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Small in-frame deletions and missense mutations in
CADASIL: 3D models predict misfolding of Notch3
EGF-like repeat domains
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CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy) is
a hereditary microangiopathic condition causing stroke in young adults. The responsible gene has recently
been identified as the Notch3 gene. Notch3 encodes a large transmembrane receptor with 34 extracellularly
localised epidermal growth factor-like (EGF) repeat domains. We screened 71 unrelated CADASIL families
for mutations in two exons coding for the first five EGF-like repeats and found mutations in 70% of the
families (n = 50). Two types of mutations were identified: 48 families (96%) had missense mutations and
two families (4%) had small in-frame deletions. Seven mutations occurred multiple times. All of them are C
to T transitions that affect CpG dinucleotides, suggesting that their multiple occurrence is due to the
hypermutability of this sequence. All mutations, including the two deletions, result in the gain or loss of a
cysteine residue, thus substantiating the pivotal role of an uneven number of cysteine residues within
EGF-like repeat domains of Notch3 in the pathogenesis of CADASIL. To study the potential effects of these
mutations 3D homology models of the first six EGF domains were generated on the basis of NMR data
from human fibrillin-1. These models predict domain misfolding for a subset of mutations. European Journal
of Human Genetics (2000) 8, 280–285.
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Introduction
CADASIL is an increasingly recognised autosomal dominant
disorder leading to cerebrovascular manifestations in early
adulthood.1 Affected individuals experience recurrent ische-
mic episodes with accumulating motor, sensory and cogni-
tive deficits.2,3 The majority of patients eventually become
demented and additional manifestations have been reported
including migraine (30–40%), psychiatric disturbance (30%)
and epileptic seizures (10%).2,3 Brain magnetic resonance
imaging (MRI) displays diffuse white matter abnormalities
and small cystic lesions suggestive of small infarcts.4 The
penetrance of MRI abnormalities in CADASIL is complete by

age 35.2 However, symptom onset varies considerably
(age 14–66 years).3 The underlying pathology is mediated by
a unique non-amyloid angiopathy involving small arteries
(100–400 µm) and capillaries, particularly in the brain but
also in other organs.5

Recently, the Notch3 gene on chromosome 19p13 was
identified as the CADASIL disease gene.6 Notch genes encode
evolutionary conserved cell surface receptors that regulate
cell fate choices in vertebrates and invertebrates during
embryonic development.7 This regulation occurs by inter-
action of Notch gene products with their transmembrane
ligands on neighbouring cells.7,8

A striking feature of both the Notch receptors and their
ligands is a large number of tandemly arranged epidermal
growth factor-like (EGF-like) repeat domains which account
for most of the extracellular domains of these proteins.7 EGF-
like repeats have been identified in numerous extracellular
and membrane bound proteins.9,10 Their classification is
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based mainly on the spacing and presence of six cysteine
residues within approximately 40 aminoacid residues. The
structures of a number of EGF-like domains have been
determined, and most of them are consistent with an EGF-
like disulfide bonding pattern.10–16

On screening 50 CADASIL families for mutations along the
entire coding sequence of the Notch3 gene, Joutel et al found
mutations in 90% of the families.17 All mutations were
located in one of the 34 EGF-like repeat domains with a
strong cluster in two exons coding for the first five repeats.
All mutations were missense mutations predicted to result in
a loss or a gain of cysteine residue. Based on this observation
the authors hypothesised that aberrant dimerisation of
Notch3, due to abnormal disulfide bridging with another
Notch3 molecule or with another protein, may be involved
in the pathogenesis of the disorder.17

In the current study we performed mutational analysis in
71 unrelated CADASIL families by focusing on exons 3 and 4
which code for the first five EGF-like repeats of the Notch3
gene product. 3D homology models were generated to study
the potential effects of the observed mutations.

Patients and methods
Patients
We studied 71 index cases and their affected relatives from
71 unrelated Caucasian families (61 German, 4 Swiss, 3 Aus-
trian, and 3 British). Probands were selected on the basis of

(1) A clinical syndrome of recurrent ischemic episodes,
cognitive deterioration, migraine with aura, psychiat-
ric disturbance, or a combination of these features;

(2) A cerebral MRI showing microangiopathic changes,
and

(3) A family history consistent with autosomal dominant
inheritance.

In all families the diagnosis of CADASIL had been con-
firmed by biopsy (n = 66) or autopsy (n = 5).18,19

Mutation analysis
Following informed consent, genomic DNA was isolated
from peripheral blood leukocytes. Exons 3 and 4 of the
Notch3 gene were amplified using the following intronic
primers:

exon 3 (F: 5'TGTGCTGCCCAACCAAGCCA;
R: 5'ACTGACCACACCCCCGACTA);

exon 4 (F: 5'TAGTCGGGGGTGTGGTCAGT;
R: 5'CCTCTGACTCTCCTGAGTAG).17

PCR conditions were as follows: initial denaturation 5 min at
94°C, followed by 35 cycles at 94°C for 30 s (denaturation),
65°C for 30 s (annealing) and 72°C for 30 s (extension), with
a 7 min final extension at 72°C. PCR products were subjected
to direct automated sequencing using dideoxy-terminator
cycle sequencing (BigDye™ sequencing Ready Reaction Kit,
Perkin-Elmer, Foster City, CA) and an Applied Biosystems
model 377 automated sequencer (Applied Biosystems divi-
sion, Perkin-Elmer Corporation, Foster City, CA). All prod-
ucts were sequenced on both strands. The human Notch3
cDNA and human Notch3 protein sequences were taken
from GenBank (accession no. U97669) and a published
paper.17

3D Modelling
3D modelling was done on the basis of the NMR structure of
the 32nd and 33rd calcium binding (cb) EGF-like domain
pair of human fibrillin-116 and a multiple aminoacid
sequence alignment of this cbEGF-like domain pair with
EGF-like domain pairs 1–2, 3–4 and 5–6 from human Notch3
(Table 1). Alignment was arranged manually with the dis-
ulfide bridge forming cysteines as anchor points. The align-
ment of domain pairs was chosen, since Notch3 domains 1, 3
and 5 align well on the 32nd EGF-like domain of human
fibrillin-1 and Notch3 domains 2, 4 and 6 align well on the
33rd EGF-like domain of human fibrillin-1 (Table 1). Models
are presented as single domains because of uncertainties
regarding interdomain arrangement.

Model building was done with program ‘O’.20 Mutated side
chains were put into energetically favourable conformations
with option ‘lego–side–chain’. Those parts of the models
where insertions or deletions had to be introduced were
regularised with option ‘refi–zone’. Energy minimisation of
the models was not carried out because it did not promise
further improvement of the models.

Results
Mutation detection
Seventy-one unrelated CADASIL families were analysed for
mutations in the cluster region (exons 3 and 4) of the Notch3

Table 1 Multiple aminoacid sequence alignment between the 32nd and 33rd cbEGF-like domains from human fibrillin-1 and
EGF-like domain pairs 1–2, 3–4 and 5–6 from Notch3

        
         
       
       

                  

The alignment was done manually with the pattern of cysteines (black boxed) as anchor points. *Consensus residues.
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gene by direct sequencing of genomic DNA. Mutations were
found in 50 (70%) of the families. Of the 20 different
mutations identified 18 were missense mutations (90%) and
two were deletions (10%). Nine mutations are novel
(Table 2).

Missense mutations All the missense mutations are pre-
dicted to involve cysteine residues, ie to replace the wild-type
aminoacid with a cysteine residue (eight mutations) or to
replace one of the cysteine residues with another aminoacid
(ten mutations). Seven mutations were found more than
once, ie 2–10 times. All of them are C to T transitions leading
to the substitution of an arginine by a cysteine residue.
Eleven mutations were found only once. Ten of them are
predicted to replace a cysteine residue with another amino-
acid.

Deletions We found one 15-bp and one 9-bp deletion
predicted to result in the loss of five and three aminoacids,
respectively. In both cases the deleted aminoacids include
one cysteine residue. Both deletions occur at sites containing
DNA repeat sequences. The 317–331del sequence is flanked
by a 7bp-CCCCTGT repeat while the 537–545del sequence is
flanked by a 4bp-GCCG repeat. In both cases one of the
repeats is deleted by the mutation which is consistent with
misalignment during DNA replication.21

Polymorphisms In addition to disease-causing mutations
there were several silent nucleotide polymorphisms
(Table 3).

Discussion
Our study extends the spectrum of disease-causing mutations
in CADASIL by adding small in-frame deletions. Both

deletions are predicted to result in the loss of one cysteine
residue. In conjunction with the missense mutations
reported here and previously17,22,23 these deletions sub-
stantiate the pivotal role of an odd number of cysteine
residues within EGF-like repeat domains of Notch3 in the
pathogenesis of this disorder.

The mechanisms by which mutations in CADASIL become
pathogenic are currently unknown. However, at least two
possibilities have to be considered. The first is domain
misfolding. As illustrated by the modelled 3D structures of
the first six EGF-like repeat domains (Figure 1) each domain is
predicted to contain an N-terminal two-stranded â-sheet
followed by a second shorter sheet, or double hairpin at the
C-terminus. The six cysteines form three disulfide bonds
which stabilise the two â-strand substructures. Some of the
mutations are predicted to be incompatible with this folding
pattern. This is obvious for the two deletions which destroy
sequences involved into â-strand formation and domain
stabilisation (Figure 1). Domain misfolding may further be
predicted for a group of missense mutations where large side
chains of the replacing residues are predicted to interfere
with adjacent parts of the native structure (Cys to Arg; Cys to

Table 2 Notch3 mutations in 71 CADASIL families

No. of families Notch3 nucleotide Notch3 mutation Amino acid exchange Exon Domain

6 346 CGT Õ TGT Arg90 Õ Cys N3 EGF 2
1 356 TGC Õ TTC Cys93 Õ Phe* N3 EGF 2
3 406 CGT Õ TGT Arg110 Õ Cys N3 EGF 2
1 428 TGC Õ TTC Cys117 Õ Phe N4 EGF 2
1 445 TGC Õ TTC Cys123 Õ Phe* N4 EGF 3

10 475 CGC Õ TGC Arg133 Õ Cys N4 EGF 3
5 499 CGC Õ TGC Arg141 Õ Cys N4 EGF 3
1 508 TGC Õ TCC Cys144 Õ Ser* N4 EGF 3
1 508 TGC Õ TAC Cys144 Õ Tyr* N4 EGF 3
1 525 TAC Õ TGC Tyr150 Õ Cys* N4 EGF 3
2 535 CGC Õ TGC Arg153 Õ Cys N4 EGF 3
5 583 CGC Õ TGC Arg169 Õ Cys N4 EGF 4
1 599 TGC Õ TAC Cys174 Õ Tyr N4 EGF 4
6 622 CGC Õ TGC Arg182 Õ Cys N4 EGF 4
1 625 TGC Õ CGC Cys183 Õ Arg N4 EGF 4
1 625 TGC Õ AGC Cys183 Õ Ser* N4 EGF 4
1 631 TGT Õ CGT Cys185 Õ Arg N4 EGF 4
1 658 TGT Õ TTT Cys194 Õ Phe* N4 EGF 4

1 317–331 deletion D80–S84del* N4 EGF 2
1 537–545 deletion R153–C155del* N4 EGF 3

All mutations are predicted to involve cysteine residues. In 38 families the mutation is predicted to create a cysteine, whereas in 12 families the
mutation is predicted to delete a cysteine residue. Nucleotide numbers are given based on the human Notch3 cDNA sequence taken from
GenBank (accession no. U97669); *novel mutation.

Table 2 Notch3 mutations in 50 CADASIL families

Table 3 Silent nucleotide polymorphisms in exons 3 and 4
of the Notch3 gene

Notch3 Nucleotide Amino acid
nucleotide change exchange Exon Domain

360 CAG Õ CAA none N3 EGF 2
381 ACC Õ ACT none N3 EGF 2
423 CCT Õ CCC none N4 EGF 2
546 CGA Õ CGG none N4 EGF 3
684 GCG Õ GCA none N4 EGF 5
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Figure 1 3D models of the predicted main chain traces of the first six Notch3 EGF-like repeat domains (a–f). The main chain traces
are shown in blue (N-termini at the lower left). Each domain contains a two-stranded â-sheet followed by a second shorter sheet, or
double hairpin. The six cysteines form three disulfide bonds (yellow). The two-stranded â-sheet is stabilised by two crossing disulfide
bonds (1st to 3rd and 2nd to 4th cysteine residue), and the double hairpin is fixed by the 5th to 6th – disulfide bond. The 4th and
5th cysteines are only one amino acid apart, so that the two â-strand substructures are closely connected. Wild-type side chains
(blue) are shown at positions affected by missense mutations (mutated side chains in red). The two deletions are indicated as a red
section within the main chain trace. For the purpose of completedness mutations identified in this study were combined with
previously reported mutations: Cys49Tyr; Trp71Cys; Cys146Arg; Gly171Cys; Cys212Ser; Cys222Gly; Cys224Tyr; Tyr258Cys.17 This
Figure was produced using SETOR.26
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Phe; Cys to Tyr; Figure 1, data not shown). In fact, it seems
likely that all mutations substituting cysteine residues cause
protein misfolding since these mutations disrupt disulfide
bonds likely to be necessary for a correct fold of the respective
domain (Figure 1). The consequences of mutations generat-
ing new cysteine residues (Arg to Cys; Tyr to Cys; Trp to Cys;
Gly to Cys) are difficult to predict. However, with an odd
number of cysteines, new permutations of the bridging
scheme might be favoured. This would also cause domain
misfolding in these mutations.

Another possibility consists in the formation of inter-
molecular cross-links with other Notch3 molecules (homo-
dimers) or other cysteine-containing proteins (heterodi-
mers). It is conceivable from Figure 1, that mutations
replacing an amino acid with a cysteine residue could
provide the basis for such interactions in particular, since
these mutations affect residues predicted to be situated on
the surface of the molecule. Mutations that replace cysteine
residues could have a similar effect by leaving an unpaired
and thus reactive cysteine residue.

Seven mutations occurred multiple times. As previously
shown, the multiple occurrence of mutations in CADASIL is
not explained by founder effects.17 Interestingly, all the
multiple occuring mutations found in this study and in the
study by Joutel17 are C to T transitions affecting CpG
dinucleotides. CpG dinucleotides have been shown to
undergo germ-line transitions to TG and CA at frequencies
six to seven times the base mutation rate.24 Thus we assume,
that the multiple occurrence of these mutations may be
attributed to the hypermutability of CpG dinucleotides,
which involves methylation-mediated deamination of
cytosines.24

The reasons for the strong clustering of CADASIL muta-
tions within exons coding for N-terminal EGF repeats are still
unknown. A comparison of exons 3 and 4 to more down-
stream coding sequences of Notch3 failed to reveal a sig-
nificant increase in GC content or in the frequency of CpG
dinucleotides (results not shown). Thus a simple DNA-based
explanation for the clustering of mutations is lacking. It has
already been pointed out that the N-terminal repeats are less
conserved in between Notch3 and otherwise highly homolo-
gous Notch proteins.17 In fact, sequence alignment with
other Notch proteins revealed that Notch3 lacks a region
corresponding to parts of EGF-repeats 2 and 3 in the homolo-
gous proteins25 (own results, data not shown). The loss of this
region is equivalent to a net loss of one EGF-repeat.
Interestingly, the second Notch3 EGF-repeat domain differs
from most other Notch3 EGF domains by an additional three
to four aminoacid residues that are located in between the
third and fourth cysteine residue. As indicated in Figure 1b
this is predicted to result in a longer two-stranded â-sheet,
elongated in the direction of the N-terminus. It is conceiv-
able, that this could affect the interdomain arrangement in
this region. However, whether structural features relate to the

clustering of mutations within N-terminal repeats of the
Notch3 receptor awaits further studies.

The broad clinical spectrum of CADASIL2,3 raises the
question of genotype–phenotype correlations. The clinical
and MRI phenotype in the two families with the deletions
did not diverge from the usual spectrum. Both index cases
had a history of stroke. One of them had developed cognitive
deficits, the other suffered from migraine with aura. Also, age
at onset for single manifestations in these individuals was
within the expected range. This adds to previous clinical and
neuroimaging evidence indicating, that the Notch3 genotype
has no major influence on the phenotype.3,22

In conclusion we have found a number of new mutations
including two small in-frame deletions. These deletions are
relevant in that they substantiate the pivotal role of an odd
number of cysteine residues within EGF-like repeat domains
in the pathogenesis of CADASIL. The 3-D models suggest
domain misfolding at least for a subset of mutations
including the two deletions.
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