have
reported non-canonical NOTCH3 variants and controver-
sially discussed their pathophysiological relevance: Rut-
ten and colleagues reported two hypomorphic NOTCH3
alleles (one nonsense mutation as well as a large intragenic
frameshift deletion) [15]; using a combination of clinical
and imaging data as well as skin biopsy, they found no
evidence for an association with CADASIL for both vari-
ants (although neuroimaging was not available in one indi-
vidual and RNA analysis was not performed); in line with
these findings, NOTCH3 nonsense variants have also been
detected in an exome resequencing study of patients with
colorectal cancer [16]. On the other hand, Moccia et al.
investigated a family with the same NOTCH3 nonsense
mutation (p. Argl03X) initially reported by Rutten et al.
[17]; importantly, the authors performed mRNA analysis
which suggested nonsense-mediated mRNA decay, leav-
ing only the wild-type allele. Based on clinical and imag-
ing data, the authors established a diagnosis of CADASIL
in four carriers, while one 27-year-old female had only
migraine with aura. Interestingly, skin biopsy in all carriers
of the allele was without evidence of GOM. Referring to
the seemingly controversial findings in their family and the
pedigree reported by Rutten et al., the authors suggest that
nontypical genetic variation in NOTCH3 may cause what
they call a “CADASIL-like syndrome” with “variable pen-
etrance and/or age at onset” [17].

More specifically, with respect to small frameshift
NOTCHS3 variants (caused by out-of-frame NOTCH3 dele-
tions), i.e., the same type of mutation as reported here, a few
reports have concluded that these may cause CADASIL [18,
19]; however, as put forward by Rutten et al. in the discus-
sion of their manuscript [15], skin biopsy was missing and
there were no cosegregation data.

Looking specifically at the variant detected in our fam-
ily, it would have been potentially interesting to gain more
detailed molecular insight, e.g., focussing on the question
whether the mutant mRNA is degraded (by nonsense-medi-
ated mRNA decay, NMD) or if it is transcribed into a trun-
cated protein. However, no material for RNA analysis was
ascertained upon initial evaluation, and given the spontane-
ous remission of symptoms in the index, this was also not a
feasible option later on.

Summing up, in the light of the controversial data from
the literature, how should we interpret our own finding? As

outlined above, both patients from our family did not reveal
a classical clinical and imaging CADASIL (or CADASIL-
like) phenotype, and clinical findings in both individuals can
be sufficiently explained by other etiologies. This reinforces
the concept of hypomorphic NOTCH3 variants most likely
not being causative for CADASIL.

Does this automatically mean that the detected variant
is non-pathogenic, i.e., a coincidental finding? This ques-
tion is more difficult to answer. Especially considering the
fact that the variant was not detected in public databases,
we cannot exclude a potential association with other pheno-
types. However, given the low number of published reports
on similar non-canonical NOTCH3 variants, accurate inter-
pretation of these findings obviously remains a substantial
challenge. To gain further insight in the pathophysiological
relevance of such types of genetic variation in NOTCH3 and
to clarify their potential association with neurological and/
or psychiatric phenotypes other than CADASIL, prospective
assessment of similar genetic findings together with deep
phenotyping information is necessary.
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