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CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts 
and Leukoencephalopathy) is a hereditary dementia and stroke syndrome caused 
by mutations in the NOTCH3 gene.1 The disorder was first described as a separate 
disease entity in the 1990’s2-4 and is now acknowledged as the most prevalent 
hereditary cerebral small vessel disease worldwide. Currently, there is no therapy 
that can delay or prevent CADASIL disease progression.

This introductory chapter will give an overview of CADASIL clinical symptoms 
and pathophysiology, and will provide background to the various studies included 
in this thesis, which are focussed on pre-clinical therapeutic development for 
CADASIL.

SCOPe Of THIS THeSIS

The aim of this thesis was to obtain pre-clinical proof of concept for a rational 
therapeutic approach for CADASIL, called NOTCH3 cysteine correction. To this 
end, we performed a detailed characterization of the type of NOTCH3 mutations 
that cause CADASIL, and identified NOTCH3 mutations that do not cause the 
disease. Furthermore, we performed in vitro proof of concept studies for NOTCH3 
cysteine correction, and demonstrate the technical feasibility of this approach 
in CADASIL patient derived cell models. To enable future in vivo testing of this 
therapeutic approach, we generated a novel CADASIL mouse model and developed 
a biomarker in this model. Finally, we investigated the prevalence of CADASIL-
causing NOTCH3 mutations in a large public exome database and identified a 
novel genotype- phenotype correlation in CADASIL.

CADASIL: A HereDITAry CerebrAL SmALL VeSSeL DISeASe

Chapter 2 of this thesis provides a detailed description of clinical symptoms in 
CADASIL and the role of brain imaging in the diagnostic setting. Briefly, the main 
clinical symptoms in CADASIL are ischemic strokes and cognitive decline leading 
to dementia. Ischemic strokes typically occur in watershed areas of the brain, and 
are recurrent in most patients. Mean age at first stroke is 45-50 years, but onset 
is variable, ranging from the 3rd to the 8th decade.5-8 Mild cognitive decline is 
detectable prior to the onset of first stroke,9,10 and progresses rapidly as the number 
of lacunar infarcts accumulates, ultimately resulting in severe vascular dementia. 
Up to 50% of CADASIL patients have migraine, typically with aura.11 If present, this 
is often the first clinical symptom. Psychiatric disturbances are found in one third 
of CADASIL patients, and are most frequently mood disorders.5,8

Brain MRI abnormalities are present in all CADASIL patients, and can be 
an important clue to making the clinical diagnosis. Progressive white matter 
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hyperintensities with a recognisable distribution are detectable from the early 
adult, pre-symptomatic phase onwards and are found in nearly all CADASIL patients 
by the age of 35.12 Brain MRI abnormalities become more pronounced and more 
extensive as the disease progresses with age, with lacunar infarcts, microbleeds, 
dilated perivascular spaces and brain atrophy.13-17 

CADASIL: A mONOgeNIC DISOrDer wITH DISTINCTIVe 
NOTCH3 geNe muTATIONS

In 1996, NOTCH3, located on the short arm of chromosome 19, was identified as 
the causative gene in CADASIL.1 NOTCH3 contains 33 exons encoding the NOTCH3 
protein; a transmembrane protein which, in adults, is predominantly expressed in 
vascular smooth muscle cells and pericytes.18 NOTCH3 is synthesized as a 280 kDa 
precursor protein, is cleaved in the Golgi (S1 cleavage, mediated by Furin) after which 
it is transported to the cell surface as a heterodimer composed of an extracellular 
domain (NOTCH3ECD), which is non-covalently attached to an intracellular domain.19 
The NOTCH3ECD contains 34 tandemly arranged epidermal growth factor like 
repeat (EGFr) domains. An EGFr domain is a modular protein subunit composed of 
approximately 40 amino acids, including a fixed number of six cysteine residues. In 
pairs, these six cysteines form three disulphide bridges which are important for correct 
folding of the EGFr domain.20 NOTCH3 mutations in CADASIL are very distinctive, 
as they are almost exclusively missense mutations that lead to a cysteine amino acid 
change in an EGFr domain.21 There are some reports of rare small NOTCH3 deletions 
and insertions, which also lead to the typical numerical cysteine amino acid change 
in an EGFr domain. Some authors have reported non-cysteine altering NOTCH3 
mutations in purported CADASIL patients, but their pathogenicity is still subject 
of debate.22 Chapter 2 of this thesis provides an overview of NOTCH3 mutations in 
CADASIL, and discusses both indisputable CADASIL causing mutations and those 
of which the association with CADASIL is uncertain. 

CADASIL PATHOPHySIOLOgy: AN uNeVeN Number Of 
CySTeINeS AND NOTCH3 AggregATION

As a result of the cysteine altering NOTCH3 mutation, the mutated NOTCH3 EGFr 
domain contains an uneven number of five or seven cysteine residues. This disrupts 
normal disulphide bridge formation and leads to increased multimerization and 
aggregation of the NOTCH3ECD.20,23,24 

CADASIL is characterized by accumulation of the NOTCH3ECD in close vicinity 
of vascular smooth muscle cells (VSMCs) in the small- to medium sized arteries,18 
degeneration of VSMCs and thickening of the vessel wall with increased deposition 

12



1

In
tr

o
d

u
c

tIo
n

of extracellular matrix proteins.25 Electron microscopy of e.g. a skin biopsy, typically 

reveals electron- dense deposits of granular osmiophilic material (GOM) in the 

vessel wall, which is considered pathognomonic for CADASIL.26

The NOTCH3 aggregation and accumulation process is believed to play a central 

role in CADASIL pathophysiology, via incompletely understood mechanisms. 

Recent studies have shown that functionally important proteins are recruited 

into the aggregates,27-29 thereby contributing to the pathological process, which 

ultimately leads to a reduced cerebrovascular reactivity and disturbed cerebral 

blood flow.30-32 This is turns leads to recurrent stroke, vascular cognitive decline 

and ultimately pseudobulbar palsy, disability and vascular dementia (Figure 1).

NOTCH3 plays an important role in VSMC differentiation and maturation,33 and 

there is an on-going debate whether, next to toxic protein aggregation, loss of 

NOTCH3 signalling function also contributes to CADASIL pathogenesis. NOTCH3 

signalling is activated when a ligand, Delta or Jagged, binds to the NOTCH3 ligand 

binding site (EGFr 10-11). This initiates two sequential cleavage steps (S2 and 

S3, mediated by TNFα-converting enzyme and presenilin-dependent ɣ-secretase, 

respectively), which enables the intracellular domain to translocate to the nucleus 

and regulate the transcription of target genes.19 It has been shown that most 

CADASIL mutated NOTCH3 proteins retain normal NOTCH3 signalling function,34-39 

and knocking out the NOTCH3 gene in mice does not lead to the development of 

a CADASIL-like phenotype.33 Rather, CADASIL- causing NOTCH3 mutations lead 

to toxic NOTCH3 aggregation (gain of toxic function) and CADASIL can therefore 

be classified as a protein aggregation disorder. Chapter 3 of this thesis describes 

the identification of individuals with a loss-of-function NOTCH3 mutation who do 

not have CADASIL, providing a crucial additional piece of evidence that loss of 

NOTCH3 function is not the primary CADASIL disease instigator. 

NOTCH3 cysteine correction: a rational therapeutic approach for 
CADASIL

There is no therapy available which can slow CADASIL disease progression, and 

there are no clinical trials ongoing for CADASIL (clinicaltrials.gov). The distinctive 

nature of NOTCH3 mutations in CADASIL, and the central role of a numerical 

cysteine alteration in disease aetiology, inspired the hypothesis that correction of 

the number of cysteines within a mutated NOTCH3 EGFr domain may counteract 

toxic NOTCH3 aggregation. This hypothesis prompted the development of the 

NOTCH3 cysteine correction approach as a rational therapeutic strategy for 

CADASIL, as described in chapter 4 of this thesis. In NOTCH3 cysteine correction, 

a minimal amount of EGFr domains, including the mutated one, are removed and 

an EGFr fusion domain with the correct number of cysteines is formed. 
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figure 1. CADASIL pathophysiology. CADASIL-causing NOTCH3 mutations alter the 
number of cysteines in one of the 34 EGFr domains of the NOTCH3ECD. This causes 
multimerization and vascular aggregation of mutant NOTCH3ECD, and recruitment of other 
proteins into the aggregates. This pathological process results in disturbed cerebrovascular 
reactivity  and impaired cerebral blood supply, ultimately leading to stroke and dementia.

NOTCH3 cysteine correction can be achieved by using antisense 
oligonucleotides (AONs). AONs are short strands of nucleic acids which can bind 
to a specific target (pre-)mRNA via Watson-Crick base pairing. In NOTCH3 cysteine 
correction, AONs are designed to interfere with splicing, in order to induce exon 
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skipping of pre-selected NOTCH3 exons. The AON chemistry used in this thesis 
is 2’O-methyl phosphorothioate (2OMePS). This is one of the most widely studied 
AON chemistries, which has been shown to be safe in humans.40 

Developing a mouse model for pre-clinical testing of NOTCH3 cysteine 
correction

Pre-clinical therapeutic development usually requires testing of the therapy in 
an animal model of the disease. None of the currently available CADASIL mouse 
models is suitable for testing therapeutic strategies that target human NOTCH3 
specifically at the genomic or (pre-) mRNA level (Table 1). An ideal model for this 
purpose would be a transgenic model which contains the genomic human NOTCH3 
gene. Chapter 5 of this thesis describes the generation of such a novel CADASIL 
mouse model. 

Year Approach Species N3 Mutation Reference

2003;2009 transgenic cDNA human p.Arg90Cys; p.Cys428Ser 41,42

2005 knock-in mouse p.Arg142Cys 43

2010 transgenic genomic rat p.Arg169Cys 44

2011 knock-in mouse p.Arg170Cys 45

2011 transgenic cDNA human p.Cys455Arg; p.Arg1031Cys 29

2015 transgenic genomic human p.Arg182Cys chapter 5, 46 

Table 1. CADASIL mouse models

CADASIL biomarker development 

Disease variability in CADASIL complicates the development of feasible clinical 
end-points for future clinical trials. For example, using stroke as the primary 
end-point in a clinical trial of 2 years, would require thousands of patients to be 
included.47 Therefore, there is a need for surrogate end-points and biomarkers that 
enable monitoring of disease progression in a sensitive manner within a limited 
time-frame. Chapter 5 of this thesis describes the development of a pre-clinical 
biomarker in the novel human NOTCH3 transgenic mouse model. 

Causes of disease variability in CADASIL 

The causes of disease variability in CADASIL are not well understood. To 
date, no convincing or strong genotype-phenotype correlations have been 
found,8 and GWAS studies have not identified any major genetic modifiers.6,48 
Environmental factors must play a role, as the disease is also variable within 
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families and even between monozygotic twins.49 Smoking and hypertension have 
been found to aggravate disease severity,8, 50 but only exert a relatively minor 
effect.  Chapter 6 of this thesis concerns the discovery of a hitherto unrecognised 
genotype-phenotype correlation, which may contribute significantly to CADASIL 
disease variability. 

CADASIL prevalence

To date, more than 200 distinct NOTCH3 mutations have been described in 
CADASIL patients worldwide. CADASIL prevalence estimations have been 
performed only in relatively small populations in the United Kingdom, which has 
led to an estimated minimum prevalence of 2-5/100,000.51-53 This number is widely 
held to be an underestimation. Chapter 6 of this thesis describes the finding of 
an unexpectedly high frequency of CADASIL- causing NOTCH3 mutations in the 
public exome database ExAC, showing that these mutations are 100-fold more 
prevalent than what would be expected based on current CADASIL prevalence 
estimations and suggesting that they much more frequently cause a milder 
phenotype. 
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OVerVIew Of THe THeSIS CHAPTerS

Chapter 2 provides recommendations for CADASIL diagnostics, especially for the 
interpretation of the results of molecular genetic testing. Specifically, it aims to 
separate the indisputable CADASIL causing mutations from those of which the 
causative association with CADASIL is uncertain. 

Chapter 3 describes the identification of individuals with a NOTCH3 loss-of-
function mutation, who do not have a CADASIL phenotype, providing important 
additional evidence that CADASIL pathogenesis is not driven by a loss of NOTCH3 
function. 

Chapter 4 describes the in vitro proof-of-concept for NOTCH3 cysteine 
correction, a rational therapeutic approach for CADASIL using antisense 
oligonucleotides, aimed at reducing toxic NOTCH3 protein aggregation.  

Chapter 5 describes the generation of a genomic, human NOTCH3 transgenic 
mouse model and the development of the NOTCH3 score as a biomarker in this 
model.

Chapter 6 shows that CADASIL causing NOTCH3 mutations are much more 
prevalent than currently estimated, suggesting not only that CADASIL is hugely 
underdiagnosed, but also that NOTCH3 mutations more frequently cause a 
relatively mild phenotype, partially explained by a newly discovered genotype-
phenotype correlation

Chapter 7 discusses the implications of the findings in this thesis and directions 
for future studies.
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