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Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL)
is an inherited cerebrovascular disease characterized by brain infarcts, cognitive decline and dementia. The
disease is caused by at least 91 missense mutations, four deletions and one splice site mutation in the
NOTCH3 gene, which maps to 19p13.1. In 18 out of the 21 Finnish CADASIL families so far identified, the
causative mutation is an arginine to cysteine substitution in position 133 (R133C). Most of the families
carrying this mutation originate from the western coast of Finland, thus suggesting a founder effect. No
previous reports of a founder effect in CADASIL have been published. We haplotyped 60 patients from
these 18 families for 10 microsatellite markers in order to determine whether the families descend from a
common ancestor. We found a similar haplotype linked to the mutation in all 18 pedigrees, which indicates
a single common ancestor for all the Finnish R133C families. The age analysis of the founder mutation
places the introduction of the mutation in the late 1600s or early 1700s.
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Introduction

Cerebral autosomal dominant arteriopathy with subcorti-
cal infarcts and leukoencephalopathy (CADASIL) is a
genetic, progressive, systemic vascular disorder manifest-
ing usually in early adulthood. Early symptoms may
include migraine with aura. At the age of 30-50, patients
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begin to suffer from recurrent transient ischaemic attacks
(TIAs) or ischaemic strokes due to subcortical lacunar
infarcts. These will eventually lead to a progressive
cognitive decline, and finally to a subcortical type of
vascular dementia usually beginning after the age of 50.
Patients often also exhibit psychiatric symptoms, for
example mood disorders, particularly depression.!~*
Vascular abnormalities can be detected by immunohis-
tochemical or electron microscopic analysis before any
other signs of CADASIL appear. The arteriopathy is
restricted to small and medium sized arteries and it
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primarily affects vascular smooth muscle cells (VSMCs). As
the disease progresses, VSMCs degenerate and granular
osmiophilic material (GOM) accumulates between VSMCs.
GOM is unique to CADASIL, but its origin, identity, or role
in the pathogenesis of the disease still remains to be
established.

The genetic cause of CADASIL is a mutation in the
NOTCH3 gene, which maps to chromosome region
19p13.1.° The NOTCH3 gene encodes a 300kDa protein
that belongs to the evolutionarily conserved Notch
receptor family, originally identified in Drosophila melano-
gaster. Notch receptors are type 1 membrane-spanning
proteins that interact with cell-bound ligands, called Delta
and Jagged, expressed at the surface of adjacent cells.® In
mammals, four Notch receptors (Notch 1-4) and five
Notch ligands (Delta-like-1, -3, -4, Jagged-1, -2) have been
described. An increasing body of evidence suggests that
ligand-induced Notch signalling plays a pivotal role, both
in various developmental contexts during embryonic
development and also in adult tissues.® However, the
specific role of Notch3 signalling in different develop-
mental paradigms remains unclear. In adult human tissues,
the expression of NOTCH3 is restricted to the arterial
VSMCs.” It appears that, in CADASIL, the extracellular
domain (EC) of Notch3 accumulates on the cell membrane
of the VSMCs in close vicinity to deposits of GOM.’
Whether the accumulation Notch3 EC domain per se leads
to a pathogenic effect in the VSMCs remains to be
elucidated.

The NOTCH3 gene consists of 33 exons that encode a
protein of 2321 amino acids. Notch3 has a large
EC domain, in which the main structural motif is a repeat
of 34 epidermal-growth-factor-like (EGF-like) domains.
Each EGF-like domain contains six conserved cysteine
residues,® which are vital for the correct folding of the
EGF-like repeats and possibly for the function of the
receptor.® All CADASIL-causing mutations identified so
far are located in the EGF-like domains of NOTCH3.%8-10
At present, there are at least 96 mutations known to
cause CADASIL,>!''~1¢ of which 91 are missense point
mutations. The other mutations consist of four
deletions®!” and one splice site mutation.'® The mutations
result in an odd number of cysteine residues in the target
EGF-like repeat. Either one cysteine residue is replaced with
another amino acid, or vice versa, or in the case of
deletions, one or three cysteines are deleted. So far, two
patients homozygous for a pathogenic NOTCH3 mutation
have been characterized.'”'® In addition, two Japanese
patients have been reported as carrying a noncysteine
mutation,?%?!

CADASIL is found worldwide and in many ethnic
groups. The number of patients is growing with the
increasing knowledge of the disease, yet CADASIL is
thought to be markedly underdiagnosed. In Finland, 21
CADASIL pedigrees have been diagnosed so far, with a total
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of 87 patients, in whom the diagnosis has been confirmed
with a mutation analysis (n=85) or a skin biopsy (n=2). In
18 of these families, the cause of the disease is the C475T
missense mutation in exon 3 of the NOTCH3 gene, which
results in the R133C substitution targeting the EGF4
domain. One family carries the R182C mutation, while in
the remaining two families the causative mutation is yet to
be determined. Most of the pedigrees carrying the R133C
mutation (10/18) originate from Mid Ostrobothnia on the
western coast of Finland (Figure 1). Two smaller clusters are
located in Northern Savo-Karelia in Eastern Finland (6/18),
and Satakunta in western Finland (2/18) (Figure 1). The
overrepresentation of a single mutation and the geographic
clustering of the families indicate at least one founder
effect among the Finnish CADASIL families. We conducted
a haplotype analysis of all 18 pedigrees carrying the R133C
mutation in order to determine if the patients share a
common haplotype around the mutation, which would
indicate a possible founder effect. Furthermore, using the
linkage disequilibrium (LD) information derived from
the haplotype data, we also aimed to estimate the age
of the founder mutation.

Material and methods

For haplotype analysis, 10 polymorphic microsatellite
markers flanking the NOTCH3 gene were selected
(Figure 2). D19S221, D19S840, D19S415 and D19S929 are
located telomeric of the NOTCH3 gene, while D19S411,

Mid
Ostrobothnia g

Savo-Carelia

Helsinki

Figure 1 Geographical clustering of the Finnish CADASIL
families carrying the R133C mutation. The origin of the
oldest known patient in each family, according to church
records, is marked on the map.
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Figure 2 The order and genetic distances of the markers
used. Genetic distances for females (fcM) and males (mcM)
separately are given according to GDB (http://gdb.org/).
Sex-averaged genetic distances (KcM) were obtained from
Marshfield sex-averaged genetic map for chromosome 19.

D19S885, D19S930, D19S593, D19S410 and D19S215 are
centromeric. All of the selected markers are dinucleotide
repeat sequences, except for D19S593, which is a tetra-
nucleotide repeat. The analysis was started with the six
markers nearest to NOTCH3 and then extended by four
additional markers as the variation among the first
haplotypes appeared suboptimal for the purpose of esti-
mating the age of the mutation. Together, the markers used
in the analysis cover a DNA region of 12.3 Kosambi cM
(KcM, sex-averaged). The order of the markers and genetic
distances between them were obtained from the Genetic
Location Database (LDB) (http://cedar.genetics.soton.
ac.uk/public_html/19smap/smap.html) and Marshfield
sex-averaged genetic map (http://research.marshfieldclini-
c.org/genetics/). Map information and the distances of the
markers are illustrated in Figure 2. All information on
primer sequences, allele distributions and allele sizes of the
markers was obtained from the Genome Data Base (GDB)
(http://gdb.org/).

A total of 60 patients from 18 Finnish CADASIL families
(A-R) were haplotyped. From the families F, K and R, only
one patient each was available for the study. From family P,
only the homozygous patient (individual P1) was in-
cluded.' Allele frequencies of CADASIL patients were
compared with those of the Finnish population by using
patients’ nondisease chromosomes, the alleles of the
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patients’ spouses and siblings analysed and also 50 Finnish
control chromosomes genotyped.

Leukocyte DNA was extracted from EDTA blood. The
microsatellite regions were amplified with a radioactively
labelled standard PCR procedure with 30 cycles and a
reaction volume of 25 ul.

The lengths of the microsatellite repeats were
determined with denaturing PAGE in 6% gels with the
M13 DNA sequencing ladder. The haplotypes linked to
CADASIL were inferred by the allele segregation in each
family.

To estimate the age of the Finnish R133C mutation, we
utilized the program DMLE + ?*2* (version 2.14) that uses a
Bayesian inference with the Markov chain Monte Carlo
(MCMC) method to obtain mutation age from LD data
(from haplotypes or genotypes). The program was given
the following parameters: (1) The location of the NOTCH3
locus within the haplotype, #=0.06. (2) An estimated
population growth parameter 4, with 1=0.14 elected as the
final value based partly on the history of the Finnish
population and census data. The program was tested for
sensitivity to variation in this demographic parameter also
with values 0.10 and 0.20. (3) For the proportion of the
R133C chromosomes in our sample of all the R133C
carriers in the Finnish population, a final value of 0.12 was
used (assuming the real number of carriers that would be
included with our criteria is about 200 in Finland) given
the dominant mode of inheritance and assuming under-
diagnosis. The sensitivity to this parameter was also tested
using values 0.05, 0.10 and 0.20. In each of the above
settings, either one of the parameters was kept at its final
value and an identical seed was used for the pseudorandom
number generator. We performed 10 million iterations to
obtain good convergence of the posterior probability
frequency distribution. As all the microsatellite markers
were within nongenic regions, uniform priors were used.
The data consisted of 24 disease chromosomes and 48
control haplotypes, of which 12 and 28 were complete,
respectively. The control haplotypes were obtained from
the patients’ nondisease chromosomes and the haplotypes
of the spouses and noncarrier siblings were analysed. FEach
haplotype was included only once from any one family.
The families were traced back by church records up to 10
generations in some cases and many of them coalesced
during the process. Thus, related nuclear families in these
large pedigrees were considered independent, and the
inclusion criterion for haplotypes was at least six meiotic
events separating the haplotypes.

Results

The marker allele frequencies in the control chromosomes
and in the patient haplotypes are shown in Table 1. For the
allele frequencies, only the confirmed genotypes have been
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Marker allele frequencies in the CADASIL families and in Finnish control chromosomes

Table 1
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included. We found 18 alleles unpublished in the database
(GDB) for seven markers from the Finnish population. The
new alleles and their allele sizes are given in Table 1.

The haplotypes of the patients studied are illustrated in
Table 2. Most of the families shared a similar marker allele
set linked to the NOTCH3 C475T/R133C mutation (Table 2,
shaded areas).

In all 18 families, patients had allele 1 for marker D195411
next to the NOTCH3 gene, except for patient Q6. Three
families (A-C) shared a similar haplotype throughout the
region studied. Eight families (A, B, D, E, I, J) and one
patient from family N (N1) had an identical haplotype for
markers D19S415 to D19S885. In total, 10 families (A-H, J,
K) and one patient (N1) shared a similar haplotype through
D19S840 to D19S593. A total of 15 families (A-O) had a
similar haplotype for markers D19S415, D19S929 and
D19S411. The most common haplotype in families for all
markers was 8-11-2-1-1-1-8-2-3-14.

For individuals F1, K1 and R1, no samples from relatives
were available for analysis. For these families, the alleles
flanking the mutation could not be determined, except in
cases where the patient was homozygous for the marker
allele. In addition, in other families, some alleles linked to
the mutation could not be determined due to the
uninformativity for that marker in the family. In most of
the uninformative cases the consensus haplotype is still
possible and even likely, since the alleles of the common
haplotype were present in these patients’ genotypes
(Table 2, light shaded areas).

In the haplotypes of families I, O, Q, R and in patients 2-8
from family N, there are some differences from the common
CADASIL haplotype. It is our belief that these haplotypes
still express the same founder effect, and the differences can
be explained by recombinations or an insertion/deletion of
a single repeat in the marker allele. For example, the three
different alleles in the middle of the consensus haplotype of
family O could result from a single recombination event
between markers D195411 and D19S885 with a haplotype
carrying alleles 3 and 14 at the two last markers, or, though
more unlikely, from two recombination events in the same
meiosis in the past. On the other hand, for marker D195929,
the difference between allele 9 (258 bp) in the haplotype of
family Q and allele 1 (256 bp) of the consensus haplotype is
only one repeat, and therefore the difference is most likely
due to an insertion of a repeat in one meiosis during the
history of this family.

The age analysis of the founder mutation using the most
likely parameters resulted in a maximum at 12.2 genera-
tions (Figure 3, graph B). The changes of the parameters for
population growth (Figure 3, graphs A-C) did not result in
a prominent change in results, and neither did those for
the proportion of R133C chromosomes in our sample
(Figure 3, graphs D-F). Therefore, if the generation span is
considered to be 25 years, the mutation would date back to
the late 1600s or the beginning of the 1700s.
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Table 2 Haplotypes linked to the R133C mutation in 18 Finnish CADASIL families

Locus DI1985221 D198840 D19S415 DI195929 Notch3 D198411 DI9S885 D19se30 D195593 Di9s410 D198215
Patient 1.72 KeM 4.34 KeM 0.00 KeM G.00 KeM 0.00 KcM 0.00 KeM 2.13 KeM 1.07 KcM 0.00 KeM 3.04 KeM
A 13 ] 11 2 I 2 I & 2 i4
N5 8 11 ! ! & 2 14
i 6 4 i ! ! & 14
] 8 I ! ! 8 14
) 1-2 8 11 ] ! & 8
34 5 11 ! 8 y
g 1-2 [/ 17 ! & &6
F) 4 vl ! 8 46
G -2 4 ! 173 1’8 5 216
i S I ! 13 rlp /15
- 1 ! ! /8 14
8/2 ! I 8 815
8 I ! 2’8 12
3 ! 28 . i2
K 8 % / 173 & 2 1712
7 0 ! ! 8 14
L 7] ! ! 8 6
A 10 ] ] 8 s (/)
NI ! & 1041
-6 B 8 G 5
-8 y 8 6 f
0 i ‘] 3 3 14
. ! 8 Jand 6

Families are indicated with letters (A—R) and patients by numerical order. All different haplotypes in each family are given. Alleles with an unknown
phase are separated with a slash. Identical haplotypes shared by the patients are marked with dark grey. Possible unconfirmed similarities are marked
with light grey. The patient homozygous for R133C is marked with an asterisk. Sex-averaged genetic distances of the markers are shown in the

top row.

Discussion

Finnish CADASIL families carrying the Notch3 R133C
mutation share a similar haplotype, linked to the mutated
NOTCH3 gene. The region of the strongest LD includes
markers D19S840, D19S415, D195S929, D19S411, D19S885
and D19S930, and spans 6.47 KcM (Table 2, families A-K,
N). The consensus haplotype shared by families indicates a
common ancestor and a single founder effect among the
families carrying the pathogenic R133C mutation. The
most common haplotype in the families for all markers, 8-
11-2-1-1-1-8-2-3-14, represents the founder haplotype
inherited from a common ancestor. The Finnish founder
effect is the first one to be reported in CADASIL.

The relatively long region of consensus haplotype shared
by families suggests a fairly young founder mutation.
A survey on the genealogy of our CADASIL families
reaches back as far as 10 generations without a common
ancestor, and therefore confirms that the mutation
event must be older. The results of the mutation
age analysis indicate that the ancestral R133C mutation
is most likely over 12 generations old (Figure 3, graph B),
which indicates that the introduction of the mutation
to the Finnish population would have happened in the
late 1600s or early 1700s. In the light of our present
knowledge, an actual mutation event cannot be discrimi-
nated from its possible immigration from elsewhere out-
side of Finland.

In 1523-1560 the ruler of Sweden and Finland, King
Gustavus Vasa, favoured the settling of unpopulated
hunting grounds in Finland for enlarging the kingdom’s
territory and increasing its tax income. Encouraged by the
favourable taxation of settlers and the pressure to cultivate
more land for the growing population, from the mid-1500s
through the 1600s people from Southern Savo region
migrated. At first these people moved mainly to eastern,
central and northern parts of Finland,®* but others
continued onwards to sparsely populated villages in Mid-
Ostrobothnia, and some even as far as to Sweden and
Norway (Virrankoski P, personal communication). This
internal migration movement offers a possible explanation
for the clustering of the CADASIL families in Eastern and
Western Finland. The mutation would have originated in
Savo-Karelia and then migrated to the western coast.
Migration of the mutation in the opposite direction is also
possible but more unlikely in the light of the Finnish
population history and our age analysis.

In Finland, due to the population history there are founder
effects in many genetic disorders,?® for example in lysinuric
protein intolerance (LP)*® and aspartylglucosaminuria
(AGU).?” Furthermore, the study of Finnish, Swedish and
Norwegian patients with Kennedy disease (spinal-bulbar
muscular atrophy, SBMA) revealed a Fenno-Scandinavian
founder effect.?® The C475T/R133C substitution is a relatively
common pathogenic mutation of the NOTCH3 gene and it

European Journal of Human Genetics



Founder effect in Finnish CADASIL families
K Mykkanen et al

818

0.07 ¢
0.06 |

14.0 2=0.10
0.05 | -

0.04 1
0.03 +

Frequency

0.02 +
0.01 +

5 1 17 23 28 324 40 45 51 57

Generations

Frequency

5 10 14 18 22 27 31 35 40 44 48 52 57 61

Generations

11.0
0.07 1 =

0.06 +——
2=0.20

0.05 1

0.04 1

0.03 7

Frequency

0.02 1 y

0.01 +

0 A
5 8 12 1518 21 24 28 31 34 37 40 43 47 50

Generations

d 0.07

0.06

She Proportion=0.05

0.04 ——

0.03 —

Frequency

0.02 e
0.01 =

0
8 11 1519 22 26 30 33 37 41 45 48 52 56 59

Generations

0.07 13.4

0.06 — -
b Proportion=0.10
0.04 L

0.03

Frequency

0.02

0.01 —
0 &
6 10 14 18 23 27 31 35 39 44 48 52 56 60

Generations

0.07 1 107

0.06 +—— :
0.05 1 Proportion=0.20
0.04 +—

0.03 ¢

Frequency

0.02 ¢

0.01
|
5 9 12 16 20 23 27 31 35 38 42 46 50

(]

Generations

Figure 3 Age estimation of the R133C founder mutation. Posterior frequency distribution of the Finnish CADASIL R133C
mutation by program DMLE +, using haplotypes consisting of 10 microsatellite markers in 24 chromosomes of the Finnish
CADASIL families and 48 respective control chromosomes. In total, 10 million iterations have been requested after a 10% burn
in run. The iterations were distributed in 100 bins shown as outline of columns in the figure. In each graph, the generation at
which the highest frequency was reached is indicated. Graph B was obtained by using the most likely parameter estimates,
lambda 0.14 and proportion 0.12. The graphs with lambda (a-c) are all computed assuming the proportion 0.12 is true. The
graphs with proportion (d-f) indicate the proportion of the number of the chromosomes in the sample from those assumed
present in the Finnish population (each with lambda set to 0.14). The 95% credible intervals in the graph order were 40.44,
27.86, 17.66, 32.14, 28.21 and 25.86 generations, respectively.

has been found in at least seven other populations,”!%2%~32

including Sweden and Denmark. The geographical locations
of the clusters and the fact that the migration of people of
Southern Savo has reached as far as Sweden and Norway,
encourages us to search for haplotype resemblance among
Finland’s western neighbours. Our future goal is to study
Scandinavian CADASIL patients with the R133C mutation,
and possibly patients from other populations as well, to
determine the full extent of the founder effect.
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