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Abstract

CADASIL is an autosomal dominantly inherited disease, characterized by mid-adult 
onset of cerebrovascular disease and dementia. CADASIL is caused by mutations 
in the NOTCH3 gene which encodes the NOTCH3 protein. Pathogenic mutations 
in CADASIL are highly distinctive in the sense that they typically lead to the loss 
or gain of a cysteine residue  in one of the 34 epidermal growth factor-like repeat 
(EGFr) domains of  the NOTCH3 protein. The majority are missense mutations, but 
small deletions, insertions and splice-site mutations have been reported, which 
typically also lead to a numerical cysteine alteration. Whether numerical cysteine 
altering mutations are a rule in CADASIL remains subject of debate, as there are 
reports suggesting pathogenicity of other types of mutations. However, for most of 
these the association with CADASIL was later revoked or is questionable. Here, we 
discuss and  provide recommendations for the interpretation of NOTCH3 mutations 
in the diagnosis of CADASIL.
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Introduction

CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and 
Leukoencephalopathy) is a hereditary small vessel disease, caused by mutations in 
the NOTCH3 gene. CADASIL patients can present with a history of migraine with 
aura, young to mid adult onset of cerebrovascular disease, mood disturbance, 
apathy, cognitive decline progressing to dementia, and diffuse white matter lesions 
and subcortical infarcts on neuroimaging. 

Compared to other inherited brain disorders with a comparable impact, such 
as Huntington’s chorea or inherited early-onset Alzheimer’s dementia, CADASIL is 
still relatively unknown in the medical community. This is not so much due to the 
fact that it is a rare disease, but more to the fact that there is only a short history 
of recognition of the disease. CADASIL was first described as a clearly defined 
and separate disease entity in the early 1990’s,1-3 followed by the identification of 
mutations in the NOTCH3 gene in 1996.4 Since then, NOTCH3 mutation screening 
has allowed for the identification of CADASIL families all over the globe, with an 
ever increasing prevalence due to increased awareness of the disease, diagnosis 
in clinically less severe or atypical cases and improved diagnostic tools. The 
minimum prevalence of CADASIL has been estimated to be between 2 and 4 per 
100.000,5-7 but the actual prevalence will probably prove to be higher. In the 
Netherlands, for example, the number of diagnosed CADASIL families started out 
with seven in 1998 and has increased to more than 150 Dutch families in 2013, with 
new families still being identified at a steady rate. (Lesnik Oberstein and Boon, 
unpublished results) 

The clinical diagnosis CADASIL is made based on a combination of the 
following: otherwise unexplained cerebral ischemic events and/or cognitive decline 
at a relatively young age, distinctive brain MRI abnormalities and a family history 
with a dominant pattern of inheritance of stroke or dementia. The clinical diagnosis 
can be confirmed by the detection of a characteristic cysteine-altering mutation 
in NOTCH3. If the results of molecular testing are unclear or comprehensive 
NOTCH3 screening is not available, the diagnosis can be confirmed by taking 
a skin biopsy. This shows pathognomonic vessel wall abnormalities, including 
positive NOTCH3 immunostaining and the presence of electron dense deposits 
called granular osmiophilic material (GOM).8,9 The correct diagnostic interpretation 
of NOTCH3 variants other than the typical cysteine-altering missense mutations 
requires expertise in both the clinical features and the distinguishing molecular 
aspects of CADASIL. Incorrect interpretation of mutations can lead to an erroneous 
CADASIL diagnosis, with far-reaching implications for the patient and his or her 
family members. Here, we provide recommendations for the clinical diagnosis and 
interpretation of NOTCH3 mutations in CADASIL.
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NOTCH3 gene, NOTCH3 protein and CADASIL 
pathogenesis

The NOTCH3 gene is one of the four mammalian NOTCH homologues. NOTCH3 
contains 33 exons encoding the NOTCH3 protein, a single pass transmembrane 
protein of 2321 amino acids predominantly expressed in vascular smooth muscle cells 
(VSMC).10 Here, it plays an important role in VSMC maturation and differentiation.11  
The NOTCH3 protein is composed of an extracellular domain (NOTCH3ECD), non-
covalently bound to an intracellular domain. (Figure 1) After binding of a ligand 
(Delta-like or Jagged) to the NOTCH3ECD , the protein undergoes two proteolytic 
cleavage steps, leading to translocation of the intracellular domain to the nucleus 
where it functions as a nuclear transcription factor.12 The NOTCH3ECD  consists of 
34 epidermal growth factor- like repeat (EGFr) domains. These are modular protein 
subunits of approximately 40 amino acids which, by definition, each contain a fixed 

Figure 1. Schematic representation of the NOTCH3 protein. The NOTCH3 protein 
is a transmembrane protein, composed of an extracellular domain (NOTCH3ECD ), a 
transmembrane (TM) and an intracellular domain (IC). The NOTCH3ECD contains 34 EGFr 
and three NOTCH/Lin repeats(LNR). The EGFr, each composed of approximately 40 amino 
acids, all contain 6 cysteine amino acids which form 3 disulphide bridges. In this example 
of CADASIL mutated NOTCH3 (with the representative p.Arg153Cys mutation), the number 
of cysteine residues in EGFr 3 is changed from 6 to 7, leaving one cysteine unpaired and 
disrupting normal disulphide bridge formation. 
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number of 6 cysteine residues. In pairs, these cysteines form three disulphide 
bridges which are important for EGFr secondary structure. NOTCH3 mutations in 
CADASIL invariably lead to an uneven number of cysteines (typically 5 or 7) in the 
mutated EGFr.13 This results in an  unpaired cysteine, which is predicted to disrupt 
normal disulphide bridge formation, causing misfolding of EGFr and increased 
NOTCH3 multimerization.14,15 

In patients, NOTCH3ECD  is seen to accumulate in the vessel wall, in close 
proximity to VSMC.10 This NOTCH3ECD  accumulation has a direct or indirect toxic 
effect on VSMC, leading to VSMC degeneration.9,16,17 The arteriopathy in CADASIL is 
systemic,9 as is also illustrated by the presence of vascular pathology in for example 
skin arterioles,8,17 but the small penetrating cerebral and leptomeningeal arteries 
are most severely affected.18 Next to NOTCH3ECD accumulation and the presence 
of GOM, affected arteries show a thickened vessel wall with lumen stenosis, 
abundance of extracellular matrix proteins and destruction of vascular smooth 
muscle cells.19,20 The vessel wall changes result in an impaired cerebrovascular 
reactivity and decreased cerebral blood flow, believed to cause both chronic 
cerebral ischemia and acute ischemic events.21-23  

Clinical diagnosis based on symptoms, brain MRI 
and family history

The main symptoms in CADASIL, affecting the majority of patients, are recurrent 
ischemic events (transient ischemic attacks and strokes) and cognitive decline 
leading to vascular dementia. Migraine with aura, psychiatric disturbances and 
apathy are other frequent symptoms. Most patients experience their first stroke 
around 45-50 years of age,24-27 but the range of age at onset is broad, varying from as 
early as the third decade to as late as the eighth decade. In the majority of patients, 
ischemic events are recurrent,24,26,27 eventually resulting in severe disability.25 
Cognitive decline initially manifests as a decreased executive function,28-30 followed 
by a slowly progressive and/or stepwise deterioration in cognitive function which 
becomes apparent in daily activities around the age of 50, leading to vascular 
dementia in about 80% of patients.25 Migraine is diagnosed in approximately 
35% of CADASIL patients. The migraine attacks are often the presenting clinical 
symptom with a mean age at onset of around 26 years, and are remarkable by 
the high prevalence of auras (90% of patients).24,27 Often, the migraine attacks 
are atypical, with prolonged, brainstem or hemiplegic auras and confusion, fever, 
meningeal signs or even coma. Also, during gestation and shortly after childbirth 
there appears to be an increased risk of transient neurological symptoms,31 mostly 
resembling migraine auras. Approximately one third of CADASIL patients have 
psychiatric problems, usually depressions.24,27 Apathy is a common symptom in 
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later stages.32 Less frequent symptoms include epileptic seizures (5-10%), usually 
secondary to stroke,3,24,26,33 and acute encephalopathy.3,27,34-36 

The suspicion of CADASIL often arises when brain MRI imaging reveals 
symmetrically distributed white matter hyperintensities (WMH), which are much 
too extensive for the patient’s age. (Figure 2) MRI abnormalities in CADASIL 
precede clinical symptoms of ischemic events and cognitive decline by as much 
as 10-15 years, increase with age and have a recognizable, but not pathognomonic, 
distribution. In the early stages the WMH,  best seen on T2- weighted images or 
fluid –attenuated inversion recovery (FLAIR) sequences, are small and punctuate 
and are often seen to initiate in the anterior temporal lobes, periventricular frontal 
white matter, and external capsules,37-39 eventually affecting all of the white matter. 
Lacunar infarcts, most readily detected on T1- weighted images, can be seen from 
the age of 30 onwards, and are found in the basal ganglia, thalamus, brainstem 
and subcortical white matter.37 Microbleeds, predominantly seen in the subcortical 
white matter and thalamus, and dilated perivascular spaces are frequently 

Figure 2. Brain MRI abnormalities in CADASIL patients. In the early stages of CADASIL, 
brain MRI abnormalities consist of small circumscript white matter hyperintensities (WMH) 
(indicated by arrows), as shown here in the anterior temporal lobes (A1), in the semioval 
center (A2) and periventricularly (A3). (FLAIR images) Brain MRI images of patients with 
advanced stages of CADASIL showing confluent WMH (B1-B3), microbleeds (three marked 
with an arrow) (B1), lacunar infarcts (three marked with an arrow) (B2) and dilated perivascular 
spaces (B3). (B1: T2*- weighted gradient echo images, B2, B3: FLAIR images)
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encountered.40-42 The MRI lesion load and pattern can vary quite significantly, such 
that some patients hardly show any lacunar infarcts even at later stages, or lack 
WMH in the temporal lobes.43 A consistent factor is the presence of symmetrical 
WMH, often visible from the early twenties onward, but present in most if not all 
patients from 35 years of age. MRI abnormalities in CADASIL can resemble those 
seen in other diseases, such as other types of small vessel disease or multiple 
sclerosis. In fact, a significant number of CADASIL patients are first erroneously 
diagnosed as having multiple sclerosis.44 

The family history of a CADASIL patient typically shows an autosomal dominant 
inheritance pattern of stroke and dementia, and family members often have 
migraine with aura or mood disturbances. However, the severity of the disease is 
variable, also within families. It has been noted, that CADASIL patients frequently 
report a negative family history,45 which in many cases can be attributed to the 
fact that affected family members, especially in older generations, have received 
other diagnoses such as Alzheimer’s dementia or multiple sclerosis. Taking this 
into account, a thorough family history will usually reveal affected family members. 
However, a small number of CADASIL patients with de novo NOTCH3 mutations 
have been reported, so a negative family history does not rule out CADASIL.46,47 

CADASIL can be diagnosed in a plethora of clinical presentations or settings, 
where the early onset of stroke, white matter hyperintensities on brain MRI and 
a family history of stroke, dementia or migraine with aura, may each contribute 
more or less strongly in leading the clinician to consider CADASIL. However, 
CADASIL should always, be considered in an individual presenting with otherwise 
unexplained ischemic events or cognitive decline and symmetrical white matter 
hyperintensities on brain MRI. 

When to perform a skin biopsy in CADASIL 

If NOTCH3 screening is unavailable or does not reveal a typical cysteine 
altering missense mutation in a patient otherwise presenting with a convincing 
CADASIL phenotype, then taking a skin biopsy for NOTCH3 immunostaining and 
electron microscopy (EM) is recommended. (figure 3) The sensitivity of NOTCH3 
immunostaining of a skin biopsy has been reported to be between 85-100%, 
and the specificity between 90-100%.8,48 The detection of GOM in the vessel 
wall using electron microscopy is considered pathognomonic for CADASIL. Most 
studies report the presence of GOM deposits in all CADASIL patients,49-52 with 
only two studies reporting low GOM detection rate.53,54 Skin biopsy analysis using 
both NOTCH3 immunostaining and EM should therefore allow for a conclusive 
confirmation or rejection of the diagnosis when performed by an experienced 
(neuro)pathologist.
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NOTCH3 mutations in CADASIL 

A typical CADASIL causing mutation is a heterozygous NOTCH3 missense mutation 
that leads to a numerical cysteine amino acid change in one of the 34 EGFr of the 
NOTCH3 protein.(see supplementary table 1 for a list of known CADASIL- causing 
missense mutations) Pathogenic mutations have been found throughout exons 2-24, 
which are the exons that encode the EGFr, but the majority of mutations are found 
in exon 4. The prevalence of mutations in other exons varies between countries; in 
the French, German and English CADASIL population exon 3 is the second most 
frequently mutated exon,13,53,55 whereas in Dutch CADASIL patients, exon 11 is the 
second most frequently mutated exon.56 These geographic differences probably 
are due to the presence of founder mutations. 

When a clinical diagnosis of CADASIL is suspected, sequencing of exons 2-24 
of the NOTCH3 gene, including flanking intronic sequences, is the most reliable 
method to confirm the diagnosis. In patients with a typical clinical and radiological 
presentation and family history, the mutation detection rate exceeds 95%. (Lesnik 
Oberstein, unpublished observations) Detection of the disease- causing mutation 
then allows for (predictive) DNA-testing of family members. However, sequencing 
exons 2-24 is costly and can be time-consuming, and is not available in all countries. 
Targeted sequencing strategies are used in centres that do not offer complete 
NOTCH3 sequencing analysis, usually sequencing analysis of only the most 
frequently mutated exons. In cases with a confirmed clinical diagnosis by skin 
biopsy but no mutation detected by sequencing analysis, additional molecular 
techniques can be performed to detect larger deletions or duplications, or to 
assess the potential effect of novel variants on splicing. 

Figure 3. Vessel wall abnormalities in CADASIL. (A) Electron microscopy on brain 
tissue from a deceased CADASIL patient. Pathognomic deposits of granular osmiophillic 
material (GOM) are seen, surrounding the vascular smooth muscle cell (VSMC). (B) NOTCH3 
immunohistochemistry of a skin biopsy showing the typical granular positive NOTCH3 staining 
of the vessel wall.  BM= basement membrane, *=GOM,  VSMC=vascular smooth muscle cell.

30



2

In
te

r
p

r
e

ta
tio

n
 o

f NOT


C
H

3 m
u

ta
tio

n
s in

 th
e

 d
ia

g
n

o
sis o

f C
ADAS




IL

Although it has been suggested that some mutations may be associated with 
a milder or more severe phenotype,25,57 so far no clear genotype- phenotype 
correlations have been found.24,25,58,59 As disease severity can vary not only between, 
but also within  families, and even between monozygotic twins,60 it is likely that 
modifying factors other than the NOTCH3 mutation play a role in determining the 
course of the disease. 

Homozygous and compound heterozygous NOTCH3 mutations

A small number of CADASIL patients with homozygous NOTCH3 mutations have 
been reported.36,61-64 (Table 1) In some of these patients, the phenotype was found 
to be more severe, whereas others reported clinical severity similar to heterozygous 
mutation carriers. Overall, patients with homozygous mutations described so far 
have a phenotype within the normal CADASIL spectrum, and variation in severity 
may as readily be attributed to the natural variability seen in CADASIL. 

Reference
Homozygous 
mutation Exon

Amino acid 
change

Age 
patient

Age at first 
stroke

Tuominen et al.62 c.397C>T 4 p.Arg133Cys 52 28

Vinciguerra et al.64 c.547T>A 4 p.Cys183Ser 44 40

Ragno et al.36 c.1582G>T 10 p.Gly528Cys 54 No stroke at 
age 54

Liem et al.61 c.1732C>T 11 p.Arg578Cys 65 64

Soong et al.63 c.1630C>T 
c.1630C>T

11
11

p.Arg544Cys
p.Arg544Cys

63
68

63
58

Table 1. Homozygous mutations in CADASIL patients. A small number of CADASIL- 
causing mutations in a homozygous state have been reported. The severity of symptoms 
in these patients seems to be within the CADASIL spectrum. Mutations are described 
according to HGVS nomenclature,93 and may therefore differ from the mutation description 
in the original research article.

One CADASIL patient has been reported who has a typical cysteine-altering 
missense mutation on one of his NOTCH3 alleles, but also a large intragenic 
NOTCH3 deletion, leading to a premature stop codon, on his other allele.65 In 
effect, this means he is functioning on only one NOTCH3 allele which, moreover, 
harbors a CADASIL-causing mutation. The phenotype of this patient was within the 
normal CADASIL spectrum. In patients with a NOTCH3 mutation on one allele and 
a large NOTCH3 deletion on the other allele, the mutation may be interpreted to 
be a homozygous mutation if only sequencing analysis is performed. Therefore, in 
mutations appearing to be homozygous, the presence of a NOTCH3 deletion on 
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one of the alleles should be excluded, for example by performing MLPA analysis. 
Although this has no clinical consequences for the patient, because the disease 
severity in these patients is within the normal CADASIL spectrum, it is of importance 
for the counseling of family members.

Small NOTCH3 deletions, duplications, splice site mutations and 
a deletion/insertion

Although the vast majority of CADASIL causing mutations are missense mutations, 
a few other rare types of NOTCH3 mutations have been reported, which also lead 
to the typical CADASIL-associated uneven number of cysteine residues in EGFr. 
These include some small intragenic deletions, duplications, splice site mutations 
and a deletion/insertion.14,25,43,51,66-71 (Table 2) As these mutations lead to a typical 
numerical cysteine alteration in  NOTCH3 EGFr, they are likely to be pathogenic, 
although the clinical diagnosis was not confirmed by skin biopsy in all cases and 
molecular analysis was not always comprehensive. 

Deletions leading to altered spacing of cysteine residues

In one study, a 12 base pair deletion not involving a cysteine residue was reported 
to be associated with CADASIL.72 The diagnosis was confirmed by skin biopsy, 
segregated with the clinical phenotype and all EGFr encoding exons had been 
sequenced. Although not resulting in a numerical cysteine alteration, this deletion 
does result in altered spacing between two cysteines in an EGFr, thereby possibly 
disrupting normal disulphide bridge formation. As no RNA analysis was performed, 
it cannot be excluded that the deletion results in abnormal splicing and thereby 
potentially alters the number of cysteine residues.  

A second study describes a small intronic deletion leading to retention of 
intron 3.73 This results in an insertion of 25 amino acids between the 5th and 6th 
cysteine of EGFr 2, thereby likely disturbing disulphide bridge formation between 
these two cysteines. 

NOTCH3 variants not altering cysteine residues in 
EGFr

NOTCH3 mutations not leading to a numerical cysteine amino acid change in 
NOTCH3 EGFr have also been described to be associated with CADASIL. Upon 
closer scrutiny, however, these associations often remain uncertain, or pathogenicity 
was later disproven.
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NOTCH3 missense mutations not involving a cysteine residue 

The first group of mutations with an uncertain association with CADASIL are 
missense mutations in NOTCH3 which do not involve a cysteine residue. Various 
studies have reported such variants to be causative of CADASIL.43,74-81 (Table 3) In 
the majority of these reports however, the association is not proven, because either 
NOTCH3 was incompletely screened and thus a typical cysteine altering mutation 
in another exon was not excluded, or the clinical diagnosis was not confirmed by 
skin biopsy.75,76,78-80 In four studies, describing the p.Ala1020Pro, p.Arg213Lys, 
p.Tyr1098Ser, and p.Arg75Pro variants respectively, sequencing of exons 2-24 was 
comprehensive and the diagnosis was confirmed by skin biopsy.43,74,77,81 However, 
the p.Ala1020Pro, and also the p.His170Arg  mutation have been reported to be 
polymorphisms by others.82 (Supplementary table 2) That polymorphisms are 
mistakenly interpreted as causative mutations is further suggested by the fact that 
these variants have been found to co-segregate with a typical cysteine altering 
missense mutation.83 (Lesnik Oberstein and Boon, unpublished findings) 

The p.Arg213Lys and p.Tyr1098Ser mutations were found in a Japanese and a 
Chinese patient, respectively, but segregation analysis was not performed. Also 
for these mutations it remains possible they are polymorphisms, as a coinciding 
cysteine altering mutation, such as a large deletion or intronic mutation, might 
have been missed due to technical reasons. This may also apply to the p.Arg61Trp 
mutation, of which the pathogenicity was described as uncertain.84 A possible 
exception may be the p.Arg75Pro mutation, which has been frequently reported 
in Japanese, Chinese and Korean patients.43,74,85,86 In two of these families, 
comprehensive sequencing of NOTCH3 was performed, the mutation segregated 
with affected family members and GOM were present in skin biopsy.74 However, 
MRI abnormalities were not typical for CADASIL and NOTCH3 immunostaining 
was not performed. Therefore, drawing definite conclusions regarding the relation 
between this mutation and CADASIL remains precarious, but it cannot be excluded 
that this mutation does cause CADASIL or a CADASIL-like phenotype. In summary, 
with one possible exception, there is no compelling evidence that missense 
mutations that do not involve the loss or gain of a cysteine residue are associated 
with CADASIL. Therefore, if such a non-cysteine altering mutation is detected, the 
clinical diagnosis should be critically re-evaluated and, if the clinical symptoms 
are persuasive, be confirmed by skin biopsy. If the skin biopsy shows the typical 
vessel wall abnormalities seen in CADASIL, molecular testing should be elaborated 
by analysis of larger deletions or duplications using for example MLPA, and the 
potential effect on splicing of variants with unknown pathogenicity should be 
ascertained. Finally, if possible, segregation of the mutation with affected family 
members should be determined.  
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Reference Mutation Exon
Amino acid 
change

Sequencing analysis 
all EGFr encoding 
exons

Diagnosis confirmed 
by skin biopsy or 
autopsy

Brass et al.84 c.259C>T 2 p.Arg61Trp yes yes

Mizuno et al.74 c.224G>C 3 p.Arg75Pro yes yes

Ampuero et al.75 c.451C>G**
c.509A>G*

4
4

p.Gln151Glu
p.His170Arg

no† not reported

Roy et al.76 c.605C>T 4 p.Ala202Val no‡ not reported

Kotorii et al.77 c.638G>A 4 p.Arg213Lys yes yes

Uchino et al.78 c.709G>A* 5 p.Val237Met not reported not reported

Ferreira et al.79 c.1729A>G 11 p.Thr577Ala not reported not reported

Ferreira et al.80 c.2932A>C 18 p.Ser978Arg not reported not reported

Scheid et al.81 c.3058G>C* 19 p.Ala1020Pro yes yes

Wang et al.43 c.3292A>T 20 p.Tyr1098Ser yes yes

Table 3. NOTCH3 missense variants not involving a cysteine residue which have 
been suggested to be causative of CADASIL. Missense variants not involving cysteine 
residues have been reported in association with CADASIL in several studies. Most of these 
were later described to be polymorphisms, or their pathogenicity is questionable due to 
incomplete molecular analysis or uncertain clinical diagnosis. One possible exception is 
the p.Arg75Pro mutation, which was found to segregate with the clinical phenotype in two 
thoroughly studies families.74 Mutations are described according to HGVS nomenclature,93 
and may therefore differ from the mutation description in the original research article. 
†exons 2-6,8,11,14,18-19, 22-23 screened; ‡ exons 2-4, 11, 18-19 screened. * Also 
described as a polymorphism 94,95 (Supplementary table 2) ** Also described as a variant 
with unknown pathogenicity 82

NOTCH3 mutations leading to loss-of-function

A second group of mutations about which there is debate as to their pathogenicity 
in CADASIL, are  those leading to loss of NOTCH3 function (out-of-frame deletions 
or stop mutations). These mutations have been only rarely reported and there is 
no convincing evidence that such loss-of-function mutations cause CADASIL. As in 
the case of the non- cysteine altering missense mutations, the reports mentioning 
an association between CADASIL phenotype and loss-of-function mutations either 
lack comprehensive NOTCH3 molecular analysis, or the clinical diagnosis has not 
been confirmed.87,88 The hypothesis that loss-of-function mutations may also cause 
CADASIL is further discredited by the fact that NOTCH3 loss-of-function mutations 
have been found in thoroughly studied individuals in whom CADASIL was clinically 
excluded,65 as well as by the fact that Notch3 knock-out mice do not develop a 
CADASIL phenotype.89 In summary, loss of NOTCH3 function mutations appear 
not to cause CADASIL, and should be considered a coincidental finding until 
proven otherwise. 
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NOTCH3 mutations outside of the EGFr encoding 
exons

In the initial report on the identification of NOTCH3 mutations in CADASIL, one 
mutation in exon 25 was described.4 Later reports have shown that mutations 
located outside EGFr encoding exons 2-24 do not lead to a CADASIL phenotype.90-92 

Expert commentary

Upon the discovery of NOTCH3 as the causative gene for CADASIL in 1996, it was 
clear that mutations were highly distinctive, namely all were missense mutations 
leading to a cysteine alteration in one of the 34 EGFr of NOTCH3. In the past two 
decades, this has remained a consistent finding in CADASIL patients reported from 
all over the world. However, there have also been a substantial number of reports 
suggesting that other types of mutations, mostly missense mutations that do not 
involve a cysteine, can also cause CADASIL. To date there is no convincing evidence 
that these mutations indeed cause CADASIL and they should be considered  to be 
coincidental findings, until proven otherwise. Incorrect interpretation of mutations 
leads to erroneous diagnosis, with far reaching implications for both the patient 
and his or her family members. In order to be certain of the diagnosis and the 
pathogenicity of the mutation, the analysis of patients with mutations that do not 
alter cysteines should always include comprehensive molecular NOTCH3 screening 
to exclude a coinciding cysteine-altering mutation, as well as a thorough clinical 
(re-)evaluation, including skin biopsy. This should preferably be performed by an 
experienced team, including a clinical laboratory geneticist,  clinical geneticist, 
neurologist, neuroradiologist and neuropathologist. 

Five-year view

Nearly two  decades after the identification of NOTCH3 as the causative gene for 
CADASIL, it has become clear that the disease is much more prevalent than initially 
assumed and it is now considered the most prevalent type of hereditary vascular 
dementia.  However, there is likely still a substantial number of undiagnosed 
patients, due to lack of awareness of the disease and the non-specificity of many 
of the signs and symptoms. However, once the diagnosis has been considered, 
it is readily confirmed by the presence of a cysteine altering missense mutation 
in NOTCH3. As molecular testing is becoming more widely available, we expect 
that in the coming 5 years patients will be even more frequently diagnosed and 
a clearer picture will emerge of both the prevalence and the clinical spectrum 
of the disease. Thus far, there is no therapy to delay the onset of the disease. 
Future rational therapeutic strategies may be those modifying, down- regulating 
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or capturing the toxic mutated protein. In order to determine the effect of such 
therapeutic strategies in the future, a thorough and complete knowledge of both 
the mutational spectrum and the natural history of CADASIL is of vital importance. 

Key issues

•	 CADASIL is caused by gain-of-function mutations in NOTCH3, leading to toxic 
NOTCH3 accumulation in the vessel wall. 

•	 Only NOTCH3 mutations that alter the number of cysteines in one of the 34 
epidermal growth factor repeat (EGFr) domains of the NOTCH3 protein have 
been proven to cause CADASIL:

–– The great majority are missense mutations 
–– Mutations are found only in EGFr-encoding exons (2-24)
–– Most mutations are located in exon 4

•	 Some CADASIL patients with homozygous and compound heterozygous 
mutations have been described. The symptoms of these patients seem to be 
within the normal CADASIL spectrum.

•	 Small NOTCH3 in-frame deletions, insertions or splice-site mutations can also 
cause CADASIL. These typically also alter the number of cysteines in one of 
the 34 EGFr of NOTCH3.

•	 Mutations in NOTCH3 leading to loss of NOTCH3 function do not cause 
CADASIL. These rare mutations include mutations leading to a frame-shift and 
stop mutations.

•	 Missense mutations in NOTCH3 not altering a cysteine residue are unlikely to 
be pathogenic, and should be considered coincidental findings until proven 
otherwise. If such a mutation is detected, the following should be considered:

–– A coinciding cysteine altering mutation may have been missed due to 
technical reasons or incomplete sequencing analysis.

–– The clinical diagnosis of CADASIL may be incorrect and should be confirmed 
by electron microscopy and NOTCH3 immunohistochemistry on a skin 
biopsy.
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No
Nucleotide 
change Amino acid change Exon EGFR Reference

1 c.127T>G p.Cys43Gly 2 1 Peters et al.3, Opherk et al.4

2 c.128G>T p.Cys43Phe 2 1 Lesnik Oberstein 5 

3 c.145T>G p.Cys49Gly 2 1 Oki et al.6

4 c.145T>C p.Cys49Arg 2 1 Wang et al.7

5 c.146G>A p.Cys49Tyr 2 1 Joutel et al.8

6 c.146G>T p.Cys49Phe 2 1 Peters et al.3, Opherk et al.4

7 c.157G>T p.Gly53Cys 2 1 Wang et al.7

8 c.160C>T p.Arg54Cys 2 1 Escary et al.9

9 c.179C>G p.Ser60Cys 2 1 Peters et al.3, Opherk et al.4

10 c.193T>G p.Cys65Gly 2 1 Cleves et al.10, HGMD

11 c.194G>C p.Cys65Ser 2 1 Peters et al.3, Opherk et al.4

12 c.194G>A p.Cys65Tyr 2 1 Bianchi et al.11

13 c.199T>A p.Cys67Ser 3 1 Tikka et al.1

14 c.200G>A p.Cys67Tyr 3 1 Moon et al.12

15 c.213G>T p.Trp71Cys 3 1 Joutel et al.13

16 c.226T>C p.Cys76Arg 3 1 Markus et al.14

17 c.228T>G p.Cys76Trp 3 1 Peters et al.3, Opherk et al.4

18 c.259T>C p.Cys87Arg 3 2 Peters et al.3, Opherk et al.4

19 c.260G>A p.Cys87Tyr 3 2 Opherk et al.4

20 c.265G>T p.Gly89Cys 3 2 Pavlovic et al.15, Lackovic et al.16

21 c.268C>T p.Arg90Cys 3 2 Joutel et al.8

22 c.278G>A p.Cys93Tyr 3 2 Kalimo et al.17

23 c.278G>T p.Cys93Phe 3 2 Dichgans et al.18

24 c.316T>C p.Cys106Arg 3 2 Yamada et al.19

25 c.318C>G p.Cys106Trp 3 2 Opherk et al.4

26 c.322T>C p.Cys108Arg 3 2 Wang et al.20

27 c.323G>C p.Cys108Ser 3 2 Testi et al.21  

28 c.323G>A p.Cys108Tyr 3 2 Peters et al.3, Opherk et al.4

29 c.324C>G p.Cys108Trp 3 2 Rojas-Marcos et al.22

30 c.328C>T p.Arg110Cys 3 2 Joutel et al.8

31 c.349T>C p.Cys117Arg  4  2 Wang et al.7

32 c.350G>T p.Cys117Phe 4 2 Dichgans et al.23

33 c.350G>C p.Cys117Ser 4 2 Spinicci et al.24

34 c.350G>A p.Cys117Tyr 4 2 Ampuero et al.25

35 c.353C>G p.Ser118Cys 4 3 Lee et al.26

36 c.368G>A p.Cys123Tyr 4 3 Escary et al.9

37 c.368G>T p.Cys123Phe 4 3 Dichgans et al.18

44



2

In
te

r
p

r
e

ta
tio

n
 o

f NOT


C
H

3 m
u

ta
tio

n
s in

 th
e

 d
ia

g
n

o
sis o

f C
ADAS




IL

No
Nucleotide 
change Amino acid change Exon EGFR Reference

38 c.382T>G p.Cys128Gly 4 3 Coto et al.27

39 c.383G>A p.Cys128Tyr 4 3 Kalimo et al.17

40 c.383G>T p.Cys128Phe 4 3 LOVD 

41 c.391G>T p.Gly131Cys 4 3 Ungaro et al.28

42 c.397C>T p.Arg133Cys 4 3 Joutel et al.8

43 c.402C>G p.Cys134Trp 4 3 Joutel et al.29

44 c.421C>T p.Arg141Cys 4 3 Joutel et al.8

45 c.425T>G p.Phe142Cys 4 3 Kalimo et al.17

46 c.431G>A p.Cys144Tyr 4 3 Dichgans et al.18 

47 c.431G>C p.Cys144Ser 4 3 Dichgans et al.18

48 c.431G>T p.Cys144Phe 4 3 Grigg et al.30

49 c.434C>G p.Ser145Cys 4 3 Opherk et al.4

50 c.436T>C p.Cys146Arg 4 3 Joutel et al.8

51 c.437G>A p.Cys146Tyr 4 3 Malandrini et al.31

52 c.445G>T p.Gly149Cys 4 3 Peters et al.3, Opherk et al.4

53 c.449A>G p.Tyr150Cys 4 3 Dichgans et al.18

54 c.457C>T p.Arg153Cys 4 3 Joutel et al.8

55 c.463T>A p.Cys155Ser 4 3 Ampuero et al.25

56 c.464G>A p.Cys155Tyr 4 3 LOVD

57 c.464G>C p.Cys155Ser 4 3 Opherk et al.4

58 c.484T>A p.Cys162Ser 4 4 Escary et al.9

59 c.484T>C p.Cys162Arg 4 4 Andreadou et al.32

60 c.486C>G p.Cys162Trp 4 4 Lesnik Oberstein et al.33

61 c.493G>T p.Gly165Cys 4 4 Ampuero et al.25

62 c.505C>T p.Arg169Cys 4 4 Joutel et al.34

63 c.511G>T p.Gly171Cys 4 4 Joutel et al.8

64 c.520T>C p.Cys174Arg 4 4 Santa el al.35

65 c.520T>A p.Cys174Ser 4 4 Tikka et al.1

66 c.521G>A p.Cys174Tyr 4 4 Dichgans et al.23

67 c.521G>T p.Cys174Phe 4 4 Kotorii et al.36

68 c.539C>G p.Ser180Cys 4 4 Escary et al.9

69 c.542T>G p.Phe181Cys 4 4 Granild-Jensen et al.37

70 c.544C>T p.Arg182Cys 4 4 Joutel et al.34

71 c.547T>A p.Cys183Ser 4 4 Dichgans et al.18

72 c.547T>C p.Cys183Arg 4 4 Dichgans et al.23

73 c.548G>T p.Cys183Phe 4 4 Peters et al.3, Opherk et al.4

74 c.553T>C p.Cys185Arg 4 4 Joutel et al.8
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No
Nucleotide 
change Amino acid change Exon EGFR Reference

75 c.553T>G p.Cys185Gly 4 4 Joutel et al.29

76 c.553T>A p.Cys185Ser 4 4 Adib-Samii et al.38, HGMD

77 c.566A>G p.Tyr189Cys 4 4 Lesnik Oberstein et al.5

78 c.580T>A p.Cys194Ser 4 4 Markus et al.14

79 c.580T>C p.Cys194Arg 4 4 Kalimo et al.17

80 c.581G>A p.Cys194Tyr 4 4 Escary et al.9

81 c.581G>T p.Cys194Phe 4 4 Dichgans et al.18

82 c.581G>C p.Cys194Ser 4 4 Adib-Samii et al.38, HGMD

83 c.601T>C p.Cys201Arg 4 5 Uyguner et al.39

84 c.602G>A p.Cys201Tyr 4 5 Opherk et al.4

85 c.616T>C p.Cys206Arg 4 5 Matsumoto et al.40

86 c.617G>A p.Cys206Tyr 4 5 Escary et al.9

87 c.619C>T p.Arg207Cys 4 5 Lesnik Oberstein et al.41

88 c.634T>A p.Cys212Ser 4 5 Joutel et al.8

89 c.635G>A p.Cys212Tyr 4 5 Bentley et al.42

90 c.636C>G p.Cys212Trp 4 5 Spinnici et al.24

91 c.659A>G p.Tyr220Cys 4 5 Rojas-Marcos et al.43

92 c.664T>G p.Cys222Gly 4 5 Joutel et al.8

93 c.665G>A p.Cys222Tyr 4 5 Kalimo et al.17

94 c.665G>C p.Cys222Ser 4 5 Wang et al.7

95 c.671G>A p.Cys224Tyr 4 5 Joutel et al.8

96 c.697T>A p.Cys233Ser 5 5 Joutel et al.29

97 c.697T>C p.Cys233Arg 5 5 Adib-Samii et al.38, HGMD

98 c.698G>A p.Cys233Tyr 5 5 Peters et al.3, Opherk et al.4

99 c.699T>G p.Cys233Trp 5 5 Lesnik Oberstein 5

100 c.719G>C p.Cys240Ser 5 6 Opherk et al.4

101 c.733T>C p.Cys245Arg 5 6 Peters et al.3, Opherk et al.4

102 c.733T>A p.Cys245Ser 5 6 Razvi et al.44

103 c.751T>C p.Cys251Arg 5 6 Markus et al.14

104 c.751T>A p.Cys251Ser 5 6 Lesnik Oberstein 5

105 c.751T>G p.Cys251Gly 5 6 Viskelis et al.45

106 c.752G>A p.Cys251Tyr 5 6 Tikka et al.1 

107 c.773A>G p.Tyr258Cys 5 6 Joutel et al.8

108 c.778T>G p.Cys260Gly 5 6 De Silva et al.46

109 c.779G>A p.Cys260Tyr 5 6 Peters et al.3, Opherk et al.4

110 c.812G>T p.Cys271Phe 6 6 Kam-Ming Au et al.47

111 c.886G>T p.Gly296Cys 6 7 Garcia-Estevez et al.48
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No
Nucleotide 
change Amino acid change Exon EGFR Reference

112 c.895A>T p.Ser299Cys 6 7 Golomb et al.49

113 c.994C>T p.Arg332Cys 6 8 Oliveri et al.50

114 c.1004C>G p.Ser335Cys 6 8 Peters et al.3, Opherk et al.4

115 c.1010A>G p.Tyr337Cys 6 8 Lesnik Oberstein 5

116 c.1012T>C p.Cys338Arg 6 8 Dotti et al.51

117 c.1078T>C p.Cys360Arg 7 9 Kim et al.52

118 c.1096T>C p.Cys366Arg 7 9 HGMD

119 c.1098T>G p.Cys366Trp 7 9 Pradotto et al.53

120 c.1135T>C p.Cys379Arg 7 9 Del Rio-Espínola et al.54

121 c.1136G>C p.Cys379Ser 7 9 Peters et al.3, Opherk et al.4

122 c.1144G>T p.Gly382Cys 7 9 Lesnik Oberstein 5 

123 c.1163G>A p.Cys388Tyr 7 9 Ishida et al.55

124 c.1183T>C p.Cys395Arg 7 10 Peters et al.3, Opherk et al.4

125 c.1187C>G p.Ser396Cys 7 10 Testi et al.21

126 c.1241C>G p.Ser414Cys 8 10 Kim et al.52

127 c.1258G>T p.Gly420Cys 8 10 Joutel et al.29

128 c.1261C>T p.Arg421Cys 8 10 Peters et al.3, Opherk et al.4

129 c.1279C>T p.Arg427Cys 8 10 HGMD

130 c.1282T>C p.Cys428Arg 8 10 Dotti et al.51

131 c.1283G>A p.Cys428Tyr 8 10 Peters et al.3, Opherk et al.4

132 c.1283G>C p.Cys428Ser 8 10 Joutel et al.29

133 c.1303T>C p.Cys435Arg 8 11 Lesnik Oberstein 5 

134 c.1318T>A p.Cys440Ser 8 11 Federico et al.56

135 c.1318T>G p.Cys440Gly 8 11 Markus et al.14

136 c.1318T>C p.Cys440Arg 8 11 Peters et al.3, Opherk et al.4

137 c.1337G>C p.Cys446Ser 8 11 Opherk et al.4

138 c.1337G>T p.Cys446Phe 8 11 Lesnik Oberstein et al.33

139 c.1345C>T p.Arg449Cys 8 11 Thomas et al.57

140 c.1363T>C p.Cys455Arg 8 11 Arboleda-Velasquez et al.58

141 c.1364G<A p.Cys455Tyr 8 11 Kim et al.52

142 c.1370G>C p.Cys457Ser 8 11 Adib-Samii et al.38, HGMD

143 c.1394A>G p.Tyr465Cys 9 11 Lesnik Oberstein 5

144 c.1450T>G p.Cys484Gly 9 12 LOVD

145 c.1451G>A p.Cys484Tyr 9 12 Opherk et al.4

146 c.1451G>T p.Cys484Phe 9 12 Peters et al.3

147 c.1484G>A p.Cys495Tyr 9 12 Peters et al.3, Opherk et al.4

148 c.1510T>C p.Cys504Arg 10 12 Lee et al.59 
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No
Nucleotide 
change Amino acid change Exon EGFR Reference

149 c.1531T>C p.Cys511Arg 10 13 Peters et al.3, Opherk et al.4

150 c.1532G>T p.Cys511Phe 10 13 Mosca et al.60

151 c.1532G>A p.Cys511Tyr 10 13 Bianchi et al.61

152 c.1582G>T p.Gly528Cys 10 13 Dotti et al.51

153 c.1592G>C p.Cys531Ser 10 13 Mazzei et al.62

154 c.1594C>T p.Arg532Cys 10 13 Bianchi et al.63 

155 c.1624T>C p.Cys542Arg 11 13 Kim et al.52

156 c.1625G>A p.Cys542Tyr 11 13 Joutel et al.8

157 c.1630C>T p.Arg544Cys 11 14 Lesnik Oberstein et al.41

158 c.1645T>C p.Cys549Arg 11 14 Lesnik Oberstein 5

159 c.1646G>A p.Cys549Tyr 11 14 Peters et al.3, Opherk et al.4

160 c.1672C>T p.Arg558Cys 11 14 Joutel et al.8

161 c.1703G>A p.Cys568Tyr 11 14 Ferreira et al.64

162 c.1721A>G p.Tyr574Cys 11 14 Mazzei et al.65

163 c.1732C>T p.Arg578Cys 11 14 Joutel et al.34

164 c.1735T>C p.Cys579Arg 11 14 Roy et al.66

165 c.1759C>T p.Arg587Cys 11 15 Kim et al.67

166 c.1771T>C p.Cys591Arg 11 15 LOVD

167 c.1774C>T p.Arg592Cys 11 15 Praline et al.68, HGMD

168 c.1790G>C p.Cys597Ser 11 15 Bohlega et al.69

169 c.1816T>C p.Cys606Arg 11 15 Testi et al.21

170 c.1819C>T p.Arg607Cys 11 15 Escary et al.9

171 c.1918C>T p.Arg640Cys 12 16 LOVD

172 c.1999G>T p.Gly667Cys 13 17 LOVD

173 c.2038C>T p.Arg680Cys 13 17 Pradotto et al.70

174 c.2129A>G p.Tyr710Cys 13 18 Rutten et al.71

175 c.2149C>T p.Arg717Cys 14 18 HGMD

176 c.2182C>T p.Arg728Cys 14 18 Joutel et al.8

177 c.2324G>C p.Cys775Ser 15 20 Peters et al.3

178 c.2815T>C p.Cys939Arg 18 24 Testi et al.21

179 c.2857G>T p.Gly953Cys 18 24 Markus et al.14

180 c.2923G>T p.Gly975Cys 18 25 Kotorii et al.72

181 c.2929T>A p.Cys977Ser 18 25 Lee et al.26

182 c.2951T>G p.Phe984Cys 18 25 Escary et al.9

183 c.2953C>T p.Arg985Cys 18 25 Joutel et al.8

184 c.2963G>A p.Cys988Tyr 18 25 Kim et al.67

185 c.2989T>G p.Cys997Gly 18 25 Ungaro et al.28
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No
Nucleotide 
change Amino acid change Exon EGFR Reference

186 c.3011G>A p.Cys1004Tyr 19 26 Guerrot et al.73

187 c.3016C>T p.Arg1006Cys 19 26 Joutel et al.8

188 c.3037G>T p.Gly1013Cys 19 26 Testi et al.21

189 c.3043T>C p.Cys1015Arg 19 26 Lesnik Oberstein et al.41

190 c.3062A>G p.Tyr1021Cys 19 26 Kalimo et al.17

191 c.3065G>T p.Cys1022Phe 19 26 Vedeler et al.74

192 c.3084G>T p.Trp1028Cys 19 26 Viana-Babtista et al.75

193 c.3091C>T p.Arg1031Cys 19 26 Joutel et al.8

194 c.3172G>T p.Gly1058Cys 20 27 Kalimo et al.17

195 c.3182G>A p.Cys1061Tyr 20 27 LOVD

196 c.3206A>G p.Tyr1069Cys 20 27 Tikka et al.1

197 c.3226C>T p.Arg1076Cys 20 27 Lesnik Oberstein et al.33

198 c.3296G>A p.Cys1099Tyr 20 28 Ferreira et al.76

199 c.3393C>G p.Cys1131Trp 21 29 Pescini et al.77

200 c.3427C>T p.Arg1143Cys 21 29 HGMD

201 c.3691C>T p.Arg1231Cys 22 31 Joutel et al.8

202 c.3750C>G p.Cys1250Trp 23 32 Del Rio-Espínola et al.78

203 c.3781T>C p.Cys1261Arg 23 32 Joutel et al.13

204 c.3782G>A p.Cys1261Tyr 23 32 Peters et al.3, Opherk et al.4

205 c.3893G>T p.Cys1298Phe 24 33 Rinnoci et al.79

206 c.3944G>A p.Cys1315Tyr 24 33 Valenti et al.80

Supplementary table 1. Currently known cysteine altering missense mutations in NOTCH3 
causing CADASIL. This list is compiled data from a list of CADASIL causing mutations 
described by Tikka et al.1 in 2009, supplemented with mutations described thereafter. All 
mutations are described according to HGVS nomenclature, and may therefore differ from the 
mutation description in the original research article. LOVD= leiden open variation database 
(www.lovd.nl) 2, HGMD= human gene mutation database
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No Amino acid change Exon EGFR Reference

1 p.Arg103Gln 3 2 Schmidt et al.81

2 p.His170Arg 4 4 Joutel et al.8

3 p.Pro496Leu 9 12 Joutel et al.8

4 p.Ser497Leu 9 12 Schmidt et al.81

5 p.Ser502Phe 9 12 Schmidt et al.81

6 p.Val764Ala 14 19 Schmidt et al.81

7 p.His981Tyr 18 25 Ross et al.82

8 p.Ala1020Pro 19 26 Schmidt et al.81

9 p.His1133Gln 21 29 Joutel et al.8

10 p.Val1183Met 22 30 Joutel et al.8

11 p.His1235Leu 22 31 Schmidt et al.81

12 p.Arg1262Leu 23 32 Schmidt et al.81

Supplementary table 2. NOTCH3 missense variants not involving a cysteine residue 
described as non- pathogenic. In healthy individuals, variants have been detected which 
lead to an amino acid change in the EGFR encoding exons of NOTCH3, but which do 
not involve a cysteine residue. Some of these polymorphisms, namely pHis170Arg and 
p.Ala1020Pro have also erroneously been reported to be pathogenic. Note: this list 
results from polymorphisms described in larger studies in healthy individuals, and  is not a 
complete list of all NOTCH3 polymorphisms described.
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