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Abstract 
 

Cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL, OMIM #125310) is a fatal and progressive disease 

caused by mutations in the NOTCH3 gene which vary in their frequency across 

populations. Evidence point that multiple pathogenic mechanisms underlie the disease, 

which is considered the most common inherited cerebral small vessel disease, with a 

recent new estimated prevalence of 1:300. More than 10 years ago, studies showed 

exons 4, 11, 18, and 19 to be the most frequently mutated in CADASIL Portuguese 

patients. However, since then, no further studies have been done on our population. 

Although the clinical presentation of this disorder, including stroke, migraine with aura, 

cognitive impairment, and psychiatric disturbances, together with the family history and 

brain MRI confirms the diagnosis, genetic analysis of NOTCH3 gene should be used as a 

final gold standard. Due to the high phenotypic variability both across and within 

CADASIL families, it is extremely difficult to predict the patients’ prognosis and 

management. Therefore, an early diagnosis and the identification of prognostic markers 

are essential for preventive care and guiding treatment decisions. Moreover, recent 

studies have shown a correlation between NF-L serum levels and patients’ survival, MRI 

burden, and cognitive decline.  

In line with this, the present study was divided in two main tasks, starting with the 

genetic and clinical characterization of our CADASIL patients’ cohort, followed by the 

evaluation of the potential of sNF-L values in the prognosis of CADASIL patients. First, 

the patients with the clinical diagnosis of CADASIL underwent genetic testing, using 

Sanger and/or NGS sequencing. The identified variants were further evaluated for their 

pathogenicity using an in-house bioinformatic pipeline. NF-L serum levels of NOTCH3 

mutation carriers and a control group were also determined using SiMoA technology. A 

total of 53 NOTCH3 mutation carriers were identified. Of those, 20 were index cases 

from different families and 33 were relatives. The molecular analysis revealed 12 



 xxii 

different heterozygous mutations in which eight were missense cysteine altering 

mutations (p.R110C, p.R153C, p.G420C, p.R427C, p.C446F, p.R558C, p.R607C, 

p.C1099Y), three were missense cysteine sparing mutations (p.S497L, p.S978R, 

p.V1952M) and one was a nonsense mutation (p.R1893*). Although all identified 

variants had been previously reported in the literature, it was the first time that 

p.R1893* has been associated with CADASIL phenotype. Interestingly, most NOTCH3 

mutation carriers harbored a variant located in exon 8, 11, 20, or 31 (18,9%, 47,2%, 

11,3%, and 9,4% respectively), while the remaining variants were dispersed over the 

entire NOTCH3 coding sequence. A further genetic analysis focused on the genes 

associated with dementia phenotype, performed in patients who developed a particular 

aggressive cognitive impairment, revealed two siblings with the co-occurrence of a 

pathogenic variant in NOTCH3 (p.G420C) and SQSTM1 (p.S275Ffs*17) genes. 

Interestingly, double pathogenic variants in both NOTCH3 and SQSTM1 genes have 

never been reported so far in CADASIL patients and suggest a functional interaction 

between these encoded proteins. Thus, our results support the hypothesis of multiple 

pathogenic mechanisms underlaying CADASIL, suggesting that sequencing of the entire 

coding region of the NOTCH3 gene is relevant for an early and accurate diagnosis of 

CADASIL patients. Also, the expansion of genetic analysis to other genes associated with 

the clinical phenotype using NGS-customized gene panel assay might be helpful to 

provide a better genetic counseling and patient management. Furthermore, our studies 

concerning the evaluation of the prognostic value of NF-L serum levels revealed a 

significant correlation between high NF-L serum levels and disease onset, patients’ 

cognitive impairment, and disease severity. Although future studies to a better notion 

of the true prognostic value of this marker are needed, our results suggest the ability of 

NF-L serum levels to predict patients’ prognosis and also to monitor therapeutic 

efficiency. 

 

 

Keywords: CADASIL; Neurofilaments; NOTCH3; Next Generation Sequencing; SiMoA 
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Resumo 
 
A Arteriopatia Cerebral Autossómica Dominante com Enfartes Subcorticais e 

Leucoencefalopatia (CADASIL, OMIM #125310) é uma doença progressiva e fatal 

causada por mutações no gene NOTCH3, cuja frequência varia entre populações. 

Evidências mostram que vários mecanismos patogénicos podem estar na base desta 

doença que é considerada a doença hereditária de pequenos vasos cerebrais mais 

comum, com uma nova prevalência recentemente estimada de 1:300. Estudos feitos há 

mais de 10 anos mostraram que os exões 4, 11, 18 e 19 seriam os mais frequentemente 

afetados em doentes portugueses com CADASIL. No entanto, nenhum outro estudo foi 

feito na nossa população de doentes desde então. Contudo, apesar do diagnóstico desta 

doença ser feito tendo por base o quadro clínico do doente, que inclui AVCs, enxaqueca 

com aura, deficiências cognitivas e distúrbios psiquiátricos, a sua história familiar e o 

resultado da ressonância magnética cerebral, a análise genética do gene NOTCH3 deve 

ser considerada o gold standard do diagnóstico. Devido à grande variabilidade 

fenotípica observada entre e dentro de famílias CADASIL, torna-se extremamente difícil 

fazer o prognóstico dos doentes e o tratamento dos mesmos. Por isso, o diagnóstico 

precoce e a identificação de marcadores com valor prognóstico tornam-se essenciais 

para possibilitar cuidados preventivos e orientar as decisões de tratamento de doentes. 

Estudos recentes mostram uma correlação dos níveis de NF-L no soro com a sobrevida, 

a carga lesional na ressonância e o declínio cognitivo de doentes CADASIL.  

Neste sentido, o presente estudo foi dividido em duas tarefas principais, começando 

com a caracterização genética e clínica do nosso cohort de doentes CADASIL, seguida 

pela avaliação do valor prognóstico dos níveis de NF-L no soro de doentes. Em primeiro 

lugar, os doentes com diagnóstico clínico de CADASIL foram estudados através de 

sequenciação por Sanger e/ou NGS. A patogenicidade das variantes identificadas foi 

posteriormente avaliada usando uma pipeline bioinformática interna. Os níveis de NF-L 

no soro de doentes CADASIL foram também obtidos usando a tecnologia SiMoA. Foi 

identificado um total de 53 portadores de uma variante patogénica no gene NOTCH3, 
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dos quais, 20 casos índex, de famílias diferentes, e 33 familiares. A análise molecular 

revelou 12 mutações diferentes em heterozigotia, das quais oito mutações missense 

com alteração de um resíduo de cisteína (p.R110C, p.R153C, p.G420C, p.R427C, p.C446F, 

p.R558C, p.R607C, p.C1099Y), três mutações missense  que não afetam resíduos de 

cisteína (p.S497L, p.S978R, p.V1952M) e uma mutação nonsense (p.R1893*). Embora 

todas as variantes tenham sido previamente descritas na literatura, foi a primeira vez 

que a variante p.R1893* foi associada ao fenótipo de CADASIL. É interessante notar que 

a maior parte dos portadores de uma variante patogénica no gene NOTCH3 eram 

portadores de variantes localizadas nos exões 8, 11, 20 ou 31 (18,9%, 47,2%, 11,3% e 

9,4%, respetivamente), enquanto as demais se encontravam dispersas ao longo de toda 

a região codificante do gene NOTCH3. Uma análise genética posterior focada em genes 

associados a um fenótipo de demência, em doentes com um défice cognitivo 

particularmente severo, revelou dois irmãos com a coocorrência de uma variante 

patogénica nos genes NOTCH3 (p.G420C) e SQSTM1 (p.S275Ffs*17). Curiosamente, a 

coocorrência de duas variantes patogénicas nos genes NOTCH3 e SQSTM1 em doentes 

CADASIL nunca tinha sido reportada antes e sugere uma interação funcional entre as 

proteínas codificadas por estes genes. Assim sendo, os nossos resultados suportam a 

hipótese de que múltiplos mecanismos patogénicos possam estar na base desta doença, 

sugerindo que a análise de toda a região codificante do gene NOTCH3 é relevante para 

um diagnóstico precoce e preciso de doentes CADASIL. Para mais, a expansão da análise 

genética a outros genes relacionados com fénotipo dos doentes através do uso de 

painéis NGS personalizados, poderá proporcionar um melhor aconselhamento genético 

e tratamento dos doentes. Adicionalmente, os nossos estudos acerca da avaliação do 

valor prognóstico dos níveis de NF-L no soro revelaram uma correlação significativa 

entre níveis elevados de NF-L no soro e o aparecimento de sintomas, o défice cognitivo 

dos doentes e a severidade da doença. Embora estudos futuros sejam necessários para 

uma melhor compreensão do verdadeiro valor prognóstico deste marcador, os nossos 

resultados revelam a possibilidade da monotorização da eficácia terapêutica e do 

prognóstico de doentes através da medição dos níveis de NF-L no soro. 

 

Palavras-chave: CADASIL; Neurofilamentos; NOTCH3; Sequenciação de nova geração; 

SiMoA 
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1. Introduction 
 
With the advances in Medicine over the years, lifespan has increased, accompanied by 

a change in the top causes of mortality worldwide. With aging, there is a tendency 

towards cell dysfunction and cellular senescence that together lead to the systemic 

decline of the individual, representing a risk factor for the development of several 

diseases. Cognitive decline is one of the most common features observed in the elderly 

population that can easily aggravate to dementia. Also, blood vessels weak over the 

years leaving older people more predisposed to vascular problems like strokes and 

transient ischemic attacks (TIA). Thus, dementia and stroke are a major cause of 

mortality and severe disability worldwide. It is estimated that until 2060 there will be 

nearly 14 million people over 65 years old diagnosed with dementia. Also, the majority 

of strokes (75%) occurs on the elderly. Over the years, knowledge about the mechanisms 

under these two conditions has been expanded and it is known now that the 

cardiovascular and neuronal systems are deeply interconnected, with a large net of 

vessels responsible for the supply of nutrients and oxygen to the brain and neurons. 

Also, it has been estimated that almost every neuron is supplied by its own capillary. 

This close relationship between the neuronal and vascular components is crucial to 

understand the link between stroke and dementia.  

Cerebral small vessel diseases (cSVDs) is a recognized cause of dementia among the 

elderly and the underlying cause of up to 26% of ischemic strokes in Europe (Giau et al., 

2019). Moreover, cSVDs is a heterogeneous group of disorders that affects the structure 

and function of cerebral microcirculation (small arteries, arterioles, capillaries, small 

veins, and venules of the brain), resulting in tissue damage and reduction of blood 

supply into grey and deep white matter of the brain (Pantoni et al., 2010). Anatomically, 

the walls of small arteries and arterioles are formed by three concentric layers (Figure 

1.1): the tunica intima, formed by a single layer of endothelial cells; the tunica media, 

composed by vascular smooth muscle cells (VSMCs) and some elastin and collagen fibers 

in the extracellular matrix (ECM); and the tunica adventitia, consisting mainly by ECM 
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with collagen and elastin fibers, some fibroblasts, pericytes and nerve endings (Cipolla, 

2009).  

 

 

Figure 1.1. Schematic representation of small vessels walls. 

 
Although most cases of cSVD are sporadic, several monogenic cSVDs have been reported 

in adult patients, the majority with dominant inheritance and each affecting a specific 

component of the small vessel walls. These include cerebral autosomal dominant 

arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), that will be 

addressed in detail in further sections, cerebral autosomal recessive arteriopathy with 

subcortical infarcts and leukoencephalopathy (CARASIL), cathepsin A-related 

arteriopathy with strokes and leukoencephalopathy (CARASAL), autosomal dominant 

retinal vasculopathy with cerebral leukodystrophy (RVCL), COL4A1/A2-related 

angiopathies, and Anderson-Fabry disease (FD, Table 1.1). 
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Table 1.1. Summary of inherited cSVDs main characteristics 

  CADASIL CARASIL CARASAL RVCL COL4A1/A2 FD 

OMIM #125310 #600142 - #192315 #175780 #614483 
#611773 #614519 #301500 

Trait of 
inheritance AD AR AD AD AD X-linked 

Locus 19q12 10q 20q13.12  3p21 13q34 Xq22 

Gene NOTCH3 HTRA1 CTSA TREX1 COL4A1 and 
COL4A2 GLA 

Protein Notch3 
receptor 

HtrA serine 
peptidase/protease 1 Cathepsin-A DNA-specific 3’-

5’ exonuclease 
Collagen chains 

α1(IV) and α2(IV) 
Lysosomal α-

galactosidase A 

Affected 
vessel layer 

Tunica 
media 

Internal elastic 
lamina 

Tunica 
intima 

Tunica 
 Intima 

Vascular basement 
membrane 

Tunica media + 
intima 

CADASIL, Cerebral autosomal dominant arteriopathy with subcortical infarcts and leucoencephalopathy; CARASIL, Cerebral 
autosomal recessive arteriopathy with subcortical infarcts and leucoencephalopathy; CARASAL, Cathepsin-A-related arteriopathy 
with strokes and leukoencephalopathy; RVCL, autosomal dominant retinal vasculopathy with cerebral leukodystrophy; FD, 
Anderson-Fabry disease; AD, autosomal dominant; AR, autosomal recessive 
 

Summarizing, CARASIL is a disorder with autosomal recessive inheritance caused by 

mutations in the HTRA1 gene, which encodes for HtrA serine peptidase/protease 1 (Hara 

et al., 2009). This protein is responsible for the degradation of many substrates mostly 

situated in the ECM and interacts with transforming growth factor-β 1 (TGF-β1), a 

cytokine that has an important role in the differentiation and integrity of VSMCs (Nozaki 

et al., 2015). Impairment of HTRA1 gene leads to hyaline degeneration and thickening 

and splitting of the internal elastic lamina of small vessels. Of contrast, CARASAL is a 

disorder with autosomal dominant inheritance, due to mutations in the CTSA gene, 

which encodes for cathepsin A, an enzyme involved in endothelin-1 degradation and 

found in association with β-galactosidase and neuraminidase (Bugiani et al., 2016). Its 

impairment leads to overexpression of endothelin-1 and consequentially affects 

vascular endothelial cells of small vessels and myalination of axons. Furthermore, RVCL 

groups cerebroretinal vasculopathy (CRV), hereditary vascular retinopathy (HVR), and 

hereditary endotheliopathy, retinopathy, nephropathy and stroke (HERNS) initially 

considered three independent autosomal dominant disorders (Grand et al., 1988; Jen et 

al., 1997; Ophoff et al., 2001; Storimans et al., 1991). It results from frameshift 

mutations the C-terminal of TREX1 gene resulting in a truncated DNA-specific 3’-5’ 

exonuclease which affects granzyme A-apoptosis weakening the autoimmune system 

and resulting in calcification and fibrous thickening of small vessel walls (Richards et al., 

2007). COL4A1/A2-related angiopathies are also of autosomal dominant inheritance and 

caused by alterations in the COL4A1 and COL4A2 genes that encode for procollagen 
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chains α1(IV) and α2(IV) respectively, elements of type IV collagen, the main component 

of all basement membranes, and therefore when impaired resulting in defected vascular 

basement membranes (Cutting et al., 1988; Khoshnoodi et al., 2016; Kuo et al., 2012; 

Van Agtmael et al., 2005). At last, FD is an X-linked disorder with recessive inheritance 

caused by mutations in the GLA gene that encodes for lysosomal α-galactosidase A (α-

GAL), that catalyzes the removal of terminal α-galactose groups from diverse substrates 

and when defective or absent leads to progressive storage of glycosphingolipids, in 

particular, globotriaosylceramide (Gb3), within the lysosomes of different tissues, 

causing cellular dysfunction that might trigger inflammation and/or fibrosis, p.e. it 

affects the lysosomal storage of VSMCs and endothelial cells (Eng et al., 1994; Opitz et 

al., 1965; Zarate et al., 2008). 

 

1.1. CADASIL (OMIM #125310) 

Cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL, OMIM #125310), previously known has hereditary 

multi-infarct dementia, is the most common monogenic cSVD, possibly first described 

by Van Bogaert in 1955 as a familiar form of Binswanger’s disease (Opherk et al., 2004; 

Van Bogaert, 1955). In 1977, Sourander and Walinder reported a three-generational 

family affected by multi-infarct dementia with evidences that suggest an autosomal 

dominant pattern of inheritance (Sourander and Walinder, 1977). Although, was only in 

1993 that Tournier-Lasserve reported CADASIL and correlated the disease with 

alterations at chromosome 19 (Tournier-Lasserve et al., 1993). Three years later the 

same authors identified Notch homolog 3 (NOTCH3) has the disease-causing gene. 

CADASIL affects individuals all around the world with hundreds of families already 

reported (Joutel et al., 1996). In Europe, the prevalence of CADASIL has been estimated 

to a minimum of two to five per 100,000 adults (Hack et al., 2019). However recent 

studies point to a higher frequency of NOTCH3 pathogenic variants in the general 

population worldwide, with a new estimated prevalence of 1:300 which is 100-fold 

higher than previously estimated (Rutten et al., 2016, 2019). These later findings suggest 

not only that CADASIL is underdiagnosed but also that probably, given the highly 

heterogenous nature of the clinical spectrum of CADASIL, more pathogenic variants are 

associated with a milder phenotype or may even be non-penetrant in some cases. 
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1.2. Clinical features associated with CADASIL 

CADASIL clinical presentation is very heterogenous among patients and families, 

however it is essentially characterized by recurrent cerebral ischemic episodes, as a 

stroke or a TIA, cognitive decline, migraine with aura, and psychiatric symptoms 

(Chabriat et al., 1995; Di Donato et al., 2017; Kalimo et al., 1999). Ischemic stroke and 

TIA are the most frequent manifestations of the disease, occurring in 60–85% of 

symptomatic individuals, usually starting at 45 years old (Chabriat et al., 1995, 2009; 

Dichgans et al., 1998; Hack et al., 2019). The majority of CADASIL patients has an 

elevated probability of recurrence, generally experiencing two to five ischemic episodes 

during their lifetime, resulting, in time, in gait disturbances, motor and cognitive decline, 

urinary incontinence, and pseudobulbar palsy (Chabriat et al., 2009; Opherk et al., 

2004). Cognitive decline is the second most frequent manifestation of CADASIL affecting 

60% of patients (Chabriat and Bousser, 2007). It can begin as early as age of 35 and 

progressively worsen with aging and recurrent ischemic episodes, leading to memory 

impairment, alterations in language and reasoning, eventual resulting in subcortical 

dementia in up to 75% of cases usually accompanied by apathy (Dichigans, 2009). 

Migraine with aura appears in 20-40% of affected patients which represents a frequency 

five times higher than in general population (Vahedi et al., 2004). Usually, this is the first 

symptom of the disease, appearing before 20s in some cases (Verin et al., 1995). 

Psychiatric symptoms affect more than 25% of CADASIL patients, mostly in the form of 

mood disorders like depression, bipolar disease, and apathy, panic disorders and 

schizophrenia, that usually start to develop from 40s (Valenti et al., 2008). Although less 

common, affecting between 5-10% of patients, epilepsy can develop, in some cases as 

a consequence of cerebral ischemic episodes (Dichgans et al., 1998). Parkinsonism and 

acute encephalopathy are also uncommon features of CADASIL and some studies report 

optic anomalies with lesion of the microvasculature of the eye (Andre, 2010; Martins et 

al., 2014; Miranda et al., 2006; Wegner et al., 2007). 

 

1.3. MRI features associated with CADASIL 

Brain magnetic resonance imaging (MRI) of CADASIL patients can show confluent white 

matter hyperintensities (WMH), multiple subcortical lacunar infarcts and lacunar 
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lesions, cerebral microbleeds (CMB), enlarged perivascular spaces (EPVS), and brain 

atrophy, even in patients in their early 20s (Figure 1.2; Mizuno et al., 2020). 

 

Figure 1.2. Schematic representation of the brain lesions usually present in CADASIL. WMH, white 
matter hyperintensities; CMB, cerebral microbleeds; EPVS, enlarged perivascular spaces. 

It is known that WMH prevalence increases exponentially with age however, WMH are 

likely to be more common in individuals with family history and/or clinical features of 

SVD like CADASIL. WMH have a symmetrical brain distribution, and although it affects 

the whole brain, the involvement of the external capsule and temporal lobes is highly 

specific in CADASIL affected patients. This type of alterations can be identified even in 

the subcortical and periventricular white matter of asymptomatic individuals. Multiple 

subcortical lacunar infarcts and lacunar lesions are parenchymal defects close to the 

cortex, characteristically localized within the semioval center, thalamus, basal ganglia 

and pons (Skehan et al., 1995). Notably, MRI lesion load has been shown an important 

predictor of cognitive impairment in patients with CADASIL (Shi et al., 2018). CMB are 

present in up to ¼ of the general population and consist in small areas of hemosiderin 

deposition from silent hemorrhages. CMB are associated with increased risk of ischemic 

stroke and the risk of associated cognitive decline and dementia are direct correlated 

with CMB brain affected location. EPVS found in basal ganglia and white matter, which 

consist in cavities filled with interstitial fluid that surround the small vessels of brain, are 

also associated with increased risk of dementia. At last, brain atrophy, a consequence 
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of lacunar lesions and secondary loss of white and grey matter, also seems to correlate 

with cognitive deficits and is strongly with CADASIL dementia (Viswanathan et al., 2010).  

 

1.4. CADASIL Pathogenesis 

1.4.1. Histopathology 

Wall thickening of deep penetrating small vessels of the white matter, predominantly 

duo to marked intimal hyperplasia, is a histopathological hallmark of CADASIL (Dong 

et al., 2013). Progressive thickening of vessel walls leads to lumen stenosis that 

ultimately leads to subcortical lacunar infarcts and ischemia. VSMCs apoptosis in 

CADASIL vessels results in gradual degradation of the tunica media with an eventual 

breakdown of vascular wall integrity, lumen stenosis and vascular insufficiency, that 

consequentially reduces cerebral blood flow making patient more susceptible to 

infarcts (Chabriat et al., 2009). Also, there is accumulation of non-amyloid granular 

osmophilic material (GOM) with around 0.2-2 mm of measure within the tunica 

media. Its exact molecular composition is still unknown, however some studies have 

revealed that mutant Notch3 extracellular domain and other proteins involved in 

blood vessel remodeling, like tissue inhibitor of metalloproteinases 3 (TIMP-3), and 

vitronectin (VTN), are part of GOM composition (Monet-Leprêtre et al., 2013).  

A recent study found that large GOM deposits coexist with small and recent ones, 

both in small vessels of aged mice and post-mortem CADASIL brain, indicating that 

GOM deposits are continuously forming during disease progression (Gravesteijn et 

al., 2019). Moreover, it has not already been established if GOM deposits form on 

the cell surface or in the endoplasmatic reticulum (ER) and released into extracellular 

space after VSMCs apoptosis (Takahashi et al., 2010). To denote that some studies 

show an impairment of ubiquitination and autophagy in NOTCH3 mutants, 

preventing GOM clearance and contributing to toxic protein accumulation 

(Hanemaaijer et al., 2018; Hase et al., 2018; Lorenzi et al., 2017). 

 

1.4.2. NOTCH3 gene and signaling 

CADASIL is caused by pathogenic mutations in the NOTCH3 gene located on chromosome 

19q12, transmitted with an autosomal dominant pattern (Table 1.1; Joutel et al., 1996; 

Tournier-Lasserve et al., 1993). The 33 exons of this gene encode for a single-pass 
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transmembrane receptor protein, composed by 2,321 amino acids, mainly expressed on 

VSMCs and pericytes (Figure 1; Joutel et al., 2000, 2010; Wang et al, 2008). This receptor is 

composed of three domains: one large extracellular domain (ECD), responsible for ligand-

binding extracellular signaling, one short transmembrane domain, and one intracellular 

domain (ICD), responsible for intracellular signaling transduction, negative regulation and 

protein degradation (Figure 1.3A; Coupland et al., 2018). The Notch3 ECD (NECD) is 

composed of 34 tandem epidermal growth factor-like repeats (EGFr), each with six highly 

conserved cysteine residues that form disulfide bonds responsible for the correct folding of 

the receptor and 3 Notch/Lin-12 repeats (LNr) also rich in cysteine residues. The Notch3 ICD 

(NICD) includes a RBP-Jk-associated molecule (RAM) domain, 7 ankyrine repeats (ANKr) 

flanked by nuclear localizing signals (NLS), and a C-terminal PEST domain, a sequence that is 

rich in proline (P), glutamine (E), serine (S), and threonine (T) residues. The first two, are 

responsible for protein-protein interaction and the last one is involved in protein’s stability, 

negative regulation and protein degradation (Chabriat et al., 2009). In NOTCH3 signaling 

pathway, briefly summarized on Figure 1.3B, Notch3 receptor is thought to undergo complex 

proteolytic processing events starting when the NECD interacts with Delta/Jagged on 

juxtaposed cells inducing conformational changes in the receptor triggering a proteolytic 

cleavage of the NECD by ADAM (a disintegrin and metalloproteinase) on the cell surface. 

Right after, γ-secretase intramembrane proteolysis releases the soluble cytoplasmatic NICD 

from the membrane. Liberated NICD translocate to the nucleus where interacts with the 

nuclear RBP-Jk (Recombination signal Binding Protein for immunoglobulin κ J region) 

repression protein and with the transcriptional co-activator MAML (mastermind-like 

protein), forming a trimeric complex (Bellavia et al., 2008). Binding of NICD to RBP-Jk depends 

on a strong interaction between RAM domain and this repression protein and on a weak 

interaction with the ANKr, specifically able to mediate protein-protein interactions. Indeed, 

studies show that ANKr are important for the formation of the trimeric complex. Upon these 

interactions, NOTCH3 downstream genes transcription is activated and genes involved in 

VSMCs differentiation, remodeling, and vascular development are expressed. Ultimately, the 

PEST domain promotes degradation of NICD, since the E3 ubiquitin ligase SCF/Sel-10/FBXW7 

ubiquitinates this domain promoting NICD degradation by the proteasome machinery (Luo 

et al., 2020). 
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Figure 1.3. Schematic overview of Notch3 receptor structure and signaling. (A) Notch3 receptor 
structure. EGFr, epidermal growth factor-like repeats; LNr, Notch/Lin-12 repeats; HD, 
heterodimerization domain; NSL, nuclear localizing signals; ANKr, ankyrine repeats; PEST, 
sequence that is rich in proline (P), glutamine (E), serine (S), and threonine (T) (B) Notch3 
signaling pathway. ADAM, a disintegrin and metalloproteinase; RBP-Jk, Recombination signal 
Binding Protein for immunoglobulin κ J region; MAML, mastermind-like protein. 

Interestingly, most variants involve one of the EGFr-encoding sequences, located in the 

exons 2 to 24, and results in an odd number of cysteine residues causing disulfide bridges 

disruption affecting the protein’s tertiary structure and resulting in a misfolded receptor. It 

is known that usually misfolded proteins are retained in the ER to be eliminated. Takahashi 

et al. demonstrated that defective Notch3 receptors are highly resistant to degradation, 

therefore being retained in the ER for a long time which causes ER stress with formation of 

reactive oxygen species (ROS) that impairs cellular growth, proliferation and repairment 

(Ihalainen et al., 2007; Takahashi et al., 2010). Resuming, mutant NOTCH3 VSMCs are more 

sensitive to stress inducers which lead to proteasome dysfunction, activation of apoptotic 

pathways and cell death (Takahashi et al., 2010). However, why mutant Notch3 receptors 

are more resistant to degradation is not clear yet. It is possible that the misfolded receptors 

do not interact properly with chaperones and proteases that normally mediate proteins 

degradation (Locatelli et al., 2020). In fact, studies using cerebral VSMCs from CADASIL 

patients have shown a dysfunction in the autophagy-lysosomal pathway, as a consequence 

of accumulation of intracellular mutated Notch3 receptor (Hanemaaijer et al., 2018). 

== === == == = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = = =

== = =

=

=

===========

= = = =

=============================================

========== ============

= =
==

=

=

== = ==
====

==

====

Ub

Ub

Extracellular
domain (ECD)

Transmembrane
domain

Intracellular
domain (ICD)

EGFr

LNr

Golgi
RBP-Jk

MAML

NOTCH3
downstream
genes

Degradation

Delta/
Jagged

Endossome

Degradation

Nucleus

Cyt
opl
asm

Cy
top
las
m

Extracellular space

ADAM

BA

γ-secretase

PEST

ANKr

RAM
NSL

NSL

Proteosome



 10 

Further, an autophagy dysfunction or an insufficient autophagy has been linked to lower 

proliferation rate of VSMCs and to the astrocytes apoptosis in the deep white matter of 

CADASIL patients (Hase et al., 2018; Panahi et al., 2018).  

 

1.4.3. NOTCH3 variants associated with CADASIL 

Although the vast majority of reported variants in the NOTCH3 gene are missense 

mutations (95%), there are also some frameshift, nonsense or splice-site mutations 

identified, resuming a total of more than 200 different mutations reported so far (Di 

Donato et al., 2017). As already mentioned, most pathogenic variants are cysteine 

altering variants which involve one of the EGFr-encoding sequences, located in the 

exons 2 to 24, and result from an alteration of a cysteine encoding triplet. In the 

literature, it is described a clustering of pathogenic variants in the exons 3 and 4 

which encode de EGFr 2-5 (Chabriat et al., 2009). However, the most frequently 

mutated exons found in CADASIL Portuguese patients are exons 4, 11, 18, and 19 

(Guimarães et al., 2010). Less frequently affected, it is known that EGFr 10 and 11 are 

necessary for Delta/Jagged ligand binding and Joutel et al. found that pathogenic 

variants affecting those sites, may impair the activity of the Notch3 receptor and alter 

it physiological function (Joutel et al., 2004). These findings gave rise to the 

hypothesis that the affected EGFr can influence the pathogenic mechanism 

responsible for CADASIL and explain heterogenous clinical spectrum observed. Joutel 

revealed later, through genotype-phenotype correlation analysis in a large cohort of 

CADASIL patients, that pathogenic variants affecting EGFr 10-11 and EGFr 2-5 are 

associated with different phenotypes (Joutel, 2011). EGFr 10-11 affected patients 

presented milder cognitive deficits, a trend for a lower volume of lacunar infarcts, 

and a significantly higher volume of WMH, when compared with EGFr 2-5 affected 

patients. Studies demonstrated that lacunar lesion volume and brain atrophy are the 

strongest MRI markers of global cognitive decline and that extent of WMH does not 

correlate with the severity of cognitive decline when the other previously MRI 

markers are taken into account. Moreover, Rutten et al. found that not only 

mutations affecting EGFr 1-6 were much less prevalent in the general population than 

pathogenic variants affecting EGFr 7-34, but also that EGFr 1-6 affecting variants 

predisposed patients to a “classical” CADASIL phenotype while EGFr 7-34 affecting 
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variants predisposed patients to a milder phenotype, which is in line with the 

previous studies (Rutten et al., 2016, 2019). They also found that the first group of 

patients correlated with a decrease in survival, an earlier onset of stroke, and a 

greater MRI lesion load, which suggested that EGFr pathogenic variant position is a 

strong indicator of CADASIL severity.  

Nevertheless, there are other groups of variants beyond cysteine altering ones that 

might be also disease causing of CADASIL, however their disease molecular 

mechanism remains uncertain. Indeed, several studies involving cysteine sparing 

variants are contradictory in terms of their clinical significance since some authors 

reported them as causative of CADASIL while others classified them as 

polymorphisms (Ferreira et al., 2007; Mizuno et al., 2008; Scheid et al., 2008; Ungaro 

et al., 2009). Thus, when a cysteine sparing variant is detected, the clinical diagnosis 

should be re-evaluated and, if possible, segregation of the mutation in the affected 

family members should be performed (Rutten et al., 2014). Furthermore, another 

group of variants rarely identified in NOTCH3 gene are the nonsense mutations which 

are variants that generate a premature stop codon. These variants can result in the 

reduction of NOTCH3 signaling, NOTCH3 downstream genes expression impairment 

or toxic accumulation of NICD in the cytoplasm, which may represent alternative 

molecular pathogenic mechanisms of CADASIL (Erro et al., 2014; Greisengger et al., 

2020; Gripp et al., 2015; Moccia et al., 2014; Parmeggiani et al., 2000; Pippucci et al., 

2015; Rutten et al., 2013; Yoon et al., 2015).  

Interestingly, biallelic pathogenic variants in NOTCH3 gene have been reported and 

they seem not affect the CADASIL patients’ phenotype (Abou Al-Shaar et al., 2016; 

Tuominen et al., 2001). Moreover, some authors have reported the co-occurrence of 

disease-causing variants affecting NOTCH3 gene and an additional gene in cases with 

a slightly more severe phenotype (Soong et al., 2013). 

 

1.5. CADASIL Diagnosis 

Currently, CADASIL diagnosis criteria is based in family history of migraine with aura, 

stroke, mood disorders and/or dementia, magnetic resonance imaging, genetic analysis 

of NOTCH3 gene and/or pathological detection of GOM in skin biopsy samples (Mancuso 

et al., 2020). 



 12 

 

1.5.1. Magnetic Resonance Imaging 

Small vessels are not easily visualized in vivo, therefore brain MRI has a crucial role in 

the diagnosis and follow up of patients with CADASIL and other cSVDs. Diagnosis is 

heavily based in the presence of vascular lesions in the subcortical region of the white 

matter (WML), which can be detected even in asymptomatic individuals. Areas with 

increased signal are the earliest and more frequent anomalies to appear on T2-

weighted and Fluid Attenuated Inversion Recovery (FLAIR) MRI. Almost all CADASIL 

patients (96%) also present periventricular WMH and diffuse symmetrical alterations 

in the external capsule and anterior temporal lobes area (Chabriat et al., 1998, 1999). 

In addition, lacunar infarcts characteristically localize within the semioval center, 

thalamus, basal ganglia and pons are highly suggestive of CADASIL (Skehan et al., 

1995). 

 
Figure 1.4.  Typical pattern of CADASIL abnormalities on MRI. Fluid Attenuated Inversion 
Recovery (FLAIR) images showing: (A) discrete circumscript areas of white matter hyperintensities 
(WMH) in the anterior temporal lobes (B) discrete circumscript areas of WMH in the 
periventricularv semioval center (C) extensive areas of confluent and symmetrical WMH and 
lacunes (adapted from Mancuso et al., 2020)  

 
1.5.2. Genetic Analysis of NOTCH3 Gene 

For patients with clinical features and/or family history of CADASIL, Sanger 

sequencing of the most frequently mutated exons of NOTCH3 gene is performed 

since it a specificity of 100% and a sensitivity of almost 100% when a cysteine altering 

variant is detected.  

With the advances in sequencing technology, next generation sequencing (NGS) 

came to increase the capability of identify NOTCH3 mutations causative of CADASIL 

as well as other genes which may contribute to or cause CADASIL. Therefore, cases 
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Figure 2(a) Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL). Typical pat-

tern of small-vessel disease-related abnormalities on magnetic resonance imaging in CADASIL. Two individuals with, respectively, an

early (A) and a late (B) disease stage are shown. Both had a cysteine-altering NOTCH3 mutation and a positive family history for

CADASIL. (A) Pre-symptomatic stage, individual in early twenties revealing discrete circumscript areas of white matter hyperintensi-

ties (WMHs) in the anterior temporal lobes (A1, arrow), periventricularv semi-oval centre (A3, arrow) (Fluid Attenuated Inversion

Recovery (FLAIR) images). (B) Severe disease stage in an individual in his mid-fifties, revealing extensive areas of confluent and sym-

metrical WMHs (B1 and B2), including internal and external capsules (B1), enlarged perivascular spaces (B1, arrow) and lacunes (B2,

arrows) on FLAIR images and microbleeds on susceptibility-weighted images (B3, arrows). (b) Corpus callosum involvement in

CADASIL.
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arrows) on FLAIR images and microbleeds on susceptibility-weighted images (B3, arrows). (b) Corpus callosum involvement in

CADASIL.
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Figure 2(a) Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL). Typical pat-

tern of small-vessel disease-related abnormalities on magnetic resonance imaging in CADASIL. Two individuals with, respectively, an

early (A) and a late (B) disease stage are shown. Both had a cysteine-altering NOTCH3 mutation and a positive family history for

CADASIL. (A) Pre-symptomatic stage, individual in early twenties revealing discrete circumscript areas of white matter hyperintensi-

ties (WMHs) in the anterior temporal lobes (A1, arrow), periventricularv semi-oval centre (A3, arrow) (Fluid Attenuated Inversion

Recovery (FLAIR) images). (B) Severe disease stage in an individual in his mid-fifties, revealing extensive areas of confluent and sym-

metrical WMHs (B1 and B2), including internal and external capsules (B1), enlarged perivascular spaces (B1, arrow) and lacunes (B2,

arrows) on FLAIR images and microbleeds on susceptibility-weighted images (B3, arrows). (b) Corpus callosum involvement in

CADASIL.
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without a causative variant identified may be screened using a NGS-customized gene 

panel design to include entire coding region of NOTCH3 gene and also other genes 

chosen taking the patient’s phenotype into consideration (Dunn et al., 2020). 

 

1.5.3. Pathological Detection of GOM 

Although almost all clinical features are connected to the SNC, GOM deposits are not 

strictly found around VSMCs and pericytes of small vessels of the brain, supporting 

the theory that CADASIL is a systemic disease (Lewandowska et al., 2011; Morroni et 

al., 2013). Therefore, in most cases CADASIL can be confirmed by electron 

ultramicroscopic analysis of small vessels obtained with a skin biopsy. Pathologic 

evaluation of skin biopsy has been estimated to have a sensitivity of 45% and a 

specificity of 100% (Markus et al., 2002). However, studies performed later have 

estimated a higher sensitivity, over 90% (Tikka et al., 2009).   

Electron microscopic analysis of CADASIL vessels shows accumulation of GOM within 

the tunica media and fibrosis and thickening of small vessel walls due to VSMCs 

apoptosis that results in gradual degradation of the tunica media with an eventual 

breakdown of vascular wall integrity and lumen stenosis (Figure 1.5). 

 

 

Figure 1.5. Electron ultramicroscopic image of a skin biopsy from a CADASIL patient. Dermal 
capillary with a thickened basal membrane (bm) and surrounded by pericytes (P), with numerous 
GOM deposits in the basal membrane. C, collagen; EC, endothelial cell; L, capillary lumen. Scale 
bar = 0.6 µm. (Morroni et al., 2013) 
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1.6. CADASIL Prognosis  

CADASIL causes major disability and eventually loss of independence as a consequence 

of recurrent strokes, neuronal loss and vascular cognitive impairment. However, disease 

severity in CADASIL patients is highly variable both across and within families, even 

among carriers with the same pathogenic variant, suggesting association with external 

risk factors. Studies show that some cardiovascular risk factors such as hypertension and 

smoking can contribute to disease severity, increasing the risk of acute stroke and 

associating with an earlier onset of stroke in CADASIL patients. Patients can go from mild 

to severely affected making it highly difficult to make a prognosis for CADASIL patients. 

Because of this, the identification of prognostic biomarkers is likely to facilitate the 

elaboration of a more accurate prognosis and eventually be helpful guiding treatment 

decisions, leading to strategies for disease prevention and personalized therapy in some 

cases. 

 

1.6.1. Neurofilaments 

Neurofilaments (NFs) are intermediate filaments (type IV) consisting of three 

subunits of 68, 160, and 200 kDa - NF-Light (NF-L), NF-Medium (NF-M), and NF-Heavy 

(NF-H) respectively – which are part of the composition of the neuronal cytoskeleton, 

present in perikarya and dendrites but particularly abundant in axons. NFs provide 

structure to the axons with an essential role in the establishment of the correct 

diameter of the axon and in the maintenance of the axon caliber. Also, they have a 

major function in the transmission of electrical impulses down the axon determining 

the velocity of nerve conduction. These intermediate filaments have a diameter of 

10 nm and the central core of the structure is composed by NF-L. In case of axonal 

damage, NF-L is released into the extracellular space and subsequently into the 

cerebrospinal fluid (CSF), remaining elevated in circulation for several months 

according to some studies (Gattringer et al., 2017; Thelin et al., 2017). Therefore, this 

protein level in the CSF has been used as a biomarker of axonal damage (Jonsson et 

al., 2010; Sjogren et al., 2001).  

Recently, NF-L concentration can be also determined in blood using ultrasensitive 

immunoassay technology that can detect proteins in blood at sub femtomolar 

concentrations (10-16 M). According to literature, NF-L serum (sNF-L) levels have 
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been found to be increased and correlated with disease severity and progression in 

patients with Frontotemporal Dementia (FTD), Amyotrophic Lateral Sclerosis (ALS), 

and other neurodegenerative diseases (Lu et al., 2015; Meeter et al., 2016; Rohrer et 

al., 2016).  

Interestingly, Duering et al. showed correlation between sNF-L levels and cSVDs both 

CADASIL and sporadic cases, which presented elevated levels when compared with 

controls (Duering et al., 2018). They also correlated sNF-L levels of patients with MRI 

markers as mean diffusivity and cognitive deficits such as processing speed 

performance which was the most affected cognitive domain. Moreover, Gravesteijn 

et al. also showed sNF-L levels elevated in CADASIL patients compared with controls 

and showed sNF-L levels to be correlated with disease progression, survival, MRI 

markers and future disability in patients (Gravesteijn et al., 2019). Gravesteijn and 

colleges showed a decrease in survival, higher lacune count, higher microbleed count 

and a decline in cognitive and executive functions associated with sNF-L levels in 

CADASIL patients. 

 

1.7. Objectives  

The main aim of this project was to characterize the genetic profile of our CADASIL 

patients’ cohort and also to assess the value of sNF-L values in their prognosis. 

As specific objectives it was pretended to:  

1) Identify the genetic variants present in patients with clinical features and/or 

family history of CADASIL and clarify their pathogenic nature; 

2) Establish genotype-phenotype correlations; 

3) Investigate the usefulness of serum NF-L as a predictive marker of CADASIL 

patients’ prognosis.  

 

 

 

 

 



 16 

 



  17 

2. Methods 
 
2.1. Study population 

All participants in this study were recruited at the Coimbra University Hospital, Coimbra. 

Patients were referred as having clinical features or family history related to cerebral small 

vessel disease. All patients were subjected to MRI examination and Fazekas scale was applied. 

Whenever possible, patients were also subjected to a comprehensive neuropsychological 

assessment protocol, including global cognition and specific cognitive measures. 

All patients were screened for the molecular diagnosis of cerebral small vessel disease, and 

patients with a diagnostic confirmed of CADASIL were recruited for neurofilaments serum 

study. Further, all identified NOTCH3 mutation carriers were included in the genetic 

descriptive study presented in section 3.1. However, only the index cases of the identified 

CADASIL families were clinical characterized in this study in section 3.1, resuming a total of 

20 cases. All studied family members have given previously their written consent in the 

context of genetic counseling. 

 

2.2. Sample collection 

Whole blood samples from each patient were collected: two 3mL tubes with EDTA and one 

5mL tube without anticoagulant. The two tubes with EDTA were stored at 4°C for further 

DNA extraction. The 5mL tube was centrifuged at 1500g at 4°C for 10 minutes and the serum 

was aliquoted into polypropylene tubes and stored at -20°C until analysis. 

 

2.3. Biochemical techniques 

2.3.1. DNA extraction 

Extraction of genomic DNA (gDNA) was performed with two different techniques, one 

simpler and faster using the NZY Blood gDNA Isolation kit, and another that takes longer 

using the Invisorb® Blood Universal Kit. Briefly, in the first technique, after lysis with 

Proteinase K, DNA contained in the blood cells was selectively absorbed into silica-based 

columns and, subsequent washing steps removed contaminants. In the end, gDNA was 
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eluted in an alkaline elution buffer. The second technique comprises four steps, removal 

of erythrocytes, lysis of lymphocytes, precipitation of DNA and dissolution of gDNA. It was 

added Buffer EL to achieve the first step, Lysis Buffer HL and Proteinase K for lysis of 

lymphocytes, a Precipitation Solution for the third step with discard of supernatant where 

are the contaminants, ethanol to wash the DNA pellet and at last, Buffer U to elute the 

DNA. All gDNA samples are properly labeled and stored at 4 to 8°C. 

 

2.3.2. DNA quantification and quality control 

DNA concentration and quality control were estimated by spectrophotometry using 

NanoDrop ND-1000 Spectrophotometer® (Thermo Fisher Scientific) and ND-1000 software 

v3.5.2. Readings taken at wavelengths of 280 nm and 260 nm allow calculation of the 

concentration of the amount of protein and nucleic acid (ng/µL) in the sample, 

respectively. Therefore, the ratio of nucleic acid to protein (260/280) is used as an 

indicator of purity of DNA samples. 

 

2.3.3. Sanger Sequencing 

2.3.3.1. Primer design 

As mentioned in Chapter 1, a cluster of missense mutations is observed in exons 3 and 

4 of NOTCH3 gene. Also, although exons 8, 12 and 20 are frequently mutated in 

patients, exons 4, 11, 18 and 19 are the most frequently affected in CADASIL Portuguese 

patients. Therefore, sequences of exons 3, 4, 8, 11, 12, 18, 19 and 20 of NOTCH3 gene 

were obtained through the ENSEMBL (ensembl.org) database. Primer locations were 

aimed to flank all coding region of the exons and selected using Primer 3 plus 

(https://primer3plus.com/) software and OligoCalc 

(http://biotools.nubic.northwestern.edu/OligoCalc.html) platform, in order to choose 

the most suitable primers. Resulting primers sequence and respective PCR product 

length are listed below in Table 2.1. 
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Table 2.1. NOTCH3 primers and respective PCR product length 

Exon Sequence (5' - 3') Product Length (bp) 

3F  TGTTGGCTAGGCTGGTCTTG 
426 

3R  GACCAGGACAGGGTGAGTTT 
 4F GTGAGAGGGGAAGAGTCTGG 

501 
4R GAAGGGGGCAAGGATGGTC 
8F GAGGGGAGCTCCATCGTCT 

402 
8R AGTCTCTAAGGGTCCCACTCC 
9F TGTCGATGAGTAGGAAGGGAAG 

298 
9R TCCGCTAACGTGGTTTTACAGG 
11F CCTCCTGACAGCTTGATGGG 

459 
11R AGGAACATGGCATGGAGTGG 
12F AGAAACAGCACACCTGGAGG 

326 
12R AAAGCACGGACAACCTCGTT 
18F TAAGGGTCAGGGAGTGGGAC 

440 
18R AGGGGAAGCACTCAGAGTCA 
19F TCCTAGGAGGGAGAAGCCAA 

415 
19R TGACAGACACACACCATCCC 
20F GATGGAGTGTGGGTGCGATC 

401 
20R GACATACCCATACCAAGCCACA 
31F CTCACCAATTTCAGGGGTTG 

388 
31R CCTGGTTATGTGTGCGTGAG 
32F CCTCTACCCCTAGGCCACAT 

363 
32R GGGGCCCCCAAAAACTTTAG 
 

Sequence of exons 9, 31 and 32 of NOTCH3 gene were also obtained and the same tools 

were used in order to design and choose the best pair of primers flanking all coding 

region of the exons, since these were found to be affected in some individuals in our 

cohort.  

SQSTM1 gene was sequenced for all patients with a particular aggressive phenotype 

and therefor sequence of all exons of SQSTM1 gene were also obtained in order to 

designed and choose the most suitable primers flanking all coding region of the exons 

using once more the same tools mentioned above (Table 2.2).  
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Table 2.2. SQSTM1 primers and respective PCR product length 

Exon Sequence (5' - 3') Product Length (bp) 

1F AGACTCCGCCCCTCTCGAG 
472 

1R CGAACTGGGGACCCATGCAG 
2F GCCAGAGCAAGGGGGTAGTC 

383 
2R AGCCCTCAAATTGCTGACCCC 
3F CGACAGAGGGGGAGGACTTTA 

 470 
3R GTTTCCTGGTGGACCCATTTCC 
4F CTGCCCAGACTACGACTTGTG 

 475 
4R GTGTGATTGTAGGGCACCAGG 
5F GGTCACTGGACAAGATGTCCG 

377 
5R CCTTGAGTTGCCCGTGGTCC 
6F CTTAGCTGCTTGTGGGGACTG 

455 
6R CTCCCTCGGGTTTGTAAGTGG 
7F CGACTGTCTGCCAGGAGCC 

403 
7R CTACAGACAGCCCTGCAGTGG 
8F CCAAGGCAGCAGGGTATGTG 

372 
8R TGGCTTCTTGCACCCTAACCC 
 

2.3.3.2. NOTCH3 and SQSTM1 DNA amplification by PCR 

Exons 3, 4, 8, 9, 11, 12, 18-20, 31 and 32 of NOTCH3 gene as well as all exons of SQSTM1 

gene were amplified from the DNA isolated from the blood samples of each patient 

using polymerase chain reaction (PCR). 

The mixture of reagents to amplify the NOTCH3 and SQSTM1 exons was prepared for a 

total volume of 24µL, according to the Table 2.3. 

PCR conditions were optimized using a gradient of annealing temperatures to enlarge 

specificity of the designed primers. 

For each reaction, was added 1µL of DNA at 100ng/µL concentration, for a final volume 

of 25µL of PCR reaction product. The PCR conditions used for each exon of NOTCH3 and 

SQSTM1 genes are discriminated in Tables 2.4, 2.5 and 2.6. 
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Table 2.3. Reagents used in PCR mix for amplification of NOTCH3 and SQSTM1 exons 

Reagents Final Concentration Reaction Volume (µL) 
H2O - 14.4 

Taq Buffer 5x (Promega) 1x 5 

MgCl2 25mM (Promega) 1.5mM 1.5 

dNTPs 5mM (Fermentas) 0.2mM 1 

Primer Foward 10µM 0.5mM 1 

Primer Reverse 10µM 0.5mM 1 

DNA polymerase 5U/µL (Promega) 0.5U 0.1 

 

Table 2.4. Thermal cycler conditions for amplification of exons 3 and 4 of NOTCH3 gene 

Cycle step Temp. (°C) Time Cycles 

Initial denaturation 96 1min 1 

Denaturation 96 10sec 

35 Anneling 64 10min 

Extension 72 1min 20sec 

Final Extension 72 5min 1 

Storage 4 ∞ 1 

 

 

Table 2.5. Thermal cycler conditions for amplification of exon 7 of SQSTM1 gene 

Cycle step Temp. (°C) Time Cycles 

Initial denaturation 96 1min 1 

Denaturation 96 10sec 

35 Anneling 66 10min 

Extension 72 1min 20sec 

Final Extension 72 5min 1 

Storage 4 ∞ 1 
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Table 2.6. Thermal cycler conditions for amplification of exons 8-9, 11-12, 18-20, and 31-32 of 
NOTCH3 gene and exons 1-6 and 8 of SQSTM1 gene 

Cycle step Temp. (°C) Time Cycles 

Initial denaturation 94 2min 1 

Denaturation 94 30sec 

14 Anneling 60 30sec 

Extension 72 30sec 

Denaturation 94 30sec 

9 Anneling 55 30sec 

Extension 72 30sec 

Denaturation 94 30sec 

9 Anneling 50 30sec 

Extension 72 30sec 

Final Extension 72 10min 1 

Storage 4 ∞  1 

 

All PCR reactions had a negative control and were performed in Biometra® thermal 

cyclers.  

 

2.3.3.3. Agarose Gel Electrophoresis 

All resulting PCR reaction products were confirmed by agarose gel electrophoresis. 

Samples were loaded into wells of an 2% weight/weight agarose gel stained with 

GreenSafe Premium (NZYtech) and exposed to an electric field. Alongside each sample 

batch respective negative control was loaded. HyperLadderTM IV (Bioline) was used in 

each run as molecular weight marker for relative size comparison. All resulting bands 

were visualized and photographed, like in Figure 2.1, using a UV transilluminator, Gel 

doc_XR® (BIO-RAD) and v4.6.9 of Quantity One® software. 
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Figure 2.1. Representative agarose gel electrophoresis photograph with HyperLadderTM IV (lane 1), 
a sample with 415bp (lane 2), and a negative control (lane 3). 

 
2.3.3.4. Purification of PCR Reaction Products 

The PCR reaction products were purified using the Exo/SAP Go PCR Purification Kit 

(Grisp). Based on enzymatic processes, a mix of exonuclease I (Exo) combined with 

shrimp alkaline phosphatase (SAP) is added to the PCR reaction products to remove 

excess of primers and dNTPs. Samples were placed into Biometra® thermal cyclers and 

the selected conditions are listed in Table 2.7. 

Table 2.7. Thermal cycler conditions for purification of PCR reaction products using Exo/SAP 

Cycle step Temp. (°C) Time 
Enzymatic activation 37 5min 
Enzymatic inactivation 80 10min 
Storage 4 ∞ 

 

2.3.3.5. Sequencing Reaction 

The sequencing reactions were performed using the GenomeLabTM Dye Terminator 

Cycle Sequencing with Quick Start Kit (Beckman Coulter), based on the Sanger 

sequencing method (Sanger et al., 1977). This technique is based on the incorporation 

of fluorescently labeled ddNTPs on the 3’ end DNA strand by DNA polymerase, leading 

to termination of the strand elongation due to lack of a 3’-OH functional group. 

Therefore, in the end, several DNA molecules are obtained with different sizes.  
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The sequencing reactions were prepared for a total volume of 20µL, according to the 

Table 2.8, and placed into Biometra® thermal cyclers using the conditions discriminated 

in Table 2.9. 

 

Table 2.8. Reagents used to prepare the sequencing reactions  

Reagents Reaction Volume (µL) 

H2O 0-9.5* 
DNA Template 0.5-10.0** 
Sequencing Primer (Foward or Reverse) (10pmol/µL) 1.0 
DTCS Quick Start Master Mix 3.0 

* To adjust total volume to 20µL 
**Volume based on band intensity observed on the agarose gel  
 

Table 2.9. Thermal cycler conditions for sequencing of NOTCH3 exons 

Cycle step Temp. (°C) Time Cycles 

Denaturation 96 20sec 

30 Anneling 50 20sec 

Extension 60 4min 

Storage 4 ∞ 1 

 

2.3.3.6. Purification of Sequencing Reaction Products 

The sequencing reaction products were purified in order to remove residual salts, 

excess ddNTPs and other components not incorporated during the reaction that could 

interfere with the sequencing analysis. The purification was based on ethanol 

precipitation. A mixture of 62.5µL ethanol (95%), 3µL NaOAc (3M) and 14.5µL ddH2O 

was added to each sample, in a 96-well PCR plate, that was sealed with Parafilm and 

stored at -20°C for 10 min. Three consecutive centrifugations were performed and 

between them supernatant was discarded and cold ethanol 70% (-20°C) was added to 

each well. In the end, pellets were resuspended on 25µL of formamide by vortex and 

one drop of mineral oil was added to each well. 
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2.3.3.7. NOTCH3 and SQSTM1 genes sequence reading and bioinformatic 

alignment  

The sequence reading was performed on a CEQ 8000 Genetic Analysis System 

automatic sequencer (Beckman Coulter), where the labeled DNA fragments were 

separated by eight capillary electrophoresis. Base calling was obtained by laser-induced 

fluorescence in four spectral channels, each one targeting a respective fluorochrome. 

Sequence read files were exported as electropherograms and further analyzed on the 

demo version of the SEQUENCHERTM software. The electropherograms were manually 

analyzed by two independent operators by comparison with the reference NOTCH3 

gene sequence (GenBank accession: NM_000435.2). Whenever a DNA base alteration 

was identified on the electropherograms, further analysis was performed to rule out its 

pathogenic nature, according to 2.3.3.8.  

 

 
Figure 2.2. Representative electropherograms obtained with Sanger sequencing. Upper panel 
illustrating the reference sequence and the lower panel showing a heterozygous variant (arrowed). 

 

2.3.3.8. Bioinformatic Analysis and Sequence Variants Interpretation 

Any DNA base alteration was evaluated using an in-house bioinformatic pipeline to 

assess variants pathogenicity, based on population, variant and disease databases and 

in silico tools, following the recommendations of the American College of Medical 
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Genetics and Genomics (ACMG) and the Association of Molecular Pathology (Richards 

et al., 2015). Firstly, all variants were search on EMSEMBL and population databases 

such as: 1000 Genomes (1000G), exome aggregation consortium database (ExAC), 

genome aggregation database (GnomAD) and dbSNP. Disease databases as HGMD and 

ClinVar and variant databases as Varsome and UMD-Predictor were also consulted. In 

order to investigate missense variants effect, a selection of in silico tools were also used 

including SIFT (Kumar et al., 2009), PolyPhen (Adzhubei et al., 2010), Mutation Taster 

(Schwarz et al., 2010), MUTPred (Pejaver et al., 2017), CADD (Rentzsch et al., 2019), 

and  FATHM-MLK (Shihab et al., 2015). 

All identified variants of uncertain significance, probable pathogenic and/or pathogenic 

were confirmed by a second PCR before being reported. 

 

2.3.4. Next Generation Sequencing 

2.3.4.1.  Sample preparation 

All gDNA samples were diluted in nuclease-free water to a final concentration of 

25ng/µL using NanoDrop ND-1000 Spectrophotometer® (Thermo Fisher Scientific) as 

described in section 2.3.2. Samples concentrations were then confirmed by Qubit® 

dsDNA HS Assay using Qubit® 4 Fluorometer (Invitrogen).  

 

2.3.4.2. Fragment and adaptor-tagged library preparation (I) 

For a total volume of 21µL, the fragmentation reactions were prepared for 

enzymatic fragmentation and the addition of adaptors at the fragmented ends, was 

performed using the reagents listed on Table 10 and placed into MyCyclerTM thermal 

cycler (BIO-RAD) with the conditions discriminated in Table 11.  

 

Table 2.10. Reagents for DNA fragmentation and adaptor-tagging  

Reagents Reaction Volume (µL) 

SureSelect QXT Buffer (Agilent Technologies) 17 

gDNA sample 25ng/µL 2 

SureSelect QXT Enzyme Mix, ILM (Agilent Technologies) 2 



  27 

 

Table 2.11. Thermal cycler conditions for DNA fragmentation and adaptor-tagging 

Cycle step Temp. (°C) Time 
Step1 45 10min 
Step2 4 1min 
Step3 4 Hold 

 

To stop fragmentation, it was added 32µL of 1X SureSelect QXT Stop Solution (with 

25% ethanol) (Agilent Technologies) to each fragmentation reaction. 

 

2.3.4.3. DNA purification using AMPure XP beads 

The adaptor-tagged libraries were then purified using AMPure XP beads (Beckman 

Coulter). Each library was diluted in 52µL of the homogeneous bead suspension. 

After incubation for five minutes, tubes were placed in the DynaMagTM-2 magnetic 

stand (Invitrogene) until the solution cleared and beads were washed with fresh 

ethanol (70%) in a total of two washes. DNA was further eluted in 11µL of nuclease-

free water, and each cleared supernatant was kept on ice. 

 

2.3.4.4. Fragment and adaptor-tagged library preparation (II) 

Furthermore, the adaptor-tagged gDNA libraries were repaired and amplified by 

PCR. Reagents were mixed according to Table 2.12. 40µL of the pre-capture PCR 

reaction mix was added to each 10µL of purified gDNA library and samples were 

placed into MyCyclerTM thermal cycler (BIO-RAD) with the conditions discriminated 

in Table 2.13. 

Table 2.12. Reagents used for pre-capture PCR reaction mix 

Reagents Reaction 
Volume (µL) 

Nuclease-free water 25 
Herculase II 5x Reaction Buffer (Agilent Technologies) 10 
100mM dNTP Mix (25mM each dNTP) (Agilent Technologies) 0.5 
DMSO (Agilent Technologies) 2.5 
SureSelect QXT Primer Mix (Agilent Technologies) 1 
Herculase II Fusion DNA Polymerase (Agilent Technologies) 1 
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Table 2.13. Thermal cycler conditions for pre-capture amplification 

Cycle step Temp. (°C) Time Cycles 
Step1 68 2min 1 
Step2 98 2min 1 

Step3 
98 30sec 

8 57 30sec 
72 1min 

Step4 72 5min 1 
Step5 4 Hold 1 

 

After amplification, gDNA libraries were purified using AMPure XP beads (Beckman 

Coulter) as described above in section 2.3.4.3.  

The quantity and quality of the adaptor-tagged gDNA libraries was assess using two 

methods. DNA was quantified in a Qubit® 4 Fluorometer (Invitrogen) as already 

described, with a dilution of 1:5. Also, quality and quantity of DNA was assessed 

using an Agilent TapeStation and D1000 Screen Tape (Agilent Technologies) 

following the instructions in the instrument manual user. The peak of DNA fragment 

size should be positioned between 245bp to 325bp. 

 

Figure 2.3. Representative sample electropherogram showing pre-capture analysis of amplified 
library DNA using the 2200 TapeStation with D1000 Screen Tape. 

Libraries were properly labeled and stored at 4°C for short term or at -20°C for 

longer term storage. 
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2.3.4.5. Hybridization and Capture 

In order to prepared he gDNA libraries for the hybridization reaction, approximately 

500 to 750ng of each gDNA library in 12µL of volume was mixed with 5µL of 

SureSelect QXT Fast Blocker Mix (Agilent Technologies) and hybridization reactions 

were placed into MyCyclerTM thermal cycler (BIO-RAD) following conditions 

discriminated in Table 2.14. 

Table 2.14. Thermal cycler conditions for hybridization* 

Cycle step Temp. (°C) Time Cycles 
Step1 95 5min 1 
Step4 65 10min 1 
Step3 65 1min** 1 

Step4 
65 1min 

8 
37 3sec 

Step5 65 Hold 1 
* Set up the thermocycler for the final reaction volume, 30µL 
**Thermocycler was paused here 
 
On step 3, 13µL of capture library hybridization mix, which reagents are described 

on Table 2.15, was added to each hybridization reaction, and thermal cycler program 

was resumed to allow hybridization of the prepared DNA samples. 

Table 2.15. Reagents for preparation of capture library hybridization mix 

Reagents Reaction 
Volume (µL) 

25% RNase Block solution*      2 
Capture Library      2 
SureSelect QXT Fast Hybridization Buffer (Agilent Technologies)      6 
Nuclease-free water      3 

* 0.5µL of SureSelect RNase Block (Agilent Technologies) + 1.5µL Nuclease-free water 

The hybridized DNA was captured using DynabeadsTM MyOneTM Streptavidin T1 

(Invitrogen), previously washed in a total of three washes with SureSelect Binding 

Buffer (Agilent Technologies) using the DynaMagTM-2 magnetic stand (Invitrogene) 

and resuspended in 200µL of the same buffer. Hybridization samples (30µL) were 

mixed with the streptavidin-coated magnetic beads for 30 minutes and beads were 

collected from the suspension using a magnetic separator. Then, the beads were 
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initially washed with SureSelect Wash Buffer 1 and then with pre-warmed SureSelect 

Wash Buffer 2 (65°C) for a total of four washes. After removing the supernatant from 

the final wash, 23µL of nuclease-free water was added to each sample.  

2.3.4.6. Indexing 

The 23µL of bead suspension was added to 25µL of PCR reaction mix described on 

Table 2.16. Also, to add index tags to the captured libraries, 1µL of each appropriate 

dual index primer (P7 i1 to i12 and P5 i13 to i20) was added to each reaction. Tubes 

were placed into MyCyclerTM thermal cycler (BIO-RAD) according with the conditions 

discriminated in Table 2.17. 

Table 2.16. Reagents for preparation of post-capture PCR reaction mix 

Reagents Reaction Vol. (µL) 

Nuclease-free water 13.5 

Herculase II 5x Reaction Buffer (Agilent Technologies) 10 

100mM dNTP Mix (25mM each dNTP) (Agilent Technologies) 0.5 

Herculase II Fusion DNA Polymerase (Agilent Technologies) 1 
 

Table 2.17. Thermal cycler condition for post-capture PCR 

Cycle step Temp. (°C) Time Cycles 
Step1 98 2min 1 

Step2 
98 30sec 

14 58 30sec 
72 1min 

Step3 72 5min 1 
Step4 4 Hold 1 

 

When the PCR amplification was completed, the supernatant was removed using the 

DynaMagTM-96 side magnetic stand (Invitrogene) and the streptavidin-coated beads 

were discarded. 

The amplified captured libraries were purified using AMPure XP beads (Beckman 

Coulter) as already described in section 2.3.4.3. 

The quantity and quality of the capture libraries was assess using an Agilent 

TapeStation and High Sensitivity D1000 Screen Tape (Agilent Technologies) following 
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the instructions of the instrument manual user. The peak of DNA fragment size 

should be positioned between 325bp and 450bp, and the concentration of each 

library was given by the area under the entire peak on the electropherogram. 

 

 

Figure 2.4. Representative electropherogram showing post-capture analysis of amplified 
indexed library DNA using the 2200 TapeStation with High Sensitivity D1000 Screen Tape 

 

Each index-tagged library was also quantified by qPCR using the KAPA Library Quant 

Kit for Illumina (Roche) following the manufacture instructions.  

Libraries were properly labeled and stored at -20°C for longer term storage. 

 

2.3.4.7. Multiplexed sequencing 

Libraries were combined in order to get equimolar amounts of each index-tagged 

sample in the pool samples, using the formula 

Volume	of	Index = 	
𝑉(𝑓) × 𝐶(𝑓)
# × 𝐶(𝑖)  

to determine the amount of each library to use, where 𝑉(𝑓) is the final desired 

volume of the pool sample, 𝐶(𝑓) is the desired final concentration of all the DNA in 

the pool, # is the number of indexes, and  𝐶(𝑖) is the initial concentration of each 

indexed sample.  

Preparation of sequencing samples was done following MiSeq® System Denature and 

Dilute Libraries Guide for a MiSeq® v2 Reagent Kit of 300 Cycles. 



 32 

Samples were sequenced on MiSeqTM Illumina® Sequencer following MiSeq® System 

Guide instructions. 

 

2.3.4.8. Bioinformatic Analysis and Sequence Variants Interpretation 

Sequence read files were exported in FASTQ format and processed using the 

SureCall v4.0 software (Agilent) to align the sequences to the human reference 

genome sequence hg19 with Burrows-Wheeler aligner (BWA) and variant call. 

Analysis was conducted for a virtual customized gene panel of known cSVD causative 

genes: NOTCH3 (NM_000435.2), HTRA1 (NM_002775.4), CTSA (NM_000308.3), 

COL4A1 (NM_001845.5), COL4A2 (NM_001846.3), TREX1 (NM_033629.6), and GLA 

(NM_000169.2); and for patients with particular aggressive phenotype, known 

dementia related genes were also included: PSEN1 (NM_000021.4), PSEN2 

(NM_000447.3), APP (NM_000484.4), APOE (NM_000041.4), SORL1 

(NM_003105.6), CHMP2B (NM_014043.4), FUS (NM_004960.4), GRN 

(NM_002087.4), MAPT (NM_005910.5), SQSTM1 (NM_003900.4), and TBK1 

(NM_013254.3). Coverage assessment and mapping visualization was performed 

using the Integrative Genomics Viewer (IGV) and interpretation of found variants 

was performed using an in-house multistep process workflow to assess variants 

pathogenicity, based on population, variant and disease databases and in silico tools, 

following the recommendations of the ACMG and the Association of Molecular 

Pathology (Richards et al., 2015), as described previously in section 2.3.3.8. 

All identified variants of uncertain significance, probable pathogenic and/or 

pathogenic were further confirmed on a second PCR amplification with subsequent 

Sanger sequencing and discriminated in the genetic report. 

 

2.3.5. Neurofilament quantification  

Neurofilaments were quantified in serum samples using SiMoATM NF-light ®Advantage Kit 

(Quanterix) which complies single molecule array (SiMoA) bead technology, a digital 

ultrasensitive immunoassay that can detect proteins in blood at very low concentrations. 

Briefly, a 2-step immunoassay was performed with incubation of the antibody coated 

magnetic microbeads with the samples and a biotinylated detector antibody, resulting in 

the formation of an immune-complex between these components. After washing, 
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streptavidin-b-galactosidase was mixed with the samples, binding to the biotinylated 

detector antibody. After several washes and stabilization, the plate was transferred to 

Quanterix SR-XTM Ultra-Sensitive Biomarker Detection System. Beads were resuspended 

in a resorufin-b-D-galactopyranoside substrate solution and transferred to the SiMoA Disc. 

This disc has 300,000 femtoliter-sized microwells and these wells can accommodate only 

one bead each. Microwells were sealed and fluorescent signal in each well was counted, 

resulting in a digital signal that correspond to the presence or absence of single enzyme 

molecules, which allows the extreme sensitivity of this technique. Results were then 

exported and analyzed.  

 

2.4. Statistical Analysis 

All statistical analyses were performed using IBM SPSS Statistics v1.0.0.1461 software. 

Normality was determined using Shapiro-Wilk test and Chi-Square test of independence was 

used to analyze categorical variables. 

Mann-Whitney U test was applied to assess statistical difference between mean values of 

two independent groups with non-parametric distributions. Results were presented in 

boxplots. 

Furthermore, Spearman rank correlation was used as a measure of the association between 

variables with non-parametric distributions. Results were presented in scatter plots to 

visualize the association between two variables.  
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3. Results 
 

This study was divided in two main tasks, starting with the (I) genetic and clinical 

characterization of our CADASIL patients’ cohort, followed by the (II) evaluation of the 

potential of sNF-L values in the prognosis of CADASIL patients.  

 

3.1. Genetic and Clinical Characterization 

3.1.1. Study Population (I) 

Therefore, in order to perform the first task, a total of 70 individuals with clinical 

features and/or family history of CADASIL were genetic studied with Sanger and/or 

NGS assays, and a total of 53 NOTCH3 mutation carriers were identified. Of those, 20 

were referred index cases from different and unrelated families and 33 were family 

relatives. Twelve out of the 20 index cases were female (60%) and eight of 20 were 

male (40%), with a mean age value of 58.2 ± 8.7 (range between 40 and 73). 

Additionally, of the 50 studied family members, 24 were female (48%) and 26 were 

male (52%), with a mean age value of 46.7 ± 14.7 (range between 20 and 76).  

 

3.1.2. Molecular Analysis 

The genetic analysis revealed 12 different heterozygous mutations in the NOTCH3 

gene, in which eight were missense cysteine altering mutations (p.R110C, p.R153C, 

p.G420C, p.R427C, p.C446F, p.R558C, p.R607C, p.C1099Y), three were missense 

cysteine sparing mutations (p.S497L, p.S978R, p.V1952M) and one was a nonsense 

mutation (p.R1893*), all illustrated in Figures 3.1 to 3.3 and described in Table 3.1. 

Of note, all the missense mutations were previously reported in the literature 

associated with CADASIL.  
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Figure 3.1. Electropherograms of missense cysteine altering variants identified on NOTCH3 gene 
(I). (A) Heterozygous p.R110C variant in the exon 3, found in index case 1 (B) Heterozygous p.R153C 
variant in the exon 4, found in index cases 2 and 3 (C) Heterozygous p.G420C variant in the exon 8, 
found in index cases 4, 5, 6, 7 and 8 (D) Heterozygous p.R427C variant in the exon 8, found in index 
case 9. Each corresponding amino acid substitution is depicted within a limited reading frame. 

C D 

A B 
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Figure 3.2. Electropherograms of more missense cysteine altering variants identified on NOTCH3 
gene (II). (A) Heterozygous p.R558C variant in the exon 11, found in index cases 12, 13, 14 and 15 (C) 
Heterozygous p.R607C variant in the exon 11, found in index case 16 (D) Heterozygous p.C1099Y 
variant in the exon 20, found in index case 18. Each corresponding amino acid substitution is depicted 
within a limited reading frame. 

A 

C 

B 
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Figure 3.3. Electropherograms of missense cysteine sparing (A-C) and nonsense (D) variants 
identified on NOTCH3 gene. (A) Heterozygous p.S497L variant in the exon 9, found in index case 11 
(B) Heterozygous p.S978R variant in the exon 18, found in index 17 (C) Heterozygous p.V1952M 
variant in the exon 32, found in index cases 20 (D) Heterozygous p.R1893* variant in the exon 31, 
found in index case 19. Each corresponding amino acid substitution is depicted within a limited 
reading frame. 

C D 

A B 
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Table 3.1. NOTCH3 gene variants found in the 20 index cases identified in our CADASIL patients’ 
cohort  

Index case Nucleotide Change Amino Acid Chage Exon EGFr References 

1 c.328C>T p.R110C 3 2 Joutel et al., 1997 

2,3 c.457C>T p.R153C 4 3 Joutel et al., 1997 

4-8 c.1258G>T p.G420C 8 10 Joutel et al., 2001 

9 c.1279C>T p.R427C 8 10 Hewamadduma et al., 2010 

10 c.1337G>T p.C446F 8 11 Lesnik Oberstein, 2003 

11 c.1490C>T p.S497L 9 12 Abramycheva et al., 2015 

12-15 c.1672C>T p.R558C 11 14 Joutel et al., 1997 

16 c.1819C>T p.R607C 11 15 Escary et al., 2000 

17 c.2932A>C p.S978R 18 25 Ferreira et al., 2007;  
Muiño et al., 2017 

18 c.3296G>A p.C1099Y 20 28 Ferreira et al., 2007 

19 c.5677C>T p.R1893* 31 NA Smith et al., 2013 

20 c.5854G>A p.V1952M 32 NA Sassi et al., 2018 

Key: EGFr, epidermal growth factor-like repeat; NA, not applicable. 

Interestingly, when analyzing our 53 mutation carriers, the majority of the individuals 

harbored a mutation in exon 11 (n=23, 43.4%), followed by exon 8 (n=10, 18.9%), 

exon 20 (n=6, 11.3%), exon 31 (n=5, 9.4%), exon 4 (n=3, 5.7%) or exon 18 (n=3, 5.7%) 

(Figure 3.4A). Exons 3, 9, and 32 were only affected in one individual each. Moreover, 

the most common mutations found in our cohort were p.R558C, p.G420C, p.C1099Y, 

and p.R1893*, reported in index cases 20, 7, 6, and 5 respectively (Figure 3.4C and 

Table 3.1).  
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Figure 3.4. NOTCH3 gene variants distribution and frequency. Pie chart showing the frequency 
of NOTCH3 variants per affected exon in: mutation carriers (n = 53) of our CADASIL patients’ 
cohort (A) and the identified CADASIL index cases (n = 20; B). (C) Vertical slice chart showing the 
frequency of each NOTCH3 variant found in the mutation carriers (n = 53) of our CADASIL patients’ 
cohort.  

 
The majority of identified NOTCH3 variants, ten out of twelve, affected the EGFr 

encoding sequences (83.3%; Figure 3.5), located in the NECD. Seven out of the 20 

index cases (35%) harbored a mutation affecting Delta/Jagged ligand binding site, 

EGFr 10 or 11. Additionally, most index cases had a mutation affecting EGFr 7-34 

(83.3%), while only 16.7% of cases harbored a mutation affecting EGFr 1-6. To denote 

that two mutations in the ICD encoding sequences (p.R1893* and p.V1952M) were 

also found. 
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Figure 3.5. Notch3 affected domain and NOTCH3 affected EGFr encoding sequence frequencies. 
Pie chart on the left showing the frequencies of affected Notch3 receptor domains found in the 
NOTCH3 mutation carriers (n = 53). Pie chart on the right showing the frequencies of affected 
EGFr encoding sequences found in the EGFr altered individuals (n = 47). ECD, extracellular 
domain; ICD, intracellular domain; EGFr, epidermal growth factor-like repeat. 

 

The majority of mutations identified (n=8) in the present study were missense 

mutations predicted to result in gain or loss of a cysteine residue of one of the EGFr 

of the receptor. These distinctive EGFr cysteine altering Notch3 variants are 

considered specific to CADASIL and confirmative of a diagnosis. However, in the 

present study, three index cases were found to carry missense cysteine sparing 

mutations (p.S497L, p.S978R, and p.V1952M), and one family harbored a nonsense 

mutation (p.R1893*). All 20 index cases were heterozygous for the NOTCH3 mutation 

identified. Of the 33 NOTCH3 mutation carriers, 30 were heterozygous carriers and 

only 3 were homozygous carriers, all of them relatives of index case 12, and thereby 

harboring variant p.R558C in exon 11 in homozygosity (Table 3.1). 

Further, 34 common polymorphic variants were found in the coding region of known 

cSVD related genes (COL4A1, COL4A2, CTSA, GLA, HTRA1, NOTCH3, and TREX1) of our 

cohort (Table 3.2). Of those, 24 were synonymous and 6 were non-synonymous, all 

described in dbSNP and predicted to be benign. 
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Table 3.2. Polymorphic variants in cSVD related genes identified in the index cases using NGS  

Gene Amino Acid Change dbSNP MAF 

COL4A1 (NM_001845.5) 

p.V7L rs9515185 0.42 

p.A144 rs532625 0.47 

p.T555P rs536174 < 0.01 

p.P605 rs61749897 0.10 

p.P710 rs16975492 0.31 

p.G1061 rs874204 0.32 

p.R1063 rs874203 0.32 

p.Q1334H rs3742207 0.29 

p.A1490 rs1133219 0.31 
 p.S1600 rs650724 0.13 

COL4A2 (NM_001846.3) 

p.T99 rs4238272 0.06 

p.P336 rs4103 0.48 

p.P1268 rs439831 0.06 

p.G1269 rs409858 0.06  

p.T1361 rs438758 0.02 

p.A1363 rs4773199 0.19 

p.F1430 rs4771683 0.06  

p.P1505 rs445348 0.25 

p.A1539 rs391859 0.10 

CTSA (NM_000308.3) p.L37- rs1241378191 < 0.01 

HTRA1 (NM_002775.4) 

p.A34 rs1049331 0.29 

p.G36 rs2293870 0.29 

p.I251 rs17624021 0.02 

p.D450 rs374675648 < 0.01 

NOTCH3 (NM_000435.2) 

p.T101 rs3815188 0.22 

p.A202 rs1043994 0.14 

p.C846 rs1043996 0.48  

p.P914 rs1043997 0.26  

p.A1020P rs35769976 0.11 

p.P1521 rs1044006 0.13 

p.A2223V rs1044009 0.7 

TREX1 (NM_033629.6) 

p.G9 rs908382062 < 0.01 

p.Y177 rs11797 0.31 

p.L304 rs3135945 0.04 
Key: MAF, minor allele frequency. 
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3.1.3. Bioinformatic Analysis 

When classifying and reporting variants, databases and published literature can be 

useful for gathering information. Therefore, population databases, which provide 

variants frequency in general population, in silico tools, disease databases and variant 

databases should be consulted.  

As mentioned above, variants frequency in the general population is an important 

criterion to ascertain variants clinical significance. Therefore, NOTCH3 variants 

frequency were assessed using three different population databases, ExAC, 1000G, 

and gnomAD (Table 3.3). All variants had a minor allele frequency (MAF) ≤ 1%. 

 
Table 3.3. NOTCH3 gene minor allele frequency 

NOTCH3 variant ExAC 1000G gnomAD 

p.R110C 0.000009 - 0.000 

p.R153C - - - 

p.G420C - - - 

p.R427C - - - 

p.C446F - - - 

p.S497L 0.012338 0.007388 0.006707 

p.R558C 0.0000412 - 0.00004957 

p.R607C 0.000009 - 0.0000244 

p.S978R 0.000461 0.000399 0.0002586 

p.C1099Y - - - 

p.R1893* 0.000008 - 0.000004021 

p.V1952M 0.008494 0.004992 0.008156 

Key: ExAC, exome aggregation consortium database; 1000G, 1000 genomes; gnomAD, genome 
aggregation database. 

 

 

In addition, several in silico predictive tools, based on different algorithms, such as 

SIFT, PolyPhen, CADD, Mutation Taster, MUTPred and FATHM-MLK, were used to 

predict the impact of the missense changes identified on the structure and function 

of Notch3 receptor (Table 3.4). All cysteine altering variants had at least four out of 

6 in silico tools predicting a receptor function alteration. Regarding the missense 

cysteine sparing variants p.S497L, p.S978R and p.V1952M, they were deemed to 
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affect protein structure according to three out of five, two out of six, and five out of 

five in silico tools, respectively. To denote that all variants had a CADD score ≥ 15. 
 

Table 3.4. In silico analysis of the NOTCH3 gene variants 

   
In silico analysis 

  

 
SIFT1 PolyPhen-22 CADD3 Mutation Taster4 MUTpred5 FATHM-MLK6 

NO
TC

H3
 G

en
e 

Cy
st

ei
ne

 a
lte

rin
g 

va
ria

nt
s  

p.R110C Tolerated Possibly 
damaging 23 Disease causing Medium risk Damaging 

p.R153C Deleterious Possibly 
damaging 28 Disease causing Medium risk Damaging 

p.G420C Tolerated Probably 
damaging 25 Disease causing High risk Neutral 

p.R427C Deleterious Probably 
damaging 31 Disease causing Pathogenic Damaging 

p.C446F Deleterious Probably 
damaging 26 Disease causing Very high risk Damaging 

p.R558C Deleterious Possibly 
damaging 28 Disease causing High risk Damaging 

p.R607C Tolerated Possibly 
damaging 24 Disease causing High risk Damaging 

p.C1099Y Deleterious Probably 
damaging 26 Disease causing Very high risk Damaging 

Cy
st

ei
ne

 sp
ar

in
g 

va
ria

nt
s 

p.S497L Tolerated Benign 24 Disease causing Unknown Damaging 

p.S978R Tolerated Benign 19 Polymorphism High risk Neutral 

p.V1952M Deleterious Probably 
damaging 26 Disease causing Unknown Damaging 

Key: SIFT, Sorting Intolerant From Tolerant; PolyPhen-2. Polymorphism Phenotyping 2; CADD, 
Combined Annotation Dependent Depletion; MUTpred, mutation predictor; FATHM-MLK, Functional 
Analysis through Hidden Markov Models; NA, not applicable; 1Kummar et al., 2009; 2Adzhubei et al., 
2010; 3Rentzsch et al., 2019; 4Schwarz et al., 2010; 5Pejaver et al., 2017; 6Shihab et al., 2015.  

 

Further analysis using ClinVar and HGMD disease databases, which primarily contain 

variants found in patients with disease and assessment of the variants’ pathogenicity, 

was also performed and the results are presented in Table 3.5. Varsome and UMD-

Predictor variant databases were also consulted. All cysteine altering variants were 

predicted to be pathogenic or likely pathogenic in all databases. The pathogenic 

nature of the missense cysteine sparing variants among the different databases was 

controversial in some cases, which will be discussed in detailed in the section 4, and 

the nonsense variant was predicted to be pathogenic in all databases. 



 45 

Table 3.5. NOTCH3 gene variants classification in disease and variant databases 

     Disease databases Variant databases 

   
dbSNP  ClinVar HGMD Varsome UMD-Predictor 

NO
TC

H3
 G

en
e  

Cy
st

ei
ne

 a
lte

rin
g 

va
ria

nt
s 

p.R110C rs775836288 P CM971056 
DM Pathogenic Pathogenic 

p.R153C rs797045014 P CM971060 
DM Pathogenic Pathogenic 

p.G420C rs1323608032 P/LP CM23657     
DM Likely Pathogenic Pathogenic 

p.R427C rs1599391536 Not 
provided 

CM108354 
DM Likely Pathogenic Pathogenic 

p.C446F rs1568360410 P CM035649 
DM Likely Pathogenic Pathogenic 

p.R558C rs75068032 P CM961046 
DM Likely Pathogenic Pathogenic 

p.R607C rs777751303 P/LP  CM003019 
DM Likely Pathogenic Pathogenic 

p.C1099Y rs1555727841 P HM0709       
DM 

Uncertain 
Significance Pathogenic 

Cy
st

ei
ne

 sp
ar

in
g 

va
ria

nt
s p.S497L rs114207045 B/LB CM119547 

DM? Benign Probably 
Pathogenic 

p.S978R rs141956294 LB/US  HM0711       
DM Likely Benign Polymorphism 

p.R1893* rs535683988 - CM136159 
DM? Pathogenic Pathogenic 

p.V1952M rs115582213 B/LB CM186057 
DM? Benign Probable 

polymorphism 

Key: HGMD, human gene mutation database; P, pathogenic; LP, likely pathogenic; B, benign; LB, likely 
benign; US, uncertain significance; DM, disease causing mutation; DM?, disease causing mutation?.  

 

3.1.4. Clinical features 

Clinical records of our 20 referred CADASIL index cases were reviewed and clinical features 

are summarized in Table 3.6. Mean age onset was 48.3 ± 10.8 years, ranging between 27 and 

68. Among the main features, the most prevalent was migraine affecting 65% of cases, with 

only two cases showing migraine with aura (index cases 7 and 11). Furthermore, 60% of index 

cases had cerebrovascular events as stroke and/or TIA, with a mean age onset of 50.9 ± 12.4 

years. Psychiatric disturbances as depression and anxiety were also found, affecting 40 and 

30% of index cases, respectively, with three cases showing both disturbances (index case 6, 

15, and 18). Some patients presented other symptoms as gait disturbances (index case 6), 

anterior ischemic optic neuropathy (index case 1) and seizures (index case 14). 
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Table 3.6. Clinical features of the 20 referred CADASIL index cases 

Index 
Case Sex Onset 

age, years 

NOTCH3 variant 
Age at first 
stroke, years Migrane Psychiatric 

disturbances Risk factos Other 
manifestations Exon Amino Acid 

Chage 

1 F 27 3 p.R110C 27 + - - AOIN 

2 F 30 4 p.R153C 45 + DP OB - 

3 M 32 4 p.R153C 32 + - AL, HTN - 

4 M 49 8 p.G420C 49 - - AL, DL, HTN - 

5 M 57 8 p.G420C 57 - - DM, HTN - 

6 F 48 8 p.G420C - + DP DL, HTN GTD  

7 F 50 8 p.G420C 50 +a - S - 

8 F 46 8 p.G420C 46 + - - - 

9 F 45 8 p.R427C - + - S - 

10 F 59 8 p.C446F 60 - DP - - 

11 F 40 9 p.S497L - +a ANX - - 

12 M - 11 p.R558C - - ANX DL, HTN, pS - 

13 F 45 11 p.R558C 62 + DP - - 

14 M 68 11 p.R558C 72 + - - SZ 

15 M 49 11 p.R558C - + ANX, DP pS - 

16 F - 11 p.R607C - - DP DL - 

17 F 59 18 p.S978R - + ANX HTN, OB - 

18 M 54 20 p.C1099Y - - ANX, DP - - 

19 F 48 31 p.R1893* 48 + DP DL, HTN - 

20 M 63 32 p.V1952M 63 - - HTN - 

Key: F, female; M, male; ANX, anxiety; DP, depression; AL, alcoholism; DL, dyslipidemia; HTN, hypertension; OB, 
obesity; pS, past smoking; S, smoking; AOIN, anterior ischemic optic neuropathy; GTD, gait disturbances; SZ, 
seizures; a migraine with aura 

 

Risk factors were available for all index cases. Eight out of our 20 index cases presented 

hypertension (40%) and five had dyslipidemia (25%). Two out of 20 had alcoholism, other 

two had obesity. Additionally, three patients were active smoker while two past smokers. 

Also, there was on case with diabetes (index case 5).  

Moreover, evaluation of the overall cognitive status revealed cognitive impairment in about 

45% of our index cases (Table 3.7), with severe cognitive decline in index cases 4 and 6. 

Further, brain MRI exams of patients were obtained and Fazekas scale, which range the WMH 

from 1 to 3 (1 = small punctate lesions, 2 = several punctate and/or small confluent lesions, 

3 = confluent and diffuse lesions), was applied. Neuroimaging examination results are 

presented in Table 3.7. The majority of patients (42.1%) presented a severe MRI burden, with 

a confluent and diffuse lesions pattern on MRI (Grade 3 on Fazekas scale). Index cases 1, 2, 

9, 12, 15, 16 and 18 had a several punctate and/or small confluent lesions pattern on MRI 

(Grade 2), with only index case 11 presenting a light MRI burden, corresponding to a small 
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punctate lesions pattern on the MRI exam (Grade 1). To denote, index cases 12 and 16 were 

at-risk asymptomatic patients due their lack of clinical features beyond a positive MRI exam. 

 

Table 3.7. Neuropsychological and neuroimaging features of the 20 referred CADASIL index cases 

Index Case 
NOTCH3 variant 

Cognitive decline MRI burden (Fazekas scale) 
Exon Amino Acid Chage 

1 3 p.R110C - 2 
2 4 p.R153C - 2 
3 4 p.R153C - 3 
4 8 p.G420C + 3 
5 8 p.G420C + 3 
6 8 p.G420C + 3 
7 8 p.G420C - 3 
8 8 p.G420C - 3 
9 8 p.R427C - 2 
10 8 p.C446F + 3 
11 9 p.S497L - 1 
12 11 p.R558C - 2 
13 11 p.R558C + 3 
14 11 p.R558C + 3 
15 11 p.R558C + 2 
16 11 p.R607C - 2 
17 18 p.S978R - N/A 
18 20 p.C1099Y + 2 
19 31 p.R1893* - 3 

20 32 p.V1952M + 3 
Key: MRI, magnetic resonance imaging; N/A, not applicable. 

 

3.1.5. Severe Clinical Cases 

As already mentioned, CADASIL is characterized by a large phenotypic variability 

where some cases present a more severe phenotype, characterized by an early-onset 

stroke, gait disturbances, dementia and/or severe emotional dysregulation together 

with a severe white matter burden on MRI. 

Among the CADASIL patients referred for the molecular analysis (section 3.1.2), the 

ones who presented a particular aggressive phenotype were further evaluated in 

order to rule out the presence of other genetic factors which might modulate their 

phenotype. Index cases 1-6, 10, 13, 14, 18, and 19 were all pointed as aggressive 

phenotypes due to their white matter burden on MRI and at least one of the following 



 48  

features: cognitive impairment (cases 4, 5, 6, 10, 13, 14, and 20), severe emotional 

dysregulation (cases 2, 5, 6, 10, and 18), gait disturbances (case 6), and an early on 

stroke age (cases 1 and 3). Due to their particular aggressive cognitive impairment, 

index cases 6 and 20 were genetic studied for known genes commonly associated 

with dementia phenotype (APOE, APP, CHMP2B, FUS, GRN, MAPT, PSEN1, PSEN2, 

SORL1, SQSTM1, and TBK1) using Sanger and/or NGS assays. Besides the previously 

reported NOTCH3 variants identified by Sanger sequencing, the NGS analysis of index 

case 6 revealed a heterozygous frameshift mutation in SQSTM1 gene, p.S275Ffs*17 

(Figure 3.6 and Table 3.8).  
 

 

      

 

Figure 3.6. Electropherograms illustrating a heterozygous c.823_824 delAG pathogenic variant in 
the exon 6 of SQSTM1 gene, with a limited reading frame depicting the corresponding amino acid 
substitutions p.S275Ffs*17.  

 

Table 3.8. SQSTM1 frameshift identified variant using NGS 

This pathogenic variant, located in exon 6, is predicted to create a premature stop 

codon and to cause loss of normal protein function either through protein truncation 

or nonsense mediated mRNA decay (Table 3.9). In addition, it is not observed in large 

population cohorts as 1000G and ExAC. To denote, this variant is located within the 

first PEST domain (region from amino acids 266 to 294) of the gene, which is 

responsible for signaling peptide for rapid protein degradation. 

SQSTM1   c.823_824delAG p.Ser275Phefs*17

C G GG G GT T TTTC C C CC CAA AC C C C A C A

C G GG G GT T TTTC C C CC CAA AC C C C A C A
T T C C A GC A C A

Glu Ser Ser Ser

Glu
Ser
Phe

Ser
Pro

Ser
His

WT

MUT

SQSTM1   c.823_824delAG p.Ser275Phefs*17

C G GG G GT T TTTC C C CC CAA AC C C C A C A

C G GG G GT T TTTC C C CC CAA AC C C C A C A
T T C C A GC A C A

Glu Ser Ser Ser

Glu
Ser
Phe

Ser
Pro

Ser
His

WT

MUT

Gene Nucleotide Change Amino Acid Chage Exon References 

SQSTM1 
NM_003900.5  c.823_824delAG p.S275Ffs*17 6 Zúñiga-Ramírez et al., 2019 

Wild-type Heterozygous mutation 
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Table 3.9. Classification of SQSTM1 frameshift identified variant in disease and variant databases  

SQSTM1 variant dbSNP  
Disease databases Variant databases 

ClinVar HGMD Varsome UMD-Predictor 

p.S275Ffs*17 rs1273214757 P CD190843 
DM Pathogenic NA 

Key: HGMD, human gene mutation database; P, pathogenic; DM, disease causing mutation; NA, not 
applicable.  
 
 
Index case 6 is a 62 years old female, currently presenting emotional dysregulation 

with significant perceived depressive symptoms and reported previous suicidal 

attempts, and dementia and gait disturbances that started at the age of 48 (Table 

3.6). Neuropsychological examination revealed severe cognitive impairment 

(MoCA=8; MMSE=11) and brain MRI disclosed the presence of severe white matter 

burden (Table 3.7). Family history revealed that her mother, who had a history of 

migraine, and also motor and cognitive impairment, committed suicide by the age of 

52. We also identified a 41 years old brother, who had an early-onset stroke (at age 

of 39), migraine with aura and depression since his 30s, high levels of anxiety, mild 

cognitive impairment (MoCA=22; MMSE=26) and also presented severe white matter 

burden on MRI. Further screening and molecular analysis of her brother revealed the 

co-occurrence of the same pathogenic variants found in index case 6, both in 

heterozygosity. To denote, the p.S275Ffs*17 variant was not found in any other 

studied CADASIL case.  

Further, 25 common polymorphic variants were identified in the coding region of 

known dementia phenotype related genes (APOE, APP, CHMP2B, FUS, GRN, MAPT, 

PSEN1, PSEN2, SORL1, SQSTM1, and TBK1) of our cohort (Table 3.10). Of those, 19 

were synonymous and 6 were non-synonymous, all described in dbSNP and predicted 

to be benign. 
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Table 3.10. Polymorphic variants in dementia related genes identified in the index cases using 

NGS   

Gene Amino Acid Change dbSNP MAF 

APP (NM_000484.4) p.A344T rs201045185 < 0.01 

CHMP2B (NM_014043.4) p.T104 rs11540913 0.18 

FUS (NM_004960.3) 
p.G49 rs741810 0.28 

p.Y97 rs1052352 0.47 

GRN (NM_002087.3) p.R418Q rs63751100 < 0.01 

MAPT (NM_005910.5) 

p.P176 rs1052551 0.09 

p.A227 rs1052553 0.09 

p.N255 rs17652121 0.09 

PSEN2 (NM_000447.2) 

p.A23 rs11405 0.26 

p.G37D rs1231154581 < 0.01 

p.N43 rs143227762 < 0.01 

p.H87 rs1046240 0.44 

SORL1 (NM_003105.5) 

p.H269 rs12364988 0.44 

p.A551 rs636588 0.01 

p.Q1074E rs1699107 0.98 

p.S1187 rs2070045 0.34 

p.N1246 rs1699102 0.41 

p.A1584 rs3824968 0.40 

p.V1967I rs1792120 0.02 

SQSTM1 (NM_003900.5) 

p.D292 rs4935 0.31 

p.G302 rs11548642 0.02 

p.R312 rs4797 0.41 

p.E319K rs61748794 0.02 

p.V346 rs150470670 < 0.01 

TBK1 (NM_013254.4) p.I326 rs7486100 0.35 

Key: MAF, minor allele frequency. 
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3.2. Evaluation of the prognostic value of sNF-L levels 

3.2.1. Study Population (II) 

In order to perform the second proposed task, sNF-L levels were assessed using 

ultrasensitive immunoassay SiMoA technology in a total of 68 individuals. Of those, 

37 NOTCH3 mutation carriers were previously identified and characterized in the first 

task (sections 3.1) and the remaining 31 were healthy control individuals. The 

demographical characteristics of the study population, as well as the included 

controls were collected and are shown in Table 3.11.  

Table 3.11. Demographical characteristics of NF-L study population 

Features Controls CADASIL p Value 

N = 31 37  

Age (years; mean ± SD)  48.1 ± 17.7 51.9 ± 13.2  0.411 

Gender (% female) 61.3% 51.4% 0.420 

Key: SD, standard deviation. 
 

Nineteen out of the 37 NOTCH3 mutation carriers were female (51.4%) and eighteen 

of 37 were male (48.6%), with a mean age value of 51.9 ± 13.2 (range between 26 

and 75). Additionally, of the 31 control individuals 19 were female (61.3%) and 12 

were male (38.7%), with a mean age value of 48.1 ± 17.7 (range between 25 and 78). 

Both gender (p = 0.411) and age (p = 0.420) did not show significant differences 

between CADASIL patients and control individuals. 

 

3.2.2. sNF-L levels assessment in CADASIL patients 

The sNF-L levels assessment using ultrasensitive immunoassay technology revealed 

mean sNF-L value of 17.55 ± 29.06 pg/mL in CADASIL patients and a mean sNF-L value 

of 8.33 ± 5.16 pg/mL in control individuals. Although the difference between the 

mean value of the two groups is not significant (p = 0.103), we can observe that sNF-

L levels in CADASIL patients are more disperse and vary within a wider range (from 

3.33 to 163.28 pg/mL; Figure 3.7A). In addition, some patients had much higher levels 

of sNF-L than others, like index case 20 (163.28 pg/mL) and index case 6 brother 

(85.26 pg/mL). Following, in order to explore the relation between sNF-L levels in our 
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study groups and variables as gender and age, a correlation analysis was performed 

(Figure 3.7B and 3.8).  

Regarding gender, there were no significant differences between males and females 

in both CADASIL patients (p = 0.564) and control individuals (p = 0.372), although with 

an overall tendency for higher sNF-L levels in male when compared with females 

(Figure 3.7B). Further, in relation to age, Figure 3.8A shows a stronger correlation 

between sNF-L levels and this variant in control individuals (ρ = 0.853; p < 0.001) than 

in NOTCH3 mutation carriers (ρ = 0.536; p = 0.001) (Figure 3.8B). 

 

 

    
 

Figure 3.7. Neurofilament serum levels in CADASIL patients. Box plot showing the lower (Q1) 
quartile, median and the upper (Q3) quartile are depicted. Observations outside the 9-91 
percentile range are plotted as outliers. (A) Comparison of sNF-L levels between CADASIL patients 
(n = 37) and controls (n =31). (Test of Homogeneity Variance; ns, non significant) (B) Comparison 
between sNF-L levels of female (n = 19) and male (n = 18) CADASIL patients and female (n = 19) 
and male (n = 12) controls. (Mann-Whitney U test; ns, non significant) CTR, controls; F, female; 
M, male. 

 
 
 
 
 
 

A B 
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Figure 3.8. Correlation between neurofilament light chain serum (sNF-L) levels and age. 
Spearman correlation between sNF-L levels and age of controls (A) and CADASIL patients (B). 
Scatter plots showing the values obtain (points), the regression line and the confidence interval 
set to 0.95 in the grey area around. ρ, Rho. 

 
3.2.3. sNF-L levels relation with disease onset in CADASIL patients 

Due to the high variability of sNF-L values found in our CADASIL patients, we 

hypothesize that this variability might correlate with disease onset. Therefore, this 

group was divided in symptomatic (n = 31) and asymptomatic (n = 6) individuals, and 

differences between these two groups were analyzed (Figure 3.9). As shown, there is 

a significant difference (p = 0.022) between sNF-L levels of symptomatic (19.78 ± 

30.78 pg/mL) and asymptomatic (6.04 ± 3.56 pg/mL) individuals, with higher levels 

on symptomatic ones. Taking this into account, we analyzed the differences between 

sNF-L levels of symptomatic patients and controls. Although near, there are still no 

significant differences between patients and controls sNF-L levels (p = 0.071).  

 

Age (years) Age (years)

ρ = 0.853 ρ = 0.536

Age (years) Age (years)

ρ = 0.853 ρ = 0.536

A B 
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Figure 3.9. Neurofilament serum levels relation with disease onset. Comparison of sNF-L levels 
between asymptomatic NOTCH3 mutation carriers (n = 6) and symptomatic ones (n = 31). Box 
plot showing the lower (Q1) quartile, median and the upper (Q3) quartile are depicted. 
Observations outside the 9-91 percentile range are plotted as outliers. (Mann-Whitney U test; *, 
p < 0.050) 

 
3.2.4. sNF-L levels relation with WML load and cognitive impairment in 

CADASIL patients 

In line with the results presented in the previous section (3.2.3), further analyzes 

were only performed in symptomatic individuals. Due to the small samples size 

symptomatic patients with available Fazekas scale grade were divided in patients 

with light/mild WML burden (grades 1 and 2; n = 8; mean values 19.28 ± 27.29 pg/mL) 

and patients with severe WML burden (grade 3; n = 14; mean values 25.80 ± 40.97 

pg/mL), and statistical analysis was performed (Figure 3.10). Tests revealed no 

significant differences (p = 0.616) between groups. 

 

 

 



 55 

 

 

 
Figure 3.10. Neurofilament serum levels relation with WML load. Comparison between sNF-L 
levels of symptomatic CADASIL patients with light/mild WML burden (grade 1 and 2; n = 8) and 
severe WML burden (grade 3; n = 14) at Fazekas scale. Box plot showing the lower (Q1) quartile, 
median and the upper (Q3) quartile are depicted. Observations outside the 9-91 percentile range 
are plotted as outliers. (Mann-Whitney U test; ns, non significant) 

 

On the other hand, statistical tests revealed a significant difference (p = 0.020) 

between sNF-L values of CADASIL symptomatic individuals with (n = 11; mean value 

36.78 ± 45.17 pg/mL) and without cognitive impairment (n = 15; mean value 11.79 ± 

11.20 pg/mL), with higher levels of sNF-L observed in patients’ group with cognitive 

decline (Figure 3.11).  
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Figure 3.11. Neurofilament serum levels relation with cognitive impairment. Comparison of 
sNF-L levels between symptomatic CADASIL patients with (n = 11) and without cognitive 
impairment (n = 15). Box plot showing the lower (Q1) quartile, median and the upper (Q3) quartile 
are depicted. Observations outside the 9-91 percentile range are plotted as outliers. (Mann-
Whitney U test; *, p < 0.050) 

 
3.2.5. sNF-L levels relation with disease severity in CADASIL patients 

In order to assess sNF-L levels value predicting disease severity we compared the sNF-

L levels of symptomatic patients with a clinical phenotype considered as severe (n = 

11; mean value 36.78 ± 47.38 pg/mL) and with a mild phenotype (n = 19; mean value 

10.64 ± 10.90 pg/mL). Analysis of the differences between the two groups revealed 

significant higher values on severe cases (p = 0.006; Figure 3.12). 
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Figure 3.12. Neurofilament serum levels relation clinical severity. Comparison of sNF-L levels 
between symptomatic CADASIL patients with a mild phenotype (n = 19) and patients with severe 
phenotype (n = 11). Box plot showing the lower (Q1) quartile, median and the upper (Q3) quartile 
are depicted. Observations outside the 9-91 percentile range are plotted as outliers. (Mann-
Whitney U test; *, p < 0.050) 

 
In accordance with chapter 1, we also analyzed the differences between symptomatic 

CADASIL patients harboring a variant affecting EGFr 1-6 (n = 4; mean value 11.16 ± 

4.72 pg/mL) vs EGFr 7-34 (n = 25; mean value 15.95 ± 18.12 pg/mL). However, no 

significant differences were identified (p = 0.784). 
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4. Discussion 
 
Since the discovery of NOTCH3 gene mutations as the underlaying cause of CADASIL in 

1996, therapeutic strategies remained very limited with no disease modifying treatment 

found to date. Treatment of cSVD’s patients usually focuses on symptomatic 

management, and as a consequence, preventive care regiments are sometimes 

inconsistence and some cases might be mistreated. Also, it is important to highlight that 

CADASIL is a progressive and fatal disease. Therefore, efforts aimed at understanding 

the pathogenesis of this inheritable disorder as well as an early and accurate diagnosis 

are crucial for a more efficient patient preventive care. Additionally, in current days, 

diagnosis can provide challenges, particularly with the increasing use of NGS techniques 

which allowed a substantial increase in sequencing content and thereby in variants 

identification. Thus, it has been crucial to develop tools or pipelines to determine 

whether found variants are disease-causing variants. In line with this, in this study, we 

characterized the genetic profile of a total of 53 NOTCH3 mutation carriers that have 

been identified in our CADASIL patients’ cohort and further assessed the value of sNF-L 

concentrations as a prognostic marker in CADASIL.  

Herein, in a total of 53 NOTCH3 mutation carriers (20 referred CADASIL index cases), 

genetic analysis revealed 12 different heterozygous mutations: eight were missense 

cysteine altering variants (p.R110C, p.R153C, p.G420C, p.R427C, p.C446F, p.R558C, 

p.R607C, p.C1099Y), three were missense cysteine sparing variants (p.S497L, p.S978R, 

p.V1952M) and one was a nonsense variant (p.R1893*), all previously reported in the 

literature. According to our results, the most affected exons in our cohort are exons 8, 

11, 20, and 31, which differs from the reported previously in the literature, once the 

exons 4, 11, 18, and 19 are the ones described as the most affected in the Portuguese 

population (Guimarães et al., 2010). Moreover, the most common mutations found in 

our cohort were p.R558C, p.G420C, p.C1099Y, and p.R1893*, with some cases of 

homozygosity harboring the first variant. Curiously, these findings are not in line with 

the literature that describes the p.R544C as the most frequent homozygous mutation 

associated with CADASIL (Mizuno et al., 2020). It is also reported worldwide that the 
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majority of the mutations associated with CADASIL affects one of the 34 EGFr on the 

ECD of the NOTCH3 receptor, which is in agreement to what we found in our cohort with 

83,3% of the variants localized in this region. Additionally, in line with recent 

publications, the most identified variants affected the EGFr 7-34 (Rutten et al., 2016, 

2019).  

As mentioned in section 1.4.3, the vast majority of reported variants associated with 

CADASIL phenotype are missense cysteine altering variants that result in alterations of 

a cysteine encoding triplet and are reported to be associated with GOM deposits due to 

defective NECD accumulation in the vascular wall, probably consequence of a reduction 

of clearance efficiency. This accumulation is toxic for the VSMCs and in time, leads to 

cellular stress with formation of ROS which ultimately result in activation of apoptotic 

pathways and VSMCs death, constituting the disease-mechanism most commonly 

accepted. Accordingly, in this study, we have identified a total of eight different 

missense cysteine altering variants (p.R110C, p.R153C, p.G420C, p.R427C, p.C446F, 

p.R558C, p.R607C, p.C1099Y) in our CADASIL patients’ cohort corresponding to the 

majority of found variants. Moreover, the in silico analysis corroborates with the 

prediction of an alteration on the structure and function of the receptor caused by these 

variants (Table 3.3) and all variant and disease databases classify them as disease-

causing variants (Table 3.4). 

Regarding missense cysteine sparing variants, as mentioned previously, literature 

presents contradictory cases in terms of clinical significance and, therefore, each case 

should be evaluated carefully (Rutten et al., 2014). Some studies found cysteine sparing 

variants associated with GOM and in those cases pathogenic mechanism behind seems 

to be similar with the one described above (Scheid et al., 2008). However, the molecular 

mechanism behind missense cysteine sparing variants that are not associated with GOM 

is still poorly understood. In this study, we have identified missense cysteine sparing 

variants p.S497L, p.S978R, and p.V1952M but unfortunately the evaluation of the skin 

biopsy of these individuals have not been performed. However, the first cysteine sparing 

variant concerning the substitution of the serine residue at position 497 to leucine in 

Notch3 receptor was first reported by Joutel et al. as a polymorphism once it is found in 

co-occurrence with other known pathogenic NOTCH3 mutations (Joutel et al., 1997; Lim 

et al., 2015). In contrast, other studies indicate that this variant can result in significant 
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changes of Notch3 secondary structure (Schmidt et al., 2011; Vlachakis et al., 2014). 

Curiously, this controversy continues as recent studies point this variant as a 

polymorphism once more, while our analysis, integrating the results from disease 

databases, in silico studies and the clinical context of index case 11, seem to support a 

pathogenic role in the disease (Abramycheva et al., 2015; Maksemous et al., 2016). 

Unfortunately, segregation studies have not been possible to conducted yet. 

Furthermore, Ferreira et al. reported p.S978R variant as disease causing and later in 

silico studies, done by Vlachakis et al., shown that the same variant should lead to loss 

of Notch3 receptor ß-sheet structure (Ferreira et al., 2007; Vlachakis et al., 2014). 

Although our in silico analysis indicates that this variant should be consider benign, our 

segregation studies, disease databases, variant databases, and the clinical context of the 

index case 17, as well as the positive family history, supports a pathogenic nature of this 

variant. Finally, once more, results in disease databases, variant databases and in silico 

analysis for p.V1952M variant are contradictory. Despite the fact that this variant was 

found in CADASIL patients and in controls too, p.V1952M variant has been reported to 

be correlated to severe WML and ischemic stroke (Fernández et al., 2015; 

Freudenberger et al., 2012; Ross et al., 2013; Schmidt et al., 2011). Although most 

studies report this variant as a rare polymorphism, even more recent ones, in the 

present study, the clinical findings in index case 20 seem to support a possible 

pathogenic role of this variant in the disease (Sassi et al., 2018). Unfortunately, 

segregation studies have not yet been possible to conducted. To denote, this variant 

affects the ANKr 5 of the NICD which, as mentioned in section 1.4.2, after cleavage, is 

responsible for the activation of the NOTCH3 downstream genes. 

Interestingly, the nonsense variants are rarely found in NOTCH3 gene and the ones 

reported thus far in literature are considered as hypomorphic mutations, not generating 

GOM deposits, and with a controversial role in CADASIL (Erro et al., 2014; Greisengger 

et al., 2020; Gripp et al., 2015; Moccia et al., 2014; Parmeggiani et al., 2000; Pippucci et 

al., 2015; Rutten et al., 2013; Yoon et al., 2015). Rutten et al. reported p.R103* variant 

in two brothers aged 50 and 55, with brain MRI and skin biopsy not suggestive of 

CADASIL (Rutten et al., 2013). However, more recent studies have identified the same 

variant in members of a family with CADASIL phenotype, even in the absence of GOM 

deposits (Erro et al., 2014; Moccia et al., 2014). Also, Moccia et al. suggested that the 
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two clinical unaffected siblings previously reported by Rutten et al. could still develop 

the disease because of the atypical age onset found associated on their proband, which 

manifested the first symptoms only at the age of 72. Yoon et al. found p.S567* variant 

in the NOTCH3 gene of a patient with subcortical vascular cognitive impairment, 

although not directly associated with CADASIL (Yoon et al., 2015). Furthermore, some 

studies have shown other diseases to be associated with nonsense NOTCH3 variants. 

Pippucci et al. identified the p.C966* NOTCH3 variant in homozygosity in a patient 

previously diagnosed with Sneddon syndrome, a rare disorder that affects small and 

medium blood vessels and that is characterized by recurrent strokes and livedo 

reticularis (Parmeggiani et al., 2000; Pippucci et al. 2015). More recently, Greisengger et 

al. have reported two siblings with childhood-onset stroke also diagnosed with Sneddon 

syndrome, who harbored p.R735* NOTCH3 variant in homozygosity too (Greisengger et 

al., 2020). Taking all into account, authors suggested that bi-allelic loss-of-function 

mutations in NOTCH3 might also cause familial Sneddon syndrome. Interestingly, Gripp 

et al. identified nonsense NOTCH3 variants p.K2083*, p.Y2221* and p.Y2244*, all 

affecting the PEST domain (exon 33) of Notch3 receptor, a region found in many short-

lived proteins and that acts as a signal peptide for rapid protein degradation, to be 

associated with lateral meningocele syndrome, also known as Lehman syndrome, which 

is a rare skeletal disorder with facial anomalies and meningocele-related neurologic 

dysfunction (Gripp et al., 2015). Moreover, authors suggest a dominant gain-of-function 

effect due to the variants’ location rather than typical haploinsufficiency resulting from 

nonsense mediated decay usually associated with nonsense NOTCH3 variants. 

Curiously, in this study, we have identified an index case harboring the p.R1893* 

nonsense variant which has been previously reported in the literature in the germline 

of a patient diagnosed with colorectal cancer (CCR) and in a patient with metastatic CCR, 

although it has never been associated with CADASIL phenotype (Ross et al., 2018; Smith 

et al., 2013). This variant generates a premature stop codon predicted to cause loss of 

normal protein function either through protein truncation or nonsense mediated mRNA 

decay. In the present study, variant and disease databases analysis support a damaging 

effect of this variant (Table 3.4). Additionally, segregation studies, family history and 

clinical findings also support a variant pathogenic nature. To denote, p.R1893* nonsense 

variant affects one of the ANKr encoding sequences and thereby is predicted to affect 
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the NICD function. Also, this variant results in the absence of the PEST domain, probably 

impairing NICD degradation in the mutant VSMCs leading, eventually, to a toxic 

accumulation of NICD in the cytoplasm which result in cellular stress with formation of 

ROS, ultimately leading to activation of apoptotic pathways and cellular death. Further 

screening of the coding region of known cSVD related genes also revealed a total of 34 

common variants, all reported in literature and databases as polymorphisms. 

Clinical records of the 20 referred index cases (mean age onset of 48.3 years) revealed 

that the most prevalent clinical features identified in our patients were migraine and 

cerebrovascular events as stroke or TIA, up to than 65% of index cases as expected 

(Table 3.6). In accordance with literature, the mean age at first stroke of our patients 

was 50.9 years (Chabriat et al., 2009). Curiously, psychiatric disorders, which Valenti et 

al. reported to affect up to 41% of CADASIL patients, were found in around 40% of our 

index cases, with depression being the most frequent reported mood disturbance, as 

expected (Valenti et al., 2008). Moreover, although studies point cognitive decline as 

the second most frequent manifestation of CADASIL, our results show only 45% of 

patients presenting cognitive impairment (Chabriat and Bousser, 2007). In accordance 

with the literature, the vast majority of index cases presented a high WML load on brain 

MRI, illustrated by a confluent and diffuse lesion pattern (Grade 3 on Fazekas scale) on 

MRI (Table 3.7). To denote that some uncommon features were also identified as gait 

disturbance in index case 6, anterior ischemic optic neuropathy in index case 1, and 

seizures in index case 14.  

However, as described in section 3.1.5, a large phenotypic variability is observed in 

CADASIL, and thereby we could identify some index cases with a more severe clinical 

presentation like index cases 1-6, 10, 13, 14, 18, and 20. Accordingly to Rutten et al., 

CADASIL patients carrying variants affecting EGFr 1-6 should present a more severe 

phenotype (Rutten et al., 2016, 2019). Curiously, despite all identified index cases with 

a pathogenic variant affecting EGFr 1-6 were considered as presenting a severe 

phenotype, our results show many other severe cases with harboring a pathogenic 

variant affecting EGFr 7-34. Further molecular analysis of dementia related genes in 

index cases 6 and 20 revealed the co-occurrence of previously identified NOTCH3 variant 

and a frameshift variant (p.S275Ffs*17) in exon 6 of SQSTM1 gene in index case 6. When 

investigating this case, we found a sibling who shared the aggressive phenotype 
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identified in the index case, characterized by early-onset stroke, gait disturbances 

and/or dementia, severe emotional dysregulation, dysexecutive syndrome together 

with severe white matter burden on brain MRI. Thereby, index case 6 brother was also 

tested and was found to carry the same pathogenic variants in heterozygosity too.  

The p.S275Ffs*17 frameshift variant is located within the first PEST domain of the 

SQSTM1 gene, which acts as a signal peptide for rapid protein degradation as mentioned 

before (Geetha et al., 2002). Also, it predicts to create a premature stop codon and to 

cause loss of normal protein function either through protein truncation or nonsense 

mediated mRNA decay. Recently, Zúñiga-Ramírez et al. reported this SQSTM1 

pathogenic variant in homozygosity in two siblings from a Jordan consanguineous family 

with dystonia, ataxia and gaze palsy and mild cognitive symptoms (Zúñiga-Ramírez et 

al., 2019). It is known that SQSTM1 (Sequestosome 1) gene encodes the multifunctional 

protein p62 that contains several domains, including the ubiquitin-binding domain 

(UBA), that targets misfolded, aggregates and/or ubiquitinated proteins for degradation 

via autophagy (Bjørkøy et al., 2006; Hewitt et al., 2017; Pankiv et al., 2007; Wooten et 

al., 2008), and/or the ubiquitin-proteasome system (Babu et al., 2005; Seibenhener et 

al., 2004). And, although mutations in this gene were initially identified as a cause of 

Paget disease of bone (PDB) (Laurin et al., 2002), they were also reported in 

frontotemporal lobar degeneration (FTLD) and ALS (Le Ber et al., 2013; Rubino et al., 

2012) as well as other neurodegenerative diseases (Kuusisto et al., 2002; Ma et al., 2019; 

Nakaso et al., 2004). Curiously, despite this being the first CADASIL family reported with 

double heterozygous pathogenic variants in both NOTCH3 and SQSTM1 genes, the 

functional interaction of these two genes encoded proteins has been already 

demonstrated in CADASIL (Hanemaaijer et al., 2018; Hase et al., 2018). Growing 

evidence suggests that autophagy is enhanced following cerebral ischemia and is 

stimulated in response to in vivo or in vitro instigated energy deficits, hypoxia, ER stress 

and oxidative stress (Rami et al., 2008; Xu et al., 2012). Three common studied proteins 

involved in autophagy are LC3 (microtubule associated protein 1, light chain 3), Beclin-

1 and p62. This later protein promotes autophagy degradation by directly binding to LC3 

through a LC3 interacting region (LIR) (Pankiv et al., 2007). Combined with its ability to 

bind ubiquitinated proteins at the UBA domain, p62 serves as an autophagy receptor in 

the clearance of unwanted protein molecules and aggregates (Ma et al., 2019; Puissant 
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et al., 2012). In CADASIL patients, one of the major pathological hallmarks is the loss of 

VSMCs in arteries/arterioles and it has been demonstrated that an autophagy 

dysfunction or an insufficient autophagy in stress conditions is the cause of astrocytes 

apoptosis in the deep white matter of CADASIL patients (Hase et al., 2018). Furthermore, 

an accumulation of autophagy markers including, LC3, p62 and Caspase-3 in GFAP-

positive clasmatodendritic cells has been observed, arguing an autophagy blockade, 

which has been implicated in a range of neurological pathologies and could result in the 

loss of cell viability (Menzies et al., 2017). Previous studies have shown that mutant 

Notch3 is more prone to form aggregates than wild type and that these aggregates are 

resistant to degradation, ultimately impairing cell proliferation (Takahashi et al., 2010). 

Additionally, insufficient autophagy has been linked to lower proliferation rate of VSMCs 

(Panahi et al., 2018). Indeed, studies using cerebral VSMCs from CADASIL patients 

carrying p.R133C mutation have shown a dysfunction in the autophagy-lysosomal 

pathway, as a consequence of accumulation of intracellular mutated Notch3 

(Hanemaaijer et al., 2018). Taken together, it seems that there is a functional interaction 

between p62 and Notch3 receptor and that the co-occurrence of these two pathogenic 

variants might affect the functional interaction of those two proteins.  

Furthermore, no more pathogenic variants were found in dementia related genes of any 

study case. Molecular analysis also revealed a total of 25 common variants in dementia 

related genes, all predicted to be benign in databases and literature.  

At the assessment of the potential value of sNF-L concentrations in CADASIL prognosis, 

which is generally considered a biomarker of axonal damage, sNF-L values showed no 

significant differences between NOTCH3 mutation carriers and controls, which is not in 

line with recent publications (Duering et al., 2018; Gravesteijn et al., 2019). Studies show 

higher levels of sNF-L in both sporadic cSVD patients and CADASIL patients, compared 

to the levels of a control group. Several hypothesis can explain the apparent absence of 

differences between these two groups: 1) the wide range of sNF-L values that was 

obtained in our NOTCH3 mutation carriers (from 3.33 to 163.28 pg/mL) indicates high 

inter-individual variability and a spread-out distribution, thereby this group was 

extremely heterogeneous, making it harder to reach statistical significant difference; 2) 

the high variability of disease stages among the NOTCH3 mutation carriers group; 3) 

sample size might not be big enough to reach statistical significance. Therefore, 
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although no statistically significant differences between sNF-L levels were found, we 

cannot exclude that this marker might have a role in predicting disease progression. To 

denote that, as mention in chapter 1, previous studies in CADASIL patients have 

associated high sNF-L levels with a decrease in survival, higher MRI burden, and a decline 

in cognitive and executive functions (Duering et al., 2018; Gravesteijn et al., 2019). 

Studies have shown that no gender effect on sNF-L levels has been found and that a 

positive association between age and sNF-L levels has been well established (Khalil et 

al., 2020). Accordingly, we found no gender effect on sNF-L levels of both NOTCH3 

mutation carriers and controls (Figure 3.7). Additionally, our results showed correlation 

of sNF-L levels with age in both groups, although stronger in the control one (Figure 3.8). 

Thus, there was a need to perform age-adjusted analyses by cohort stratification, adding 

another layer of complexity to these studies.  

Due to the high variability of sNF-L content in the NOTCH3 mutation carriers, we 

hypothesize that this variability might correlate with disease onset. Therefore, we 

divided the group as symptomatic and asymptomatic individuals and statistical analysis 

revealed a significantly higher sNF-L value (p = 0.022) in symptomatic patients, similar 

to previous observations in FTD patients’ vs presymptomatic carriers (Meeter et al., 

2016). These findings suggest that sNF-L levels might be a good marker to predict 

disease onset. 

An extremely important parameter evaluated in CADASIL patients relates to the 

assessment of WML burden through brain MRI scans. In the present study, lesion 

severity was assessed by the Fazekas scale (Fazekas et al., 1987), a highly accepted 

method used even in recent publications (Dobrynina et al., 2020; Ferguson et al., 2018; 

Marek et al., 2019). However, our results showed no significant difference between the 

mean values of sNF-L levels of patients with a light/mild WML burden and patients with 

a severe WML burden. However, it is important to highlight the small size of the patients 

presenting light/mild WML burden (n = 8) that might affect the statistical power of the 

applied test. 

Moreover, studies have shown a correlation between cognitive impairment and sNF-L 

levels. Accordingly, we divided our symptomatic CADASIL patients in two groups, 

patients with cognitive impairment and normal ones, and our analysis revealed 

significant difference between the sNF-L levels of both groups, with higher levels in 
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patients with cognitive impairment which is in line to the reported in the literature 

(Duering et al., 2018; Gravesteijn et al., 2019).  

In order to assess sNF-L levels value to predict disease severity, we compared the sNF-L 

levels of patients with a severe phenotype and patients with a mild phenotype, and 

results showed a significant difference (p = 0.006) between the two groups, with higher 

levels on severe cases. Therefore, sNF-L levels might represent a disease severity 

marker. 

Curiously, although Rutten et al. suggested that patients harboring EGFr 1-6 affecting 

variants were associated with a more severe phenotype, when comparing mean sNF-L 

levels of symptomatic patients harboring a variant affecting EGFr 1-6 vs EGFr 7-34, no 

significant differences (p = 0.784) were observed (Rutten et al., 2016, 2019). However, 

the small size of EGFr 1-6 affected patients might lower the statistical power of these 

results.   
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5. Conclusion and Future Perspectives 
  
Taken together, in the matter of the genetic and clinical characterization of our CADASIL 

patients’ cohort, our results suggest that sequencing of the entire coding region of the 

NOTCH3 gene is relevant for an early and accurate diagnosis of CADASIL patients. In 

addition, it unveiled the mutation spectrum of the affected individuals of center region 

of Portugal. Furthermore, the identification of the co-occurrence of NOTCH3 and 

SQSTM1 pathogenic variants in two siblings with a more aggressive CADASIL phenotype, 

indicates that the expansion of genetic analysis to other genes associated with patients’ 

clinical phenotype should take place, using NGS-customized gene panel assay, towards 

a better genetic counseling and patient management. It is also important to highlight 

that our study enlarged the pathogenic NOTCH3 mutation spectrum, with the 

identification of the p.R1893* nonsense pathogenic variant. To date, the exact 

mechanisms underlying CADASIL are far from being understood and evidences suggest 

that multiple pathogenic mechanisms might underlie the disease. Accordingly, our 

findings contribute to the debate of alternative pathogenic mechanisms behind CADASIL 

that are not related with the formation of toxic GOM deposits, as the case of cysteine 

sparing variants or the nonsense variant that we have identified in this study. 

Furthermore, we hypothesize that variants impairing NICD interaction with RBP-Jk 

repressor protein or the co-activator MAML through alteration of ANKr or the RAM 

domain encoding sequences might represent one alternative mechanism of the disease. 

The lack of interaction represses transcription and expression of Notch3 effector genes, 

ultimately with cellular homeostasis and VSMCs proliferation being affected, resulting 

in activation of apoptotic pathways and cell death. Moreover, we also hypothesize that 

variants that lead to the absence or affect the PEST domain, might affect the NICD 

degradation system, leading to a cytoplasmatic accumulation of altered NICD, which 

result in cellular stress with formation of ROS and once more ultimately resulting in 

activation of apoptotic pathways and VSMCs death. However, the biological 

mechanisms hindering mutant proteins degradation are still poorly understood and 
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therefore, studies to unravel those mechanisms are relevant. Regarding the evaluation 

of the potential prognostic value of sNF-L values in CADASIL patients, we found a 

correlation between high levels of sNF-L and disease onset, patients’ cognitive 

impairment and disease severity. We believe that, the lack of significance obtained with 

all the other evaluated parameters might result from the progressive development of 

clinical features, characteristic of CADASIL. Therefore, future studies with more CADASIL 

patients might be helpful to have a better notion of the true prognostic value of this 

marker. Nevertheless, results also suggest that sNF-L levels might be a significant marker 

for disease onset, which may also indicate a potential ability of sNF-L levels to monitor 

therapeutic efficiency in CADASIL patients. Results suggest that this marker may be a 

significant indicator of disease severity too. To denote that recent studies have shown 

correlation of other biomarkers, such as TNF-α and TGF-β1, with WML load and 

cognitive impairment in cSVD patients (Dobrynina et al., 2020). In line with this, it might 

also be interesting in the future to evaluate the prognostic value of these markers in our 

cohort of CADASIL patients.  
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