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Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 
(CADASIL) is the most common monogenic disorder of the cerebral small blood vessels. It is 
caused by mutations in the NOTCH3 gene on chromosome 19, and more than 280 distinct 
pathogenic mutations have been reported to date. CADASIL was once considered a very rare 
disease with an estimated prevalence of 1.3–4.1 per 100,000 adults. However, recent large-scale 
genomic studies have revealed a high prevalence of pathogenic NOTCH3 variants among the 
general population, with the highest risk being among Asians. The disease severity and age at 
onset vary significantly even among individuals who carry the same NOTCH3 mutations. It is 
still unclear whether a significant genotype–phenotype correlation is present in CADASIL. 
The accumulation of granular osmiophilic material in the vasculature is a characteristic feature 
of CADASIL. However, the exact pathogenesis of CADASIL remains largely unclear despite 
various laboratory and clinical observations being made. Major hypotheses proposed so far 
have included aberrant NOTCH3 signaling, toxic aggregation, and abnormal matrisomes. 
Several characteristic features have been observed in the brain magnetic resonance images of 
patients with CADASIL, including subcortical lacunar lesions and white matter hyperintensi-
ties in the anterior temporal lobe or external capsule, which were useful in differentiating CA-
DASIL from sporadic stroke in patients. The number of lacunes and the degree of brain atrophy 
were useful in predicting the clinical outcomes of patients with CADASIL. Several promising 
blood biomarkers have also recently been discovered for CADASIL, which require further re-
search for validation.
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Update on the Epidemiology, Pathogenesis, and 
Biomarkers of Cerebral Autosomal Dominant Arteriopathy 
With Subcortical Infarcts and Leukoencephalopathy

INTRODUCTION

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencepha-
lopathy (CADASIL) is the most common Mendelian disorder of the cerebral small blood 
vessels.1-3 It is caused by mutations of the NOTCH3 gene located on the short arm of chro-
mosome 19 between bands 13.2 and 13.1.4,5 The human NOTCH3 gene consists of 33 exons 
that encode the single-pass transmembrane receptors comprising 2,321 amino acids.6 Most 
pathogenic variants are located in exons 2–24 that correspond to the 34 epidermal growth 
factor-like repeats (EGFRs) and lead to an odd number of cysteines within a given EGFR.3 
CADASIL is microscopically characterized by abnormal accumulation of the NOTCH3 ex-
tracellular domain (NECD) around vascular smooth-muscle cells (VSMCs) and pericytes.7 It 
is still unclear whether impairment of canonical Notch signaling is responsible for inducing 
the disease process of CADASIL. On the other hand, accumulation of various extracellular 
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matrix (ECM) proteins along with NECD has been suggest-
ed as a potential cause of small-vessel pathology in CADA-
SIL.8 Unfortunately, the exact mechanism of the disorder has 
not yet been elucidated despite the causative gene being iden-
tified more than 25 years ago.

Until recently, CADASIL was regarded as a rare genetic dis-
order with an estimated prevalence of 1.3–4.1 per 100,000 
among Caucasians.9-12 However, large-scale human genomic 
studies found a very high prevalence of pathogenic NOTCH3 
variants in the general population (3.4 per 1,000 individuals), 
with the risk being highest among Asians.13,14 The ready avail-
ability of genetic diagnosis for the general population has re-
sulted in more patients with CADASIL being identified, and 
several studies have investigated its clinical manifestations with 
the aim of predicting its clinical course. Unfortunately, it is 
still unclear whether a significant genotype–phenotype cor-
relation is present in CADASIL because of large variations in 
disease onset and severity even within those with the same mu-
tation or from the same family.15-17

Brain magnetic resonance imaging (MRI) is the most use-
ful brain imaging tool for differential diagnoses, disease se-
verity assessments, and outcome predictions for patients with 
CADASIL.18-20 Several characteristic MRI features can help 
distinguish CADASIL from sporadic ischemic stroke, and the 
number of lacunes and the degree of brain atrophy were very 
useful in predicting the clinical outcomes of patients with 
CADASIL. In cases when brain MRI is not available for vari-
ous reasons, blood biomarkers may be very useful for screen-
ing subjects at a high risk of developing CADASIL, diagnosis 
of clinically probable patients without genetic evidence, clin-
ical outcome and prognosis predictions, and serving as sur-
rogate endpoints in clinical trials on CADASIL.21,22 Several 
promising blood biomarkers for CADASIL have been discov-
ered recently, and further research is needed to validate their 
clinical usefulness.23,24

This review presents the recent developments in the epide-
miology, genetics, clinical manifestations, pathogenesis, and 
biomarkers of CADASIL.

EPIDEMIOLOGY AND GENETICS

Historical overview: from pedigrees to the causal 
gene
The history of CADASIL can be traced back to 1977. Since 
then, an autosomal dominant disease presenting with relaps-
ing strokes and gradually evolving into severe dementia in 
relatively young adults from several families has been report-
ed using different names such as “hereditary multi-infarct 
dementia” and “chronic familial vascular encephalopathy.”25,26 
In the early 1990s, Tournier-Lasserve et al.27 characterized 

CADASIL as an autosomal dominantly inherited disorder 
with recurrent subcortical stroke-like episodes and leukoen-
cephalopathy based on an analysis of 45 family members from 
a four-generation pedigree in France. Autopsy of one of the af-
fected family members revealed arteriopathy with concentric 
thickening of the vascular walls, granular osmiophilic mate-
rial (GOM) deposition in the media and adventitia, and du-
plication of the internal elastic lamella.28 Based on the findings 
of these two pioneering studies,27,28 the disease is now known 
as CADASIL. 

In 1996, several mutations in the NOTCH3 that encodes 
the NOTCH3 receptor were identified as the cause of CADA-
SIL.5,29 The NOTCH3 gene encodes single-pass transmem-
brane proteins with extracellular domains composed of 34 tan-
dem EGFRs. Each EGFR contains six cysteine residues that 
form three disulfide bonds (https://www.uniprot.org/uniprot/
Q9UM47). More than 280 distinct pathogenic mutations of 
NOTCH3 have been reported to date. Most of these muta-
tions are referred to as cysteine-altering, corresponding to 
mutations that cause an odd number of cysteine residues and 
consequently disrupt the conformation of EGFRs.6,30 In certain 
rare circumstances, missense variants that affect residues other 
than cysteine (i.e., “cysteine-sparing mutations”) and loss-of-
function variants in NOTCH3 are considered as pathogen-
ic.4,31-33 Detection of GOM deposits in skin biopsy34,35 and/or 
mutation–phenotype cosegregation in multiple members of 
the same family are prerequisites of supporting the patho-
genicity of cysteine-sparing and loss-of-function variants in 
NOTCH3.

Disease prevalence and frequency of NOTCH3 
mutations
CADASIL was once considered to be a very rare disease. Early 
epidemiological studies estimated that CADASIL prevalence 
in northeast England, west Scotland, Glasgow, and central Italy 
were 1.32, 1.98, 4.6, and 4.1 per 100,000 adults, respectively,9-12 
and the frequencies of mutation carriers in these populations 
were predicted to range from 4.1 to 10.7 per 100,000 adults. 
These numbers may be underestimations since the studies 
were conducted retrospectively by reviewing registered cases, 
most of which were diagnosed during a time of restricted ac-
cess to comprehensive genetic testing for NOTCH3.

Following advances in next-generation sequencing tech-
niques, exome or genome databases have been established in 
many countries and provide excellent opportunities to assess 
the true prevalence of pathogenic NOTCH3 mutations in gen-
eral populations (Table 1). Rutten et al.13 found that 3.4 per 
1000 persons among 60,706 unrelated individuals in the 
Exome Aggregation Consortium (ExAC) database harbored a 
cysteine-altering mutation of NOTCH3 suggesting that the 

https://www.uniprot.org/uniprot/Q9UM47
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prevalence of CADASIL could be 100-fold higher than pre-
viously predicted. Grami et al.14 subsequently analyzed the 
18 genes responsible for inherited stroke in 101,635 individ-
uals from the Genome Aggregation Database, the upgraded 
version of the ExAC database, and found that the frequency 
of cysteine-altering mutations of NOTCH3 ranged from 0.67 
to 11.78 per 1,000 persons among participants from 1 of 7 
different ethnicities (Table 1). In line with these findings, 2.2 
per 1,000 persons among 200,632 unrelated individuals in 
the UK Biobank and 1.4 per 1,000 persons among 92,456 par-
ticipants in the MyCode Initiative cohort carried cysteine-al-
tering mutations of NOTCH3.36,37 

The frequencies of pathogenic NOTCH3 mutations in Asian 
populations appear to be even higher than those observed 
in European populations. Lee et al.38 analyzed 7,038 healthy 
adults in Taiwan and found that a single NOTCH3 muta-
tion, p.Arg544Cys, was carried by 0.85% of the general pop-
ulation. Kang et al.39 found that the p.Arg544Cys mutation 
was also common in Jeju Island, South Korea, being found at 
a rate of 9 per 1,000 local residents. However, for South Kore-
an people living outside Jeju Island, the estimated frequency 
of NOTCH3 mutation carriers was slightly lower: 1.2–4.4 per 
1,000 persons.39 Considering the strikingly high global and re-
gional frequencies of pathogenic NOTCH3 mutations, CA-
DASIL should no longer be recognized as a rare disease. In 
fact, NOTCH3 mutations have been identified in 5.6%–6.5% 
of Taiwanese patients with small-vessel-occlusion stroke,38,40 

3.5% of Japanese patients with acute lacunar infarction,41 4% 
of patients with acute ischemic stroke in Jeju Island, South 

Korea,42 and 0.5% of Caucasian patients younger than 70 years 
with lacunar infarction.43 More attention should therefore be 
paid to NOTCH3 mutations as important risk factors for 
stroke in general populations.

Mutation hotspots and founder effects
There are 33 exons in NOTCH3, but most of the pathogenic 
mutations that cause CADASIL are located on exons 2–24, 
which encode the 34 EGFR domains. In particular, exons 
2–6 are considered mutation hotspots, though there are eth-
nic variations. In patients with CADASIL from France, UK, 
and Germany, 55%–72.9% of the mutations were located in 
exon 4 of NOTCH3, with exons 3, 5, and 6 being the next most 
common locations in order.6,44,45 For patients with CADASIL 
from Dutch families, half of the mutations were detected in 
exon 4% and 15% in exon 11.46 The most frequently detected 
pathogenic NOTCH3 mutations in Japan were p.Arg133Cys 
and p.Arg182Cys in exon 4, and p.Arg75Pro in exon 3, which 
contributed to 23%, 13%, and 13% of the patients with CA-
DASIL, respectively.47 NOTCH3 p.Arg607Cys in exon 11 was 
the mutation hotspot of eastern China and accounted for one-
fifth of the patients with CADASIL.48 In central Italy, the most 
frequently observed NOTCH3 mutation was p.Arg1006Cys 
in exon 19 (16.1%), followed by p.Arg1231Cys in exon 22 
(12.2%), p.Arg607Cys in exon 11 (7.4%), and p.Arg528Cys in 
exon 10 (7.4%).10 The optimal strategy for performing muta-
tion analysis of NOTCH3 is therefore population-specific, and 
it is crucial to investigate the mutation profiles of patients with 
CADASIL from different ethnic groups and geographic areas.

Table 1. Frequencies of cysteine-altering NOTCH3 mutations in different populations

Source Regions or populations

Number of subjects 
(mutation carriers/ 
number of screened 

individuals)

Frequency of mutation carrier*
All cysteine- 

altering NOTCH3 
mutations

Most frequent 
variant 

gnomAD (Genome Aggregation Database)14 South Asian NA 0.01178 p.Arg1231Cys (0.0054)

East Asian NA 0.01117 p.Arg544Cys (0.0037)

Ashkenazi Jewish NA 0.00067 p.Arg951Cys (0.00017)

African/African-American NA 0.00087 p.Arg717Cys (0.00013)

Non-Finnish European NA 0.002 p.Arg1231Cys (0.00032)

Finnish European NA 0.00117 p.Arg767Cys (0.0004)

Latino/admixed American NA 0.00285 p.Arg1231Cys (0.00066)

UK Biobank36 UK 443/200,632 0.0022 p.Arg1231Cys (0.0006)

The MyCode Initiative37 Pennsylvania, USA 131/92,456 0.0014 p.Arg1231Cys (0.00091)

KRGDB (Korean Reference Genome Database)39 South Korea 2/1,722 0.0012 p.Arg544Cys (0.0012)

Korea1K (The Korean Genome Project)39 South Korea 4/1,094 0.0044 p.Arg544Cys (0.0044)

Jeju Island39 South Korea 10/1,000 0.01 p.Arg544Cys (0.009)

Taiwan38 Taiwan 61/7,038 0.0087 p.Arg544Cys (0.0085)

*Frequency of mutation carriers=number of subjects carrying NOTCH3 cysteine-altering mutations/overall number of screened individuals.
NA, not available.
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A single NOTCH3 mutation, p.Arg544Cys in exon 11, ac-

counted for 90.3%, 70.5%, and 15.5% of the CADASIL pedi-
grees in Jeju Island, Taiwan, and southeastern China, respec-
tively.16,48,49 The homozygous p.Arg544Cys mutation has been 
reported in a Japanese patient with CADASIL with consan-
guineous parents50 and four Taiwanese patients with CADA-
SIL from three different families.16,51 Patients from Taiwan 
and Fujian that carried the p.Arg544Cys NOTCH3 mutation 
shared an identical haplotype and could be descendants of a 
common ancestor.16,48 A founder effect has also been demon-
strated on the west coast of Finland, where 85.7% of the fam-
ilies with CADASIL harbored the p.Arg133Cys mutation.52 
It was particularly interesting that a founder effect of p.Ar-
g133Cys was also observed for most of the p.Arg133Cys-
mutation carriers with CADASIL living in Kyushu, Japan.47 
Moreover, the p.Arg75Pro NOTCH3 mutation has only been 
identified in patients with CADASIL from Japan, South Korea, 
and China, and not in those from European countries,39,47,53-55 
implying that a founder effect of these mutations may exist 
in East Asia. 

CLINICAL MANIFESTATIONS

Heterogeneity in clinical manifestations 
The classical presentations of CADASIL comprise four main 
symptoms that occur in succession or in isolation: 1) migraine 
with aura that has an average age at onset of 30 years, 2) re-
current subcortical ischemic stroke with an average age at 
onset of 40–59 years, 3) mood and psychiatric disturbance, 
and 4) cognitive impairment with an average age at onset of 
50–59 years.3,17,56,57 Gait disturbance, urinary incontinence, 
and pseudobulbar palsy are also frequently reported. Epilep-
tic seizure occurs in 5%–10% of patients with CADASIL,17,57 
while an acute-onset reversible encephalopathy called “CA-
DASIL coma” affects 10% of patients.58,59 These classical symp-
toms were described based on observations of European pa-
tients with CADASIL in earlier studies. Subsequent studies 
involving East Asian patients found a higher incidence of in-
tracerebral hemorrhage (ICH), a lower incidence of migraine, 
and an higher age at symptom onset.15,16,54,60,61 ICH has been 
reported in only 0.5%–2.4% of European patients,62,63 but 
was found in 17%–25% and 21% of South Korean and Tai-
wanese patients, respectively, most of whom carried the p.
Arg544Cys mutation.15,60,61 Cerebral microbleeds (CMBs) on 
MRI were also more common in Asian than Caucasian pa-
tients (66%–73.5% vs. 25%–60%).60-62,64-66 The presence of 
CMBs in the brain stem and a total CMB count of >10 were in-
dependently associated with an increased risk of ICH in CA-
DASIL.61 In contrast, the prevalence of migraine was markedly 
lower in Asian patients with CADASIL than in Caucasian pa-

tients (2.7%–28.4% vs. 42%–75%).10,16,44,48,54,67,68 One recent 
study screened 2,884 Taiwanese patients with migraine, in-
cluding 324 with migraine with aura, and 3,502 controls for 
NOTCH3 p.Arg544Cys mutation. The study identified 32 
(1.1%) patients with migraine and 36 (1.0%) controls who car-
ried this mutation,69 suggesting that p.Arg544Cys does not in-
crease the risk of migraine with aura or of migraine as a whole. 
Both ethnicity and different NOTCH3 mutations might con-
tribute to the clinical heterogeneity of CADASIL.

Variable disease severity
It has been noted that disease severity and age at the first 
symptom onset may vary dramatically among individuals who 
carry different NOTCH3 mutations (Fig. 1). In earlier Europe-
an studies,3,17,56,57 the average ages of the first ischemic event 
were 41.2–49.3 years, with a range between 20 and 70 years for 
patients with CADASIL who mostly carried a NOTCH3 muta-
tion in exons 2–6. However, subsequent reports indicated that 
ischemic events in CADASIL can be very subtle, with the first 
event often occurring at an extremely advanced age. For ex-
ample, Pescini et al.70 reported a patient with CADASIL carry-
ing the p.Cys1131Trp mutation who experienced their first 
minor stroke at 79 years old. Lee et al.71 analogously reported 
a male who carried the p.Arg544Cys mutation and had expe-
rienced their first lacunar stroke symptom at 86 years old, 
and three asymptomatic p.Arg544Cys carriers who only pre-
sented subclinical leukoencephalopathy on MRI at 59–67 
years old.38 There is increasing evidence that late-onset CADA-
SIL with a mild phenotype is not rare, and the phenotypic 
spectrum of NOTCH3 mutations has now expanded to in-
clude mild cerebral small-vessel disease (SVD), an attenuated 
and delayed-onset CADASIL phenotype, and the classical 
CADASIL with middle-age-onset stroke and dementia.13,37,72,73 

Genotype–phenotype correlations have been observed in 
a group of disparate NOTCH3 mutations. For example, the 
p.Arg544Cys mutation seems to be associated with a mild dis-
ease severity and late disease onset. Compared with patients 
carrying other NOTCH3 mutations, Taiwanese patients with 
CADASIL carrying the p.Arg544Cys mutation had a 9.1-year 
delay to the first symptom onset and a lower percentage of 
white-matter hyperintensities (WMHs) in the anterior tem-
poral pole.16 Similar findings were also obtained in the cys-
teine-sparing NOTCH3 mutation p.Arg75Pro. The age at 
symptom onset was much higher among Japanese patients 
with CADASIL harboring p.Arg75Pro than those with other 
NOTCH3 mutations (53.6 years vs. 44.2 years), and anterior 
temporal pole was involved in fewer p.Arg75Pro carriers than 
in subjects with other mutations (29% vs. 77%).47

The theory of a “NOTCH3 mutation position effect” recent-
ly emerged in an attempt to explain the vast phenotypic varia-
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Fig. 1. Variable neuroimaging severity among patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoenceph-
alopathy (CADASIL) carrying different NOTCH3 mutations. Representative fluid-attenuated inversion recovery (FLAIR) images showing (A) typical 
magnetic resonance imaging (MRI) features including lacunar infarct, diffuse white-matter hyperintensities (WMHs) involving the corona radiata, 
periventricular regions, and anterior temporal poles in a patient with CADASIL carrying a heterozygous NOTCH3 p.Ser118Cys mutation located within 
epidermal growth factor-like repeat (EGFR)2 of the NOTCH3 protein; (B and C) variable severity of WMHs without anterior temporal pole involvement in 
a middle-age-onset patient with CADASIL and an elderly paucisymptomatic individual, both of whom carried a heterozygous p.Arg544Cys NOTCH3 
mutation that altered the amino acid residue between EGFR13 and EGFR14; and (D) typical MRI features of CADASIL in a late-onset patient with a 
heterozygous p.Cys1250Arg mutation located within the EGFR32. AE, age at examination; AO, age at stroke onset; HTN, hypertension; DM, diabetes 
mellitus; lipid, hypercholesterolemia.

tions in CADASIL. This theory was deduced from a study in 
the Netherlands that found that patients with CADASIL and 
pathogenic NOTCH3 mutations affecting one of the first six 
EGFR domains had an earlier stroke onset by 12 years, a short-
er survival time of 8.4 years, and a higher WMH volume on 
MRI when compared with patients who carried mutations al-
tering other EGFR domains.73 A similar trend was also observed 
in Japanese patients with CADASIL, in whom the median age 
at first stroke/transient ischemic attack was significantly lower 
in patients who harbored NOTCH3 cysteine-altering muta-
tions in EGFRs 1–6 than in subjects who carried mutations 
in EGFRs 7–34 (52 years vs. 55 years).74 The milder aggrega-
tion properties of mutant NOTCH3 proteins might be one of 

the factors leading to a milder phenotype in patients with CA-
DASIL who carry the cysteine-altering mutations in EGFRs 
7–34, who were found to have less extracellular NOTCH3 ag-
gregation and GOM deposits.75

While the positions of NOTCH3 mutations may substan-
tially contribute to the severity of CADASIL, there is still an ob-
vious phenotypic variation among patients who carry the same 
NOTCH3 mutation, even among those from the same ethnic 
group. Choi et al.15 examined 15 South Korean patients with 
CADASIL carrying the p.Arg544Cys mutation from Jeju Is-
land, and found a greatly varied disease onset age range of 
43–66 years. The 79 patients with the p.Arg544Cys mutation 
in a Taiwanese CADASIL cohort also presented a wide range 

Male
AE: 48 y, AO: 40 y
HTN(-), DM(-), Lipid (+)
p.Ser118Cys mutation

Male
AE: 48 y, AO: 45 y
HTN(+), DM(-), Lipid (-)
p.Arg544Cys mutation

Female
AE: 77 y,  AO: 73y
HTN(-), DM(-), Lipid (+)
p.Cry1250Arg mutation

Female, AE: 76 y
pauci-symptomatic
HTN(-), DM(-), Lipid (+)
p.Arg544Cys mutation

A  

B  

C  

D  
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of ages at the first ischemic event, of 25–86 years.16 The large 
variation in onset ages in patients with the same ethnic back-
ground carrying the identical mutation imply that some oth-
er genetic or environmental factors could modify the severity 
of CADASIL. Further studies that target actionable factors 
that may modify the disease course and alleviate the symp-
toms of CADASIL will be valuable.

PATHOGENESIS OF CADASIL

The pathogenesis of CADASIL remains largely obscure de-
spite various hints and clues provided by cell culture and ani-
mal model studies as well as clinical observations. Major hy-
potheses proposed so far have included aberrant NOTCH3 
signaling, toxic NECD aggregation, and matrisomes (Fig. 2).

Aberrant NOTCH3 signaling
The NOTCH receptor comprises a large NECD with 34 EGFR 

and 3 cysteine-rich Lin12/Notch repeats, a transmembrane 
domain, and the Notch3 intracellular domain (NICD).76 Trans-
lated NOTCH3 is cleaved by furin-like convertase at the S1 
site to form a heterodimer before presentation at the cell sur-
face.77 Ligand binding induces a proteolytic cleavage at S2 by 
ADAM10 and transendocytosis of the NECD.78 Cleavage by 
γ-secretase releases NICD, which then enters the nucleus to 
activate target genes. In humans, the expressions of five li-
gands (Jagged [Jag]-1, Jag-2, Delta-like [Dll]-1, Dll-3, and 
Dll-4) differ significantly depending on cell type, and Jag-1 is 
primarily expressed in VSMCs.79 

Since most of the mutations that cause CADASIL alter the 
number of cysteine residues in the NECD, which leads to a 
three-dimensional conformational change, it was reasonable 
to suspect that loss of NOTCH3 signaling activity could play 
a role. Various studies have examined the receptor processing 
and function of mutant NOTCH3, but so far they have failed 
to reach a consistent conclusion (Table 2). NOTCH3 signaling 

Fig. 2. Pathogenesis of CADASIL-causing NOTCH3 mutations. There is currently still no consensus on the pathogenesis of CADASIL. Major hypotheses 
proposed so far are aberrant NOTCH3 signaling, toxic NOTCH3 extracellular domain (NECD) aggregation, and matrisomes. ECM, extracellular matrix; ER, 
endoplasmic reticulum; GOM, granular osmiophilic material; IPAD, intramural periarterial drainage; NEXT, Notch3 extracellular truncation; NICD, Notch3 
intracellular domain.
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activity was significantly reduced by impairments of ligand 
binding due to the mutations in the ligand-binding domain 
(p.Cys428Ser and p.Cys455Arg) and receptor presentation 
(p.Cys542Tyr).80,81 However, many other mutations presented 
with no abnormalities in the overall, maturation, ligand-inter-
action, and signal-transduction processes.80-83 Several studies 
have detected altered S1 cleavage of mutant NOTCH3/Notch3 
(p.Arg133Cys, p.Cys183Arg, and mouse p.Arg142Cys and 
p.Cys187Arg).81,84,85 The reduced ratio of S1-cleaved mutant 
(p.Arg142Cys) receptors to full-length receptors may be caused 
by impaired receptor trafficking, which leads to intracellular 
aggregation and reduced cell-surface presentation, although 
the ligand-induced signaling itself remains intact.84 In the case 
of the rat Notch3 p.Cys187Arg mutation, receptor presenta-
tion and ligand binding were unaffected, but mutant Notch3 
induced increased signaling activation by Jag-1 and reduced 
activation by Dll-1 compared with wild-type Notch3.85 To 
complicate the matter, the NOTCH3-activating mutation p.Le-
u1515Pro in the juxtamembrane region near S1 has been found 
in CADASIL-like cerebral SVD without GOM deposits nor 
NECD immunoreactivity in the vasculature.86 The mutant 
NOTCH3 reduced S1 cleavage but destabilized the NOTCH3 
heterodimer, resulting in increased S2 cleavage and NECD 
shredding in a ligand-independent manner. 

These conflicting data suggest that small-vessel pathology 
is at least partially attributable to the disruption of tightly con-
trolled NOTCH3 signaling: timely and swift on-and-off switch-
ing of NOTCH3 signaling with a sufficient (but not excessive) 

signal strength would be key to forming and maintaining 
healthy arteries and arterioles. However, CADASIL pathogen-
esis cannot be fully explained by uncontrolled NOTCH3 
signaling alone, which has led researchers to shift their focus 
to GOM deposition.

Toxic NECD aggregation
The accumulation of GOM deposition in the vasculature is a 
prominent and characteristic feature of CADASIL. The com-
ponents of GOM had long been a mystery until Ishiko et al.7 
demonstrated the presence of NECD but not NICD in GOM. 
Several studies have found that mutant NOTCH3 is prone to 
forming multimeric complexes partially due to the forma-
tion of disulfide bridges between unpaired cysteine residues 
in mutant NECD.87-89 Young et al.88 found that some of the 
NOTCH3 mutations in the first three EGFRs result in an in-
creased probability of unpaired cysteines at a few specific po-
sitions near the mutation site, indicating that the unpaired 
cysteine interferes with the other normal disulfide pairing to 
produce multiple unpaired cysteines, further contributing to 
multimerization. Intracellular clearance of these multimers 
was impaired, partly due to the dysfunction of the autophagy-
lysosomal pathway, which induces endoplasmic reticulum 
(ER) stress and eventually cell death.90-92 ER stress caused by 
mutant NOTCH3 also induces RhoA/Rho kinase activation 
and leads to abnormal VSMC growth and cytoskeletal reor-
ganization, which may underlie the reduced vasodilation and 
vasoreactivity of arteries in CADASIL.93 

Table 2. Effects of NOTCH3 mutations on the NOTCH3 signaling pathway

EGFR Mutation
Receptor 

processing
Receptor 

presentation
Ligand binding Signal transduction

  2 p.Arg90Cys76,79 ○ ○ ○Jag-1 ○RBP-Jk (Jag-1)

  3 p.Arg133Cys77,79 ○/S1↓ ○ or delayed ○Jag-1 ○RBP-Jk (Jag-1)

  3 Mouse p.Arg142Cys (human p.Arg141Cys)80 S1↓ x ○ ○RBP-Jk (Dll-1, Jag-1)

  4 Rat p.Arg171Cys78 ○ ○ ○Dll-1 -

  4 p.Cys183Arg77 S1↓ delayed ○Jag-1 ○RBP-Jk (Jag-1)

  4 Rat p.His184Cys78 ○ ○ ○Dll-1 -

  4 p.Cys185Arg79 ○ ○ ○ ○
  4 Rat p.Cys187Arg (human p.Cys185Arg)81 S1↓ ○ ○Dll-1, Dll-4, Jag-1 CBF1 (Dll-1↓, Jag-1↑)

  5 p.Cys212Ser76 ○ ○ ○Jag-1 ○RBP-Jk (Jag-1)

10 p.Cys428Ser76 ○ ○ x ↓RBP-Jk (Jag-1)

11 p.Arg449Cys79 ○ ○ ○ ○
11 p.Cys455Arg77 S1↓ delayed x ↓RBP-Jk (Jag-1)

13 p.Cys542Tyr76 ○ x ○Jag-1 ↓RBP-Jk (Jag-1)

13 Rat p.Cys544Tyr78 ○ ○ ○Dll-1 -

14 Rat p.Arg560Cys78 ○ ○ ○Dll-1 -

26 p.Arg1006Cys76 ○ ○ ○Jag-1 ○RBP-Jk (Jag-1)

p.Leu1515Pro82 S1↓, S2↑ - - ↑RBP/Jk (ligand independent)

○ and x denote normal and impaired, respectively. S1, S1 cleavage; Jag-1, Jagged -1; Dll-1, Delta -1; Dll-4, Delta -4.
EGFR, epidermal growth factor-like repeat.
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In addition to the direct toxicity of intracellular NECD ac-

cumulation, extracellular NECD multimers (GOM), may also 
disrupt VSMC function by repressing NOTCH3-regulated 
smooth-muscle transcripts in a dominant negative manner.90 
However, a study involving mutant NOTCH3 transgenic mice 
found that morphological abnormalities of VSMCs preceded 
GOM deposition and that there was no correlation between 
the presence/amount of GOM and degenerating VSMC,94 
which questions the magnitude of their contribution to the ab-
normality in VSMC. Another possibility is that GOM contrib-
utes to the pathogenesis of CADASIL by physically blocking 
intramural periarterial drainage (IPAD), just as Aβ aggregates 
do in Alzheimer’s disease and cerebral amyloid angiopathy. 
IPAD is a key fluid drainage pathway that removes harmful 
metabolites from the interstitial fluid along capillary and artery 
walls to the cervical lymph nodes at the base of skull.95 NECD-
positive GOM is found in the tunica media and basement 
membrane of the capillaries, arterioles and meningeal arteries, 
which are IPAD routes.96,97 The enlarged perivascular spaces in 
CADASIL may indicate IPAD disruption.98 Nonetheless, con-
sidering that the driving force of IPAD is considered to be ar-
tery pulsation,99,100 impaired vasoreactivity may be the primary 
cause of vascular GOM deposition, which then reduces the 
efficiency of IPAD and results in white-matter degeneration.

Matrisome theory
It was particularly interesting that high-temperature require-
ment protein A1 (HTRA1), the gene mutation of which is re-
sponsible for CARASIL (cerebral autosomal recessive arteri-
opathy with subcortical infarcts and leukoencephalopathy), 
is also present in GOM deposits.101,102 HTRA1 is a serine pro-
tease that represses transforming growth factor-β (TGF-β) 
signaling pathway by degrading pro-TGF-β and type-II TGF-β 
receptor.103,104 HTRA1 mutations in CARASIL are considered 
to be loss-of-function or hypomorphic mutations, leading to 
the activation of TGF-β signaling that causes rarefaction of 
the mural cells in the capillaries and arteries.102,105,106 HTRA1 
substrate accumulation in the CADASIL vasculature and in-
creased TGF-β expression in VSMC suggest that recruitment 
of HTRA1 to GOM may interfere with the normal function of 
and results in HTRA1 loss-of-function phenotype just like in 
CARASIL.101,107-109 The other components of GOM, namely 
clusterin, endostatin, vitronectin, tissue inhibitors of metallo-
proteinases 3 (TIMP3), serum amyloid P component (SAP), 
and latent transforming growth factor binding protein 1 
(LTBP-1),110-114 are also related to the ECM and TGF-β signal-
ing pathway, or so-called matrisome.115 Matrisome is a term 
that encompasses core ECM proteins (collagens, proteogly-
cans, and glycoproteins) and ECM-associated proteins (secret-
ed factors, ECM regulators, and ECM-affiliated proteins).116 

Several other hereditary diseases with small-vessel pathology 
(e.g., COL4A1/A2-related SVD and Fabry disease), have also 
been directly or indirectly linked to matrisome abnormality, 
which implies its involvement in the development of small-
vessel pathology.8,115 Regardless of whether ECM protein de-
position is the primary cause or an adaptive consequence, the 
resulting arterial stenosis certainly exacerbates the cerebral 
hypoperfusion and contributes to the increased susceptibili-
ty to ischemic insult.

Environmental factors 
The phenotypes and severity of CADASIL can vary in a family 
with the same mutation and even with the same genetic back-
ground, which indicates the importance of environmental fac-
tors in its pathogenesis.117,118 Prospective cohort studies have 
identified hypertension and smoking as factors associated with 
increased risks of stroke and dementia.67,119 Both hypertension 
and smoking are vascular risk factors linked to arterial stiff-
ness and impaired vascular reactivity.120,121 Arterial stiffness 
was previously classically recognized as a consequence of ECM 
deposition in the artery walls, but VSMC phenotypic modula-
tion/dedifferentiation has recently been considered to be an-
other contributing factor.122 A few studies have found that hy-
pertension and smoking can cause VSMC to change from a 
contractile to a synthetic-like phenotype.123,124 Such pheno-
typic change would further exacerbate already malfunction-
ing IPAD and accelerate the disease progression. 

Collectively, these data suggest that the CADASIL patho-
genesis is difficult to explain by a single clear-cut mechanism. 
Considering the time course of CADASIL development, it is 
plausible that impaired vasoreactivity is the primary cause of 
its pathology, although the mechanism–abnormal NOTCH3 
signaling or intracellular NECD accumulation–still needs to 
be investigated further. 

BIOMARKERS FOR CADASIL

Brain imaging 
CADASIL is a genetic model of pure subcortical vascular de-
mentia. Brain MRI markers for cerebral SVD such as lacunes, 
WMHs, enlarged perivascular space, CMBs, and brain atrophy 
are frequently found in patients with CADASIL, and their top-
ographic characteristics are important in distinguishing CA-
DASIL from sporadic SVD (Fig. 3).19,125-127 Of the SVD markers 
on imaging, WMHs in the anterior temporal lobe or external 
capsule are more characteristic of CADASIL than are sporadic 
ischemic WMHs. The sensitivity and specificity of the anteri-
or temporal lobe lesions, which are present even in young pa-
tients aged 20–30 years, were 89%–90% and 86%–100% for a 
CADASIL diagnosis, respectively.19,44,127 Compared to WMHs 



20  J Clin Neurol 2023;19(1):12-27

Update on CADASILJCN

in other regions, those found in the anterior temporal areas 
were more severe even in young patients. External capsule 
involvement exhibited a sensitivity of 93% and specificity of 
45%. However, studies on East Asians found lesser involve-
ment of anterior temporal WMHs (20.0%–70.5%).15,16,47,48,128 
Subcortical lacunar lesions refer to linearly arranged groups 
of round circumscribed lesions just below the cortex at the 
junction between the gray matter and the white matter with 
a signal intensity that was identical to that of the cerebrospinal 
fluid on all pulse sequences, and they were first identified in a 
brain MRI study of 54 Dutch patients with CADASIL.129 The 
subcortical lacunar lesions were found in 59% of those pa-
tients and were frequently observed in the anterior temporal 
lobes and in areas where diffuse WMHs expanded into arcu-
ate fibers. In contrast, these lesions were not observed in other 
conditions associated with SVD. The specificity and sensitivi-
ty of subcortical lacunar lesions for CADASIL diagnosis were 

100% and 59%, respectively.129 The sensitivity and specificity of 
subcortical lacunar lesions have unfortunately not been vali-
dated in other study populations.

Cross-sectional studies of brain SVD markers have found 
the number of lacunes to be independently associated with 
disability and cognitive dysfunction in patients with CADA-
SIL, while the lesion load of WMHs and CMBs were not asso-
ciated with cognitive dysfunction after correcting for the ef-
fect of age.18,130 Brain atrophy is a strong predictor of dementia 
in patients with subcortical ischemic vascular disease and it 
was also found to be independently associated with age and 
lacunar lesion volume but not with WMHs or CMBs in CA-
DASIL.131,132 The degree of brain atrophy was strongly corre-
lated with cognitive dysfunction and disability in patients with 
CADASIL in cross-sectional analyses.132,133

In a longitudinal study, the number of lacunes and brain 
parenchymal fraction (an indicator of brain atrophy) at base-

A  

D  

B  

E  

C  

F  
Fig. 3. Characteristic brain MRI features of CADASIL. Axial FLAIR MRI images of a 59-year-old male present prominent WMHs in the right anterior 
temporal lobe (arrow) (A). WMHs involving right external capsule (arrows) were noted in a 66-year-old female (B). Axial FLAIR MRI images of a 
68-year-old male presented subcortical lacunar lesions at the junction between the white matter and the gray matter in the left anterior temporal 
lobe (arrowheads and the enlarged figure in the white box) (C). Multiple lacunar infarctions (arrows) at the bilateral subcortical white matter (D). 
Several cerebral microbleeds (arrows) with a right thalamic hematoma (arrowhead) (E) and marked brain atrophy (F). All patients had the same p.Ar-
g544Cys mutation.
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line independently predicted incident stroke during 3 years 
of follow-up in 290 patients with CADASIL.20 The volume of 
lacunes was also a strong predictor of 3-year changes in cog-
nitive dysfunction and disability.134 In the same study, brain 
parenchymal fraction also predicted incident stroke, demen-
tia, and disability in patients with CADASIL. However, the vol-
ume of WMHs or CMBs was not associated with incident 
stroke or dementia. In a study on 369 patients from the Paris-
Munich cohort with a median follow-up time of 39 months, 
CMB presence was associated with a 1.87-fold increased risk 
of incident stroke (95% confidence interval=1.10–3.26) after 
adjusting for demographic and clinical variables.62 However, 
the presence of CMBs was not a significant predictor of inci-
dent stroke after further adjusting for other MRI markers in-
cluding the volume of lacunes and brain parenchymal fraction.

There are several limitations to using brain MRI to research 
CADASIL. Firstly, the repeated examinations required in lon-
gitudinal follow-ups are expensive. Secondly, quantitative MRI 
measurements that are useful for monitoring CADASIL se-
verity are often time-consuming and require specialized soft-
ware. Thirdly, MRI examinations cannot be performed on 
patients who are uncooperative due to advanced disease or 
with a pacemaker or claustrophobia.

Blood biomarkers
Several promising blood biomarkers have been identified in 
patients with CADASIL and in a mouse model of CADASIL 
(Table 3).23,24,135-137 Neurofilaments are the main element of 
the neuroaxonal cytoskeleton and consist of light, intermedi-
ate, and heavy chains with different sizes. They are released 

Table 3. Biomarkers found in blood or tissue in cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CA-
DASIL)

Name Origin Findings in CADASIL Biological function
Blood biomarkers

Neurofilament light 
chain23,132,136

Patients with CADASIL Elevated in serum
Associated with disability
Predicted stroke and cognitive 

decline

Main element of neuroaxonal 
cytoskeleton

NECD24,133 Mouse model of CADASIL and 
patients with CADASIL

Decreased in blood
Correlated with white-matter 

hyperintensities

Unknown

HTRA124 Mouse model of CADASIL Elevated Serine protease transforming-
growth-factor signaling

Endostatin24 Mouse model of CADASIL Elevated Angiogenesis inhibitor

Biomarkers found in proteomic analysis of brain vessels

Serum amyloid P 
component106,109,110

Postmortem or biopsied brain vessels 
of patients with CADASIL

Elevated and colocalized with 
NOTCH3

Amyloid formation

TIMP3110 Postmortem brain vessels of patients 
with CADASIL

Elevated and colocalized with 
NOTCH3

Matrix metalloproteinases inhibitor

Vitronectin106,109,110 Postmortem or biopsied brain vessels 
of patients with CADASIL

Elevated and colocalized with 
NOTCH3

Cell adhesion

Neurofilament110 Postmortem brain vessels of patients 
with CADASIL

Decreased Main element of neuroaxonal 
cytoskeleton

Neurofascin110 Postmortem brain vessels of patients 
with CADASIL

Decreased Links the ECM to the intracellular 
cytoskeleton

Internexin α110 Postmortem brain vessels of patients 
with CADASIL

Decreased Neuronal intermediate filament 
protein

Solute carrier family 4110 Postmortem brain vessels of patients 
with CADASIL

Decreased Membrane transport

Smooth-muscle myosin 
heavy chain110

Postmortem brain vessels of patients 
with CADASIL

Elevated Smooth-muscle contraction

Other ECM proteins106,109,110 Postmortem or biopsied brain vessels 
of patients with CADASIL

Elevated ECM components

ECM, extracellular matrix; HTRA, high-temperature requirement protein A1; NECD, NOTCH3 extracellular domain; TIMP3, tissue inhibitors of 
metalloproteinases 3.
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into the extracellular fluid when axons are damaged, and they 
can be measured in either the cerebrospinal fluid or blood.138,139 
Serum neurofilament light chain (NfL) was significantly ele-
vated in patients with CADASIL compared with healthy con-
trols, and its level was correlated with age in both patients with 
CADASIL and healthy controls.23 The area under the curve for 
differentiating CADASIL from controls was 0.75, which in-
creased to 0.85 after adjusting for age. The age-related increase 
in NfL level was more prominent in patients with CADASIL 
than in healthy controls. In particular, there was a sharp in-
crease in serum NfL levels from 40 years old, which is when 
lacunes often start to develop in patients with CADASIL.23 The 
serum NfL level had a strong correlation with brain MRI 
markers for SVD even after adjusting for age.136 It was also 
associated with the presence of ischemic or hemorrhagic 
stroke, neurological deficit, cognitive dysfunction, and overall 
disability at baseline, and was useful for predicting incident 
stroke, cognitive decline, disability, or even mortality in patients 
with CADASIL.23,140 However, the NfL level was also elevated 
in sporadic cerebral SVD and other various neurological dis-
orders, and it is therefore not specific to CADASIL.141,142 

In a mouse model of CADASIL (p.Cys455Arg), the plas-
ma NECD level was significantly lower in mutant than con-
trol mice.24 NECD was also detected in human blood, and its 
level was significantly higher in the serum than the plasma. In 
an earlier in vitro study, monoclonal antibody treatment, which 
activates Notch3 receptors independently from ligand binding, 
caused a significant increase in the NECD released in the super-
natant of the cells that expressed wild-type or mutant Notch3.143 
Low serum NECD levels in a CADASIL animal model could 
therefore be suggestive of impaired Notch signaling. However, 
low serum NECD could be caused by impaired NECD clear-
ance in CADASIL, because it is well known that mutant NECD 
tend to accumulate in aggregates between VSMCs, and the 
mutant NOTCH3 displayed significantly enhanced multimer-
ization with less solubility and delayed clearance compared 
with wild-type NOTCH3 in previous in vitro studies.87,90 Gao 
et al.137 recently found that the NOTCH3 protein level in plas-
ma exosomes was significantly lower in 30 patients with CA-
DASIL than in 30 age-matched healthy controls. They also re-
ported that the plasma exosome NOTCH3 protein levels were 
positively correlated with WMH severity measured on the 
Fazekas scale. However, it was not correlated with cognitive 
scores in patients with CADASIL. In addition to NECD, the 
mouse model also indicated significantly increased plasma 
levels of endostatin and HTRA1 compared with control mice.24 
Endostatin is a proteolytic fragment of collagen18α1 and has 
been identified as a component of GOM.114 The clinical utili-
ty of those potential blood biomarkers needs to be validated 
in large-scale human CADASIL studies.

Biomarkers found in brain vessels
Proteomic analyses of human brain arteries have disclosed 
several important proteins with levels that differ significantly 
between patients with CADASIL and controls. The molecular 
functions or biological processes of the proteins included ECM 
constituents, cytoskeleton, protein processing and vesicular 
traffic, and cell adhesion.144 In a comparative postmortem 
proteome profiling analysis of two brain arteries in patients 
with the p.Arg1031Cys NOTCH3 mutation, Arboleda-Velas-
quez et al.114 identified 19 proteins whose levels differed signifi-
cantly between patients with CADASIL and controls. Most of 
them were ECM proteins that were significantly increased in 
patients with CADASIL such as collagen 1α2, collagen12α1, 
collagen14α1, collagen18α1, laminin α5, laminin γ1, lactad-
herin, clusterin, vinculin, leucine-rich repeat proteoglycan, and 
perlecan. Other proteins that were decreased in patients with 
CADASIL were neurofilament, neurofascin, internexin α, and 
solute carrier family 4. 

As described above, several proteins have been identified as 
components of GOM deposits. In the brain vessels from seven 
postmortem French patients with CADASIL (mean age=63 
years), 72 proteins that were mostly ECM proteins were only 
present in CADASIL samples.110 To investigate the proteins that 
were expressed in the early disease stage, those authors also 
performed a proteomic analysis of brain arteries from 10- to 
12-month-old transgenic mice. In both human and mice sam-
ples enriched with NECD, TIMP3 and vitronectin were present 
in CADASIL and were almost absent in controls.110 TIMP3 
and vitronectin were colocalized with NECD on immunohis-
tochemical staining. In brain vessels, TIMP3 activity was sig-
nificantly increased in postmortem patients with CADASIL 
compared with controls. Serum TIMP3 and related matrix me-
talloproteinase levels have not yet been investigated in patients 
with CADASIL. SAP, annexin A2, and periostin were also sig-
nificantly elevated in the GOM-enriched leptomeningeal or 
superficial temporal arteries of three Japanese patients with 
CADASIL compared with controls.113 On immunofluores-
cence staining, only SAP was colocalized with NOTCH3 in the 
leptomeningeal arteries, which was also observed in subcuta-
neous blood vessels in patients with CADASIL, while there 
was weak staining of SAP in the perivascular region of the 
control subject. 

CONCLUSIONS AND 
FUTURE PERSPECTIVES

Recent large-scale genomic studies have found the prevalence 
of pathogenic NOTCH3 mutations to be much higher than 
previously thought, with the risk being highest among Asians. 
Pathogenic NOTCH3 mutations frequently found in general 
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populations were located in EGFRs 7–34, while most of these 
mutations found in patients with CADASIL were located in 
EGFRs 1–6. Nonetheless, the pathogenic NOTCH3 mutation 
frequently found in general populations was associated with 
an increased SVD burden on brain MRI and a higher stroke 
risk. Despite the increasing awareness of the disorder, the ex-
act pathomechanism of CADASIL has not yet been elucidat-
ed. Active research using large-scale human CADASIL cohorts 
as well as cell culture and mouse model studies are underway 
to understand how NOTCH3 mutations lead to damage of 
the cerebral small blood vessels. In addition to brain MRI, sev-
eral promising blood biomarkers have been identified that 
can be useful in screening high-risk populations and monitor-
ing the disease severity in the future. 
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