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Abstract

Aims: CADASIL, the most prevalent hereditary cerebral small vessel disease, is caused by

cysteine-altering NOTCH3 variants (NOTCH3cys) leading to vascular NOTCH3 protein

aggregation. It has recently been shown that variants located in one of NOTCH3 protein

epidermal growth-factor like repeat (EGFr) domains 1–6, are associated with a more

severe phenotype than variants located in one of the EGFr domains 7–34. The underly-

ing mechanism for this genotype–phenotype correlation is unknown. The aim of this

study was to analyse whether NOTCH3cys variant position is associated with NOTCH3

protein aggregation load.

Methods: We quantified vascular NOTCH3 aggregation in skin biopsies (n = 25) and

brain tissue (n = 7) of CADASIL patients with a NOTCH3cys EGFr 1–6 variant or a EGFr

7–34 variant, using NOTCH3 immunohistochemistry (NOTCH3 score) and ultrastruc-

tural analysis of granular osmiophilic material (GOM count). Disease severity was

assessed by neuroimaging (lacune count and white matter hyperintensity volume) and

disability (modified Rankin scale).

Results: Patients with NOTCH3cys EGFr 7–34 variants had lower NOTCH3 scores

(P = 1.3�10�5) and lower GOM counts (P = 8.2�10�5) than patients with NOTCH3cys

EGFr 1–6 variants in skin vessels. A similar trend was observed in brain vasculature. In

the EGFr 7–34 group, NOTCH3 aggregation levels were associated with lacune count

(P = 0.03) and white matter hyperintensity volume (P = 0.02), but not with disability.

Conclusions: CADASIL patients with an EGFr 7–34 variant have significantly less vascu-

lar NOTCH3 aggregation than patients with an EGFr 1–6 variant. This may be one of the

factors underlying the difference in disease severity between NOTCH3cys EGFr 7–34 and

EGFr 1–6 variants.
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INTRODUCTION

Cerebral autosomal dominant arteriopathy with subcortical infarcts

and leukoencephalopathy (CADASIL) is a hereditary small vessel dis-

ease caused by NOTCH3 variants.1 Pathogenic NOTCH3 variants in

CADASIL are almost exclusively missense variants which lead to a cys-

teine amino acid change in one of the 34 epidermal growth factor-like

repeat (EGFr) domains of the NOTCH3 protein’s ectodomain

(NOTCH3ECD)2 and are associated with increased NOTCH3ECD multi-

merization and aggregation.3,4 Vascular pathological hallmarks of

CADASIL are granular NOTCH3ECD staining of the vessel wall and the

presence of granular osmiophilic material (GOM) deposits on electron

microscopy (EM).3 This vessel wall pathology is not only present in

brain vasculature, but is also observed in other tissues, including

skin.5–8

Recently, we showed that the position of the NOTCH3 cysteine-

altering missense variant (NOTCH3cys) is an important modifier of dis-

ease severity: NOTCH3cys variants in EGFr domains 7–34 are associ-

ated with a later onset of stroke, higher survival and a lower white

matter hyperintensity (WMH) MRI lesion load than NOTCH3cys vari-

ants in EGFr domains 1–6.9–12 The molecular mechanisms underlying

the NOTCH3 EGFr variant position effect are unknown.

As vascular NOTCH3ECD aggregation is widely held to be one of

the key drivers of CADASIL pathogenesis, we hypothesised that EGFr

7–34 variants have a lower aggregation propensity than EGFr 1–6

variants. Here, we compared NOTCH3ECD aggregation between

patients with NOTCH3cys EGFr 7–34 variants and those with

NOTCH3cys EGFr 1–6 variants, by performing quantitative analysis of

NOTCH3ECD staining and GOM deposits in skin biopsies. Also, we

assessed end-stage CADASIL brain vessels in patients with a

NOTCH3cys EGFr 7–34 variant and in patients with an EGFr 1–6

variant.

MATERIALS AND METHODS

Patient selection

Patients were selected from a prospective CADASIL cohort study at

the Leiden University Medical Center, The Netherlands. All patients

were members of Dutch CADASIL pedigrees registered in the Dutch

CADASIL registry. All study participants gave written informed con-

sent and all participated in the study between May 2019 and

December 2020. All procedures performed in studies involving human

participants were in accordance with the 1964 Helsinki Declaration

and its later amendments or comparable ethical standards. This study

was approved by the medical ethics committee of the Leiden Univer-

sity Medical Center (P18.164). For the current study, 12 patients with

a NOTCH3cys EGFr 1–6 variant and 13 patients with a NOTCH3cys

EGFr 7–34 variant were selected from the database for analysis of

their skin biopsy. The selection criteria were (1) age between 50 and

60 years; (2) for each NOTCH3cys variant group (EGFr 1–6 versus

EGFr 7–34), half of the patients fulfilled the pre-defined criterium of a

severe phenotype (‘EGFr 1-6 severe’ group and ‘EGFr 7-34 severe’
group) and half fulfilled the criterium of a mild phenotype (‘EGFr 1-6
mild’ group and ‘EGFr 7-34 mild’ group). A severe phenotype was

defined as ≥3 lacunes on MRI; a mild phenotype was defined as 0–2

lacunes (Table 1). Healthy controls shown not to have the familial

NOTCH3cys variant were selected from the CADASIL2000 study and

the 18-year follow-up of that cohort (approved by the Leiden Univer-

sity Medical Center medical ethics committee under P80.89 and

P17.170, respectively).13,14

In addition to the 25 selected patients for analysis of skin biop-

sies, we included skin and brain material from six deceased CADASIL

patients available in our centre, who had given written informed con-

sent for autopsy and the use of their material for CADASIL research.

Four patients had an EGFr 1–6 variant (deceased at 57, 58, 59 and

65 years of age) and two patients had an EGFr 7–34 variant (deceased

at 69 and 84 years of age).

Study procedure

All patients included in the study followed an identical, one-day study

protocol with clinical assessment, brain MRI, neuropsychological test

battery, skin biopsy and blood withdrawal. Clinical assessment

included history of clinical stroke, functional ability status according

to the modified Rankin Scale (mRS) and the presence of cardiovascular

risk factors. Smoking was defined as current or past smoking. Individ-

uals using an antihypertensive agent or with a previous diagnosis of

hypertension (>140/90 mmHg) were considered to have hyperten-

sion. Individuals with non-fasting levels of LDL-c > 3.5 mmol/L or

total cholesterol >6.5 mmol/L or with a previous diagnosis of hyper-

cholesterolaemia were considered to have hypercholesterolaemia.

Neuroimaging was performed on a Philips Medical Systems 3 Tesla

MR. Lacunes were assessed and counted according to the STRIVE

criteria.15 White matter hyperintensities were semi-quantitatively

scored using the Fazekas scale for deep white matter.16 A mask for

subcortical grey matter structures and brain stem was generated from

FLAIR images and used for WMH classification with Brain Intensity

AbNormality Classification Algorithm (BIANCA) with settings

optimised for CADASIL populations.17,18 WMH volumes were calcu-

lated using FMRIB Software Library (FSL) v6.0.4, Analysis Group,

FMRIB, Oxford, UK, using individually selected WMH thresholds.

NOTCH3ECD immunohistochemistry

Skin punch biopsies were taken from the lateral upper arm and

processed to formalin-fixed paraffin-embedded tissue blocks. Post-

mortem material from skin and brain were also formalin-fixed and

paraffin-embedded in tissue blocks. Per individual, two sections with

a thickness of 5 μm were pretreated with proteinase K, washed three

times with PBS and stained for 2 hours at room temperature with

the primary mouse anti-NOTCH3ECD antibody (clone 1E4, Millipore,

dilution 1:1000, RRID:AB_2890101). The secondary antibody
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(rabbit-anti-mouse/biotin, Dako, dilution 1:200, RRID:AB_2636929)

was incubated for 1 hour at room temperature, followed by develop-

ment using the Avidin-Biotin Complex (ABC Elite Kit, Vector,

RRID:AB_2336810) for 30 min. Further staining with 3,30-

diaminobenzidine (DAB, Sigma Aldrich) and the collection of full-

colour, full-focus images was performed as described previously.19

Harris’ haematoxylin (diluted 1:3 for 5 s, Merck) was used as co-

staining reagent. Inner and outer boundaries of vessel walls were

manually drawn. The NOTCH3ECD positive area, with a typical granu-

lar staining pattern, was determined using a Colour Threshold

(Hue 0–50; Saturation 0–255; Brightness 0–175) in ImageJ, and

expressed as percentage of vessel wall area (Figure 1C). We defined

the NOTCH3 score20 as the average of the 10 vessels with the

highest NOTCH3ECD positive area per individual. The NOTCH3 score

based on the average of these 10 vessels was found to be represen-

tative of the NOTCH3 score based on the average of all vessels, both

in skin (median of 24 vessels were assessed per individual, range 11–

55)(r = 0.97, R2 = 0.95, P = 1.1�10�5, Supporting Information S1A)

and brain (median of 22 vessels per individual, range 20–34)

(r = 0.99, R2 = 0.98, P = 5.2�10�5, Supporting Information S1B). In

one individual (EGFr 1–6 group, severe phenotype), the NOTCH3

score could not be obtained due to insufficient tissue for

immunohistochemistry.

Ultrastructural analysis of GOM

Skin biopsy processing for ultrastructural analysis was performed as

described previously.19 The presence of GOM deposits in blood vessel

walls was evaluated by two independent observers who were blinded

for NOTCH3cys variant position and phenotype (GG and MNC). One

skin biopsy of a control was included as a reference for normal ultra-

structural vessel wall morphology, to ensure that the observers were

only counting GOM deposits and not structures that might be similar

to GOM deposits. GOM were identified and counted in a median of

16 vessels (range 7–27) for each individual. Blood vessels were fur-

ther categorised into capillaries based on a lumen diameter of <7 μm.

All other vessels were manually categorised by two independent

observers into arterioles and venules based on ultrastructural hall-

marks, that is, the shape of the mural cells (block-like for arteriole;

spindle-like for venule) and completeness of the mural cell layer

around the vessel.21 In one individual (EGFr 1–6 group, mild

T AB L E 1 Patient characteristics by EGFr group and disease severity

Location of NOTCH3cys variant EGFr 1–6 EGFr 1–6 EGFr 7–34 EGFr 7–34 P valuea

Phenotype Severe Mild Severe Mild

N 6 6 6 7

Age, mean (sd) 55.5 (2.2) 56.0 (2.8) 56.0 (3.4) 54.4 (3.2) n.s.

Female, n (%) 1 (17%) 4 (67%) 2 (33%) 5 (71%) n.s.

NOTCH3cys variant (n) R110C (1) R141C (1) R544C (1) C568Y (1)

R141C (1) R169C (1) C568Y (1) R578C (5)

C144F (1) R207C (3) R578C (2) G667C (1)

R153C (2) C222Y (1) C1015R (1)

R182C (1) R1076C (1)

Smoking, n (%) 3 (50%) 3 (50%) 3 (50%) 5 (71%) n.s.

Hypertension, n (%) 1 (17%) 2 (33%) 4 (67%) 1 (14%) n.s.

Hypercholesterolemia, n (%) 2 (33%) 1 (17%) 3 (50%) 1 (14%) n.s.

mRS, n (%) 0.005b

0–1 0 (0%) 5 (83%) 2 (33%) 6 (86%)

≥2 6 (100%) 1 (17%) 4 (67%) 1 (14%)

Prior clinical stroke, n (%) 5 (83%) 0 (0%) 3 (50%) 0 (0%) 0.004b

Presence of lacunes, n (%) 6 (100%) 0 (0%) 6 (100%) 0 (0%) <0.001b

Fazekas dwm, n (%) <0.001c

0–2 0 (0%) 0 (0%) 0 (0%) 7 (100%)

3 6 (100%) 6 (100%) 6 (100%) 0 (0%)

Note: n: number; sd: standard deviation; n.s.: not significant.
aP value for overall differences between patient groups (Chi-square; two-way ANOVA).
bStatistical significance attributed to differences between severe and mild patients. No statistically significant difference between severely affected

patients with a NOTCH3cys EGFr 1–6 versus EGFr 7–34 variant, nor between mildly affected patients with an EGFr 1–6 versus EGFr 7–34 variant.
cNo statistically significant difference between EGFr 1–6 severe group and EGFr 7–34 severe group, but the EGFr 1–6 mild group had higher Fazekas

deep white matter (dwm) scores than the EGFr 7–34 mild group (P = 0.001).
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F I GU R E 1 NOTCH3 score and GOM load are significantly lower in CADASIL patients with NOTCH3cys variants in EGFr 7–34 in skin
biopsies. (A,B) representative images of NOTCH3 immunostaining on skin vessels of (A) controls and (B) CADASIL patients. Controls show a
negative NOTCH3 staining, whilst CADASIL patients show a positive and granular NOTCH3 staining. (C) NOTCH3 score: The vessel wall area
positive for granular NOTCH3ECD staining is expressed as the percentage of the total vessel wall area. (D) Patients with NOTCH3cys variants
located in EGFr 7–34 have lower NOTCH3 scores than patients with EGFr 1–6 variants (median NOTCH3 score 5.2% [IQR 11.1] versus 48.6%
[48.2], P = 1.3�10�5). (E,F) patients with NOTCH3cys variants located in EGFr 7–34 have less GOM-positive vessels than patients with EGFr 1–6
variants (median 0.0% [IQR 5.6] versus 18.8% [10.9], P = 6.4�10�5) and a lower overall GOM count (median 0.0 GOM/1000 μm [IQR 1.6] versus
9.8 [15.2], P = 8.2�10�5). (G) GOM deposits are more prevalent in arterioles than in capillaries and venules (median 11.2 GOM/1000 μm [IQR
50.6], 0.0 [3.3] and 0.0 [0.7], respectively). (H) The difference in GOM count between the EGFr groups was also observed in arterioles, capillaries
and venules separately. To facilitate interpretation, data is plotted on log10-axis and represent mean � standard deviation in H. In D-G, data
represent median � interquartile range. P values are calculated from transformed variables
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phenotype), GOM could not be assessed as the tissue processed for

electron microscopy did not contain any vessels.

Statistical analysis

Differences in patient characteristics were analysed using an indepen-

dent samples t-test or Chi-square test. In all analyses, each data point

reflects one individual (i.e., GOM count of one patient reflects the aver-

age of the GOM count in all analysed vessels of that patient). NOTCH3

score was square root transformed and GOM count was cubic root

transformed to obtain a plausible normal distribution. One-way

ANOVA analyses were performed on transformed variables to assess

the effect of EGFr group and vessel type. Two-way interaction ANOVA

analyses were performed on transformed variables to assess the overall

effect of EGFr group; disease severity; and the interaction (i.e., whether

the effect of disease severity was significantly different between the

two EGFr groups). Two-way interaction ANOVA was also used to

assess the effect of cardiovascular risk factors. Post-hoc pairwise com-

parisons were Bonferroni adjusted for multiple comparisons. All statis-

tical analyses were two-sided tests with a threshold for statistical

significance of 0.05, using the IBM SPSS Statistics software, version 25.

RESULTS

Patient characteristics

Baseline characteristics of the study population are shown in Table 1.

Disease severity and neuroimaging lesion load did not differ between

the ‘EGFr 1-6 severe’ and the ‘EGFr 7-34 severe’ group, or

between the ‘EGFr 1-6 mild’ and ‘EGFr 7-34 mild’ group, except for
white matter hyperintensity lesion load. There was no significant dif-

ference in sex and cardiovascular risk factors between groups.

NOTCH3cys EGFr 7–34 variants are associated with a
lower NOTCH3 score and GOM load

Patients with a NOTCH3cys EGFr 7–34 variant had a much lower

NOTCH3 score than patients with an EGFr 1–6 variant (median

NOTCH3 score 5.2% [IQR 11.1] versus 48.6% [48.2], P = 1.3�10�5;

Figure 1A–D). Moreover, almost half (6/13) of patients with an EGFr

7–34 variant had no granular NOTCH3ECD staining at all in any of the

skin vessels, whereas granular NOTCH3ECD staining was observed in

all patients with an EGFr 1–6 variant. GOM deposits were also much

less abundant in patients with an EGFr 7–34 variant compared to

those with an EGFr 1–6 variant, in terms of both amount of GOM

positive vessels (median 0.0% [IQR 5.6] versus 18.8% [10.9],

P = 6.4�10�5; Figure 1E) and GOM count (median 0.0 GOM/1000 μm

[IQR 1.6] versus 9.8 [15.2], P = 8.2�10�5; Figure 1F). The association

between NOTCH3cys variant position and NOTCH3 score and GOM

count remained statistically significant after correction for

cardiovascular risk factors and sex (NOTCH3 score P = 6.2�10�5,

GOM count P = 2.5�10�4). Strikingly, the majority of individuals

(8/13) with an EGFr 7–34 variant had no GOM deposits at all,

whereas almost all individuals (10/11) with an EGFr 1–6 variant had

GOM. NOTCH3 scores were highest for the most N-terminal

NOTCH3cys variants (Supplementary Information S4). There was no

difference in NOTCH3 score between NOTCH3cys variants leading to

a gain versus a loss of a cysteine residue (data not shown).

Overall, GOM deposits were most abundant in arterioles, but

they were also observed in capillaries and even in venules (Figure 1G).

The difference in GOM count between individuals with EGFr 1–6 and

EGFr 7–34 variants was observed in all three vessel types (Figure 1H,

Supporting Information S2 and S3).

Analysis of post-mortem CADASIL brain tissue showed that the

two individuals with an EGFr 7–34 variant had lower NOTCH3 scores

in brain vessels than the four individuals with an EGFr 1–6 variant

(Figure 2 A,B). No statistics could be performed for the brain

NOTCH3 score due to the sample size. In the skin vessels of the

deceased CADASIL patients, the NOTCH3 score was also lower in

individuals with an EGFr 7–34 variant than in those with an EGFr 1–6

variant (Figure 2B), and skin and brain NOTCH3 scores in these indi-

viduals were correlated (r = 0.84, P = 0.02, Figure 2C).

Association of disease severity with NOTCH3 score
and GOM count

Next, we assessed whether NOTCH3 score and GOM count in skin

biopsies differed between mild and severe patients. Disease severity

was not significantly associated with either NOTCH3 score or GOM

count (P = 0.06 and P = 0.06, respectively)(Figure 3A,B). However,

the ‘EGFr 7-34 mild’ patient group did have a lower NOTCH3 score

than the ‘EGFr 7-34 severe’ patient group (median 1.0% [IQR 5.2]

versus 14.5% [17.7], P = 0.051 in a post-hoc analysis) and a lower

GOM count (median 0.0 GOM/1000 μm [IQR 0.0] versus 0.0 [4.7],

P = 0.28 in a post hoc analysis), although this difference was not sta-

tistically significant. In the EGFr 7–34 group, skin NOTCH3 score was

significantly correlated with lacune count (r = 0.67, P = 0.03) and

WMH volume (r = 0.70, P = 0.02), but not with disability (r = 0.24,

P = 0.42)(Figure 3C–E).

DISCUSSION

In this study, we show that vascular NOTCH3ECD aggregation load

is lower in CADASIL patients with a NOTCH3cys EGFr 7–34 variant

than in patients with a NOTCH3cys EGFr 1–6 variant. This finding

suggests that there is a difference in aggregation properties

between EGFr 1–6 and EGFr 7–34 NOTCH3cys mutant pro-

teins.3,4,22 A lower vascular NOTCH3ECD aggregation load may be

one of the factors underlying the later and milder disease onset in

CADASIL patients with an EGFr 7–34 variant compared to patients

with an EGFr 1–6 variant.9–11
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EGFr domains 1–6 are more exposed to extracellular matrix pro-

teins, some of which have been shown to co-aggregate with

NOTCH3ECD, such as HTRA1, LTBP-1, TIMP3, and vitronectin,23–25

which may explain why mutant EGFr 1–6 proteins are more prone to

aggregate. Alternatively, aggregation properties may be related to the

distance of the NOTCH3cys variant from the recently identified non-

enzymatic cleavage site between EGFr 1 and 2.26 Potentially in line

with this, we observed a trend towards an association between

NOTCH3 score and the distance from this cleavage site for variants

located in EGFr domains 1–6.

Interestingly, the association between NOTCH3ECD aggregation and

EGFr mutation position was much stronger than the association between

NOTCH3ECD aggregation and disease severity. There was an association,

however, between NOTCH3 score and MRI lesion load (lacune count

and WMH volume), but this was only seen in the EGFr 7–34 group.

Larger studies, including CADASIL patients with variable disease severity

F I GU R E 2 NOTCH3cys variants in EGFr 7–34 are also associated with a lower NOTCH3 score in brain. (A) Example vessels from skin and
brain tissue of a deceased CADASIL patient with a NOTCH3cys variant in EGFr 1–6 and a deceased patient with a NOTCH3cys variant in EGFr 7–
34. (B) In both skin and brain vessels, the NOTCH3 score was lower in the EGFr 7–34 group compared to the EGFr 1–6 group. Data represent
median � interquartile range. (C) Correlation between the NOTCH3 score in skin and brain

6 of 9 GRAVESTEIJN ET AL.



as well as asymptomatic individuals with an incidental NOTCH3cys variant

in population databases, are needed to further clarify the association

between NOTCH3ECD aggregation in skin and disease severity.

Notably, most individuals in the ‘EGFr 7-34 mild’ group had very

low NOTCH3 scores and only one had GOM. The absence of GOM in

skin biopsies has also been recently described in another CADASIL

F I GU R E 3 Association between NOTCH3 score, GOM load and disease severity. (A) NOTCH3 score and (B) GOM count were higher in
patients with a severe phenotype compared to those with a mild phenotype (P = 0.06 for both NOTCH3 score and GOM after correction for
EGFr group). This was mainly attributable to differences between mild and severe patients in the EGFr 7–34 group. Data represent median �
interquartile range. (C,D,E) scatter plot showing the relation between NOTCH3 score and lacune count (C), white matter hyperintensity volume
(D) and modified Rankin scale score (E)
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cohort.27 The absence of GOM, therefore, does not exclude a CADASIL

diagnosis, which is relevant for clinical practice, as to date GOM are

deemed to have very high sensitivity and specificity for CADASIL.7,27–29

The strengths of this study are the prospective design, the quanti-

tative analysis of both the ultrastructural GOM and the NOTCH3ECD

staining, as well as assessing NOTCH3ECD aggregation in both skin

and brain vasculature. A limitation is the relatively small sample size,

especially of brain tissue.

In conclusion, this study shows that CADASIL patients with an

EGFr 7–34 variant have less vascular NOTCH3ECD aggregation than

CADASIL patients with an EGFr 1–6 variant. This finding sheds the

first light on the relation between NOTCH3cys variant position, mutant

NOTCH3 protein aggregation and CADASIL disease severity.
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