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Genetic heterogeneity and absence of founder
effect in a series of 36 French cerebral
cavernous angiomas families

Sophie Laberge', Pierre Labauge', Emmanuelle Maréchal', Jacqueline Maciazek' and
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2HoApital Lariboisiere, Paris, France

Cerebral cavernous angiomas malformations (CCM) can be inherited as an autosomal
dominant condition. CCM1, a yet unidentified gene mapping on 7q21-q22, was shown to be
involved in all CCM Hispano-American families, with a strong founder effect. Genetic
heterogeneity in non Hispano-American families was established in two families.

We conducted a genetic linkage analysis on 36 French CCM families using eight
microsatellite markers mapping within the CCM1 interval. Admixture analysis showed that
65% of these families were linked to the CCM1 locus. Haplotypes analysis of CCM1-linked
families did not show any evidence for a strong founder effect.
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Introduction

Cavernomas are abnormally enlarged capillary cavities
without intervening brain parenchyma. Main clinical
symptoms include seizures, cerebral haemorrhage,
headache and focal neurological deficits. They may
occur with an autosomal dominant pattern of inher-
itance.! In 1995, in a large Hispano-American family,
Dubovsky et al” mapped a gene, CCM1, to chromosome
7q, within a 33 cM interval. This genetic mapping was
further confirmed in a large number of Hispano-
American families and a strong founder effect was
observed in that ethnic group.”” The size of the genetic
interval likely to contain CCM1 was reduced to 4 cM,
between markers D7S2410 and D7S689.” Only eight
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non Hispano-American families have been analysed so
far.*>* 1% Two of them were not linked to CCMI,
establishing the genetic heterogeneity of this
condition.’

We report linkage data on 36 French Caucasian CCM
families using a panel of eight polymorphic micro-
satellite markers mapping within the D7S2410-D7S689
interval.

Material and methods

We selected 36 French families for genotyping (Figurel).
Clinical, neuroimaging features and status criterias were
detailed elsewhere.'”"' All families were Caucasian and
originated from France. A total of 220 potentially informative
meioses, including 157 affected individuals, were analysed.
Seven polymorphic microsatellites spanning the CCMI
interval (D7S2410, D7S2409, D7S646, D7S689, D7S1813,
D7S1789, D7S558) were chosen from the Généthon linkage
map'® and from the Cooperative Human Linkage Center.
M65B was identified by SL, based on sequencing data of a
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Figure1 Pedigrees of the 36 CCM families. Solid symbols: symptomatic CCM patients having cavernous angiomas on cerebral MRI; half filled symbols:
asymptomatic individuals having cavernomas on MRI; open symbols: asymptomatic individuals having a normal MRI; ?:members of unknown status.
*=recombinant individual in families F9, F23. An additional recombinant event occurred in F27 (see text)
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Table 1 Pairwise linkage data (1)

D752410 M65B D75646 D75689

No of individuals sampled Zat 0= Zat 0= Zat 0= Zat 6=

Fam. A" H U’ 0.00 0.01 0.05 010 0.00 0.01 005 010 0.00 0.01 0.05 0.10 0.00 001 005 010
3 4 1 0 1.04 1.01 092 0.79 1.05 1.03 093 0.81 027 026 022 0.17 023 022 019 0.15
9 8 7 1 1.10 1.10 1.08 1.00 1.62 164 167 1.6l 1.68 1.67 1.61 148 032 031 028 0.23
10 4 6 0 1.01 099 090 0.79 0.00 0.00 0.00 0.00 112 1.09 099 0.87 082 080 0.74 0.65
13 6 2 0 0.66 0.66 0.67 0.064 1.69 1.66 152 135 - - - - 025 024 021 018
19 5 10 0 018 0.16 0.09 0.03 1.10 1.07 097 0.83 173 1.69 152 130 -0.06 -0.06 -0.05 -0.05
23 4 1 1 0.16 0.18 022 024 1.15 113 1.04 093 146 144 133 120 019 019 017 0.14
25 12 12 1 590 580 541 489 338 333 312 283 485 480 454 417 477 470 437 394
27 8§ 1 0 -1.20 -0.32 021 0.34 223 217 194 164 255 249 226 196 202 198 180 1.56
40 3 4 0 136 133 123 1.10 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 136 133 123 1.10
4 5 1 0 0.50 049 044 038 -023 -0.17 -0.02 0.07 -1.81 -0.90 -0.32 -0.12 076 074  0.66 0.56
5 4 7 0 043 044 047 047 0.69 0.70 0.71 0.68 -0.13 -0.08 0.05 0.13 -0.13 -0.13 -0.12 -0.11
6 1 2 2 0.09 0.09 0.07 0.05 -047 -0.43 -033 -0.24 -0.46 -0.43 -0.33 -0.24 011 010  0.09 0.07
7 4 0 1 023 022 018 0.13 0.57 0.55 049 040 055 054 047 039 057 055 048 040
8 4 0 0 023 022 018 0.13 0.57 055 049 040 -0.03 -0.03 -0.03 -0.02 027 025 021 015
11 30 0 027 026 023 0.19 027 026 023 0.19 027 026 023 0.19 027 026 023 019
14 3 2 0 032 -0.32 -029 024 0.02 0.02 0.02 002 -0.16 -0.14 -0.07 -0.01 -0.16 -0.14 -0.06 -0.01
15 5 1 0 052 053 053 052 037 039 045 046 -0.51 -0.48 -0.36 -0.25 -051 -0.48 -0.36 -0.25
18 3 4 3 0.60 0.61 0.64 0.62 030 031 034 033 026 026 024 022 034 036 040 040
21 30 0 027 025 021 0.15 024 023 019 0.14 027 025 021 0.15 027 026 023 019
28 5 5 0 0.64 0.65 0.66 0.63 -048 -0.45 -0.36 -0.28 027 026 023 0.19 027 026 023 019
32 2 2 0 023 022 018 0.14 026 025 020 0.15 023 020 0.18 0.14 -0.51 —0.48 -0.36 -0.25
35 8 4 0 034 036 040 0.19 0.00 0.00 0.00 0.00 -0.44 -0.41 -0.30 -0.21 010 010 016 0.19
38 30 2 024 023 020 0.16 022 021 017 0.12 021 020 0.16 0.01 024 023 020 0.17
41 4 1 1 0.74 0.72 0.64 053 075 0.73 0.65 0.55 0.50 049 044 038 070 068  0.61 0.50
42 4 0 0 0.00 0.00 0.00 0.00 0.67 0.66 059 0.1 0.66 0.64 058 0.50 066 064 058 0.50
43 3 1 0 041 040 036 031 041 040 036 031 041 040 036 031 -0.10 -0.10 -0.08 -0.06
44 2 6 0 -1.70 -1.53 -1.07 -0.72 -1.44 -131 -0.92 -0.60 -0.37 -034 -0.25 -0.18 -048 -045 -0.34 -0.24
45 3 2 0 -0.44 -0.41 -032 -0.23 -044 -041 -032 -0.23 -0.44 -0.41 -032 -0.23 -0.44 -041 -0.32 -0.23
46 2 3 0 -0.54 -0.50 -0.37 -0.26 -122 -112 -0.83 -0.56 -1.03 -0.96 -0.72 -0.52 -0.51 -047 036 -0.25
47 4 2 0 -0.18 -0.17 -0.16 -0.14 -1.35 -1.02 -0.55 -0.32 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00
50 3 2 0 -0.22 -0.19 -0.08 0.00 -0.53 -0.49 -0.37 -0.26 -025 -0.21 -0.10 -0.01 -0.52 -0.51 -0.38 -0.27
51 2 5 0 -0.70 -0.63 -0.46 -0.30 -0.70 -0.64 -0.46 -0.30 -022 -021 -0.17 -0.13 0.00  0.00 0.00 0.00
2 4 1 0 -3.07 -1.14 -0.50 -0.26 -3.07 -1.14 -0.50 -0.25 -2.94 -1.14 -0.50 -0.26 294 -114 -0.50 -0.26
20 6 4 0 -2.80 -1.80 -1.05 -0.68 027 029 032 032 -2.89 -1.60 -0.85 -0.51 -2.80 -1.80 -1.05 -0.68
39 7 2 0 —4.64 -1.89 -0.69 -0.23 -2.05 -0.11 045 057 -2.10 -1.33 -0.71 -0.44 -2.06 -0.13 043 0.56
49 6 5 0 -2.71 -1.80 -1.07 -0.72 -3.09 -037 023 041 —-4.88 -0.98 -0.26 0.03 0.00 0.00 0.00 0.00
Summary lod scores -239 524 922 102 275 99 124 126 -3.79 6.65 102 108 4.1 88 103 10.1
H2' Z..=52 0=0.73 6=0.05 Z.,=6.3 0=0.88 6=0.05 Z..,=5.7 0=0.49 6=0.00 Z.,=52 0=0.73 6=0.05

‘max

H1' Z..=5.1 0=1.00 6=0.05

‘max

‘max

Z,,=63 0=1.00 6=0.10

‘max

‘max

Z.x=5.4 0=1.00 6=0.10

‘max

‘max

Z,.=51 0=1.00 6=0.05

‘max

fNumber of individuals sampled: A=Affected, H=Healthy and U=Unknown status.
'HOMOG data obtained under the hypotheses of Heterogeneity (H2) and Homogeneity (H1).
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Table 1 Pairwise linkage data (2)

D752409 D7S81813 D751789 D75558

No of individuals sampled Zat 0= Zat 0= Zat = Zat 0=

Fam. A" H' U’ 0.00 001 0.05 010 0.00 0.0l 005 010 0.00 0.01 0.05 0.10 0.00 0.01 005 0.10
3 4 1 0 021 020 017 0.13 023 022 0.19 0.08 022 021 018 0.14 1.04 1.01 092 0.79
9 8 7 1 1.62 1.64 1.67 1.61 249 247 236 217 262 260 249 229 032 031 028 0.23
10 4 6 0 025 025 024 021 078 0.77 0.72 0.65 112 1.09 099 087 -031 -028 -0.20 -0.13
13 6 2 0 1.63 1.60 146 1.29 135 132 120 1.05 1.12 1.10 099 0.87 079 077 0.69 0.59
19 5 10 0 132 129 116 0.99 241 236 218 194 0.11 011 0.10 0.10 035 034 032 029
23 4 1 1 -0.28 -0.29 -0.30 -0.28 146 144 133 119 030 030 028 0.26 1.16 1.14 1.03 0.90
25 12 12 1 1.70 170 1.65 1.55 283 278 257 230 1.50 147 134 1.17 052 051 047 041
27 8 1 0 231 225 203 175 023 022 0.17 0.13 267 261 238 208 140 134 113 089
35 8 4 0 1.54 154 151 143 1.54 154 151 143 -044 -041 -0.30 -0.21 094 095 095 092
40 3 4 0 136 133 123 1.10 136 133 123 1.10 136 133 123 1.10 136 133 123 1.10
4 5 1 0 -2.93 -1.02 -0.40 -0.19 -211 -1.11 -0.50 -0.25 019 0.18 0.16 0.13 050 049 044 038
5 4 7 0 013 014 019 021 036 035 033 030 0.17 016 0.12 0.08 -0.23 -023 -022 -0.19
6 1 2 2 012 0.12 0.1 0.09 030 030 026 021 026 025 022 0.18 -0.01 000 0.00 0.01
7 4 0 1 055 054 047 039 026 026 023 0.19 056 054 048 040 -2.39 -128 -0.63 -0.37
8 4 0 0 -0.05 -0.05 -0.04 -0.03 026 025 022 018 -0.04 -0.04 -0.03 -0.03 027 026 023 019
11 30 0 021 020 0.18 0.14 056 055 050 044 026 025 022 018 -2.59 -138 -0.72 -0.44
14 3 2 0 0.00 0.00 0.00 0.00 -0.16 -0.14 0.06 0.01 0.02 0.02 0.02 0.02 0.00 0.00 0.00 0.00
15 5 1 0 -0.15 -0.12 -0.04 -0.03 042 043 047 048 -0.18 -0.15 -0.06 0.01 0.03 0.03 0.02 0.02
18 3 4 3 1.08 1.06 098 0.87 0.16 0.17 0.18 0.16 026 026 024 022 0.00 0.00 0.00 0.00
21 30 0 025 024 021 0.18 -0.04 -0.04 -0.03 -0.02 022 021 017 012 023 022 018 0.13
28 5 5 0 0.62 0.63 0.64 061 0.64 0.65 0.66 0.62 0.63 0.64 0.65 0.62 -023 -0.17 -0.04 0.04
32 2 2 0 023 022 0.18 0.13 026 025 020 0.16 -0.44 -041 -030 -0.21 0.03 0.03 0.02 0.02
38 30 2 0.18 0.17 0.13 0.09 020 019 015 0.11 020 019 0.15 0.10 024 023 020 0.16
41 4 1 1 -0.30 -0.28 -0.19 -0.12 017 016 0.14 0.11 049 048 043 037 050 049 044 038
42 4 0 0 059 058 052 045 0.66 0.64 058 0.50 0.61 059 054 046 060 059 052 045
43 3 1 0 041 040 036 032 0.41 040 036 031 -0.09 -0.09 -0.07 -0.06 -0.10 -0.10 -0.08 -0.06
44 2 6 0 -0.19 -0.19 -0.21 -0.20 -1.44 -131 -0.92 -0.60 -0.70 -0.64 -0.46 -0.30 -0.27 -024 -0.14 -0.07
45 3 2 0 -0.44 -041 -032 -0.23 -0.44 -0.41 -032 -0.23 -044 -041 -032 -0.23 -044 -041 -032 -023
46 2 3 0 -045 -042 -032 -0.23 -1.22 -1.13 -0.82 -0.57 -122 -1.12 -0.81 -0.57 -122 -112 -0.82 -0.57
47 4 2 0 -0.17 -0.16 -0.12 -0.08 -0.48 -045 -0.34 -0.24 -0.36 -0.33 -0.23 0.00 -0.61 -056 -041 -029
50 3 2 0 055 054 049 043 058 057 0.52 045 -0.25 -0.21 -0.10 -0.14 -0.19 -0.16 -0.07 -0.01
51 2 5 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -022 -021 -0.17 -0.13 -048 -045 -034 -024
2 4 1 0 -295 -1.16 -0.51 -0.27 -3.07 -1.15 -0.50 -0.26 -3.07 -1.15 -0.50 -0.26 294 -114 -0.50 -0.26
20 6 4 0 -1.80 -0.85 -0.26 -0.05 -1.87 -0.85 -0.25 -0.04 -1.87 -0.85 -0.25 -0.04 232 -136 -0.71 -0.44
39 7 2 0 0.17 0.16 0.14 0.11 211 -1.72 -0.68 -0.23 -2.08 -1.70 -0.68 -0.23 —-490 -2.15 -096 -048
49 6 5 0 0.15 0.18 025 030 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 090 089 084 0.77
Summary lod scores 7.47 120 133 127 698 113 14 13.8 349 687 9.1 9.36 -8.05 -0.1 375  4.89
H2' Z.,=6.6 0=1.00 6=0.05 Z..=7.6 0=0.92 6=0.05 Z.,=47 0=1.00 6=0.10 Z.=2.5 0=0.53 6=0.00

H1'

‘max

Z,x=0.6 0=1.00 6=0.05

‘max

‘max

Z.=7.5 0=1.00 6=0.10

‘max

‘max

Z,.=47 0=1.00 6=0.10

‘max

V4

‘max

=2.4 0=1.00 6=0.10

‘Number of individuals sampled: A=Affected, H=Healthy and U=Unknown status.

'HOMOG data obtained under the hypotheses of Heterogeneity (H2) and Homogeneity (H1).
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bacterial artificial chromosome (RG085C05) mapped within
the D7S2410-D7S689 interval.

Linkage analysis was performed as previously described.'
Parameters for linkage analysis were based on a combination
of epidemiological'® and clinical/Magnetic Resonnance Imag-
ing (MRI) data from the French CCM families."" Briefly, large
autopsies and MRI series estimated the prevalence of
cavernous angiomas in the general population to be close to
0.5-1%." In the French population, 10-20% of these cavern-
ous angiomas are hereditary (ETL, unpublished results). The
penetrance was estimated to be close to 90% when MRI was
used to establish the status.'' Therefore linkage parameters
were established as follows: phenocopy prevalence of 0.01,
gene frequency of 0.001 and 90% penetrance.

Multilocus analysis of the four most informative markers
(D7S2410, M65B, D7S646 and D7S689) was computed after
recoding each marker to a three alleles system which did not
change significantly the results of the two-point analysis for
any of the latter markers. Genetic linkage analysis of a subset
of CEPH families and of our families, as well as physical
mapping data,'> (SL, unpublished results) strongly suggest
that the most likely order of markers used for multipoint
linkage analysis is D7S2410-(0.03)-M65B—
(0.005)-D7S646-(0.005)-D7S689. Homogeneity was assessed
using the admixture test implemented in the HOMOG
program package.

Results

Significant lod scores were obtained for family 25 with
several markers (Table1). Lod scores higher than 1
were obtained in eight additional families (families
3,9,10,13,23,27,35,40) with at least two markers. Neg-
ative lod scores values <—2 were obtained for four
families (families 2, 20, 39, 49).

HOMOG admixture analyses of multipoint data are
shown in Table 2. The percentage of families linked to
CCM1 was estimated to be close to 65%. Nine families
displayed a conditional probability PP to be linked to
the CCM1I locus above 0.95 and four families had a
PP<0.1%.

Analysis of the CCM1 haplotypes of the nine families
having a conditional probability to be linked >95%
showed that none of these families shared the Hispano-
American haplotype (Figure2). Some alleles such as
Mo65B-133bp were frequent but there was no significant
difference of frequency when compared with our
control population (spouses and unlinked haplotypes)
using the p-excess methodology.® Comparative analysis
of the nine linked haplotypes (Figure2) did not show
evidence for a founder effect.

Four recombinant events were observed within the
nine linked families. Three of them were observed in
healthy individuals having a normal MRI and aged 35
and 33 years old (F9*, F9**) and 56 years old (F23*).

Genetic heterogeneity in French CCM families
S Laberge et al

Table 2 HOMOG analysis of multipoint data

Families A" H' U’ Cond lower upper
prob limit limit
3 4 1 0 0.96 0.88 0.99
9 8 7 1 0.99 0.98 1.00
10 4 6 0 0.96 0.89 0.99
13 6 2 0 0.99 0.94 1.00
19 5 10 0 0.99 0.99 1.00
23 4 1 1 0.97 0.86 0.99
25 12 12 1 1.00 1.00 1.00
27 8 1 0 0.99 0.96 1.00
40 3 4 0 0.98 0.94 0.99
4 5 1 0 0.26 0.01 0.62
5 4 7 0 0.81 0.29 0.95
6 1 2 2 0.77 0.54 0.92
7 4 0 1 0.88 0.71 0.96
8 4 0 0 0.87 0.69 0.96
11 3 0 0 0.78 0.55 0.92
14 3 2 0 0.58 0.32 0.82
15 5 1 0 0.80 0.58 0.93
18 3 4 3 0.88 0.72 0.96
21 3 0 0 0.78 0.55 0.92
28 5 5 0 0.89 0.74 0.97
32 2 2 0 0.85 0.67 0.95
35 8 4 0 0.90 0.75 0.97
38 3 0 2 0.77 0.53 0.92
41 4 1 1 0.92 0.81 0.98
42 4 0 0 0.91 0.77 0.97
43 3 1 0 0.83 0.62 0.94
44 2 6 0 0.04 0.01 0.14
45 3 2 0 0.40 0.19 0.69
46 2 3 0 0.12 0.04 0.33
47 4 2 0 0.14 0.04 0.37
50 3 2 0 0.44 0.21 0.73
51 2 5 0 0.27 0.11 0.55
2 4 1 0 0.01 0.00 0.02
20 6 4 0 0.01 0.00 0.04
39 7 2 0 0.00 0.00 0.00
49 6 5 0 0.00 0.00 0.01

H2 Zmax=9.12 o=0.65 06=0.017

H1 Zmax=3.93 a=1.00 6=0.012

‘Number of individuals sampled: A=Affected, H=Healthy and
U=Unknown status.

*HOMOG data obtained under the hypotheses of
Heterogeneity (H2) and Homogeneity (H1).

F* was recombinant at D7S2410 and carried the
‘healthy’ alleles for the other markers. F9** carried the
whole affected haplotype due either to a double
recombination event within the CCM/ interval or to
the incomplete penetrance of this condition. F23* was
recombinant with D752410 and was no more recombi-
nant with telomeric markers. In family F27, a recombi-
nation event also occurred with marker D7S2410 within
an affected individual: affected individuals belonging to
two of the three branches of this family did not share
any allele for this marker. No other recombination
event was detectable in this family.
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Hisp.-Am F3 F9 F10 F13 F19 F23 F25 F27 F40

D752410| 279 273 | 263 | 263 | 267 | 273 | 265 | 271 | 279 | 267
D752409 | NC 219 | 223 | 223 | 221 | 221 | 223 | 223 | 223 | 219
D7S1813| 137 127 | 135 | 133 | 131|125 | 131, 127 | 131 | 123
D7S1789 | 137 133 129 | 131 | 129 | 133 | 129 | 133 | 129 | 139
MS65B | ND 133 | 135 133 | 139 | 133 | 133 | 133 | 131 | 133
D7S646 185 185|197 | 181 { 183 | 181 | 185 | 197 | 197 | 185
D7S558 107 107 | 103 | 103 | 103 | 115 | 111 | 103 | 107 | 107
D7S689 |129 127 | 127 | 125 | 127 | 127 | 127 [ 129 | 127 | 139

Figure2 Comparison of the Hispano-American CCMI
haplotype with the haplotypes observed in French chromo-
some 7 linked families. Polymorphic markers are shown on the
left. Numbers indicate the sizes of the linked alleles. NC: not

comparable since the primers used to amplify D752409 were
different.

Conclusion

Herein we confirmed the genetic heterogeneity of this
condition and showed that CCM1 is the main locus in
the French population, the proportion of families
linked to chromosome 7 being close to 65%. Haplo-
types analysis within linked families did not support the
existence of a strong founder effect.

Analysis of these families as well as of additional
families with new microsatellite markers mapping
within the CCMI interval is needed to refine this
interval further. It will be a crucial step for the
identification of the CCMI gene, since no strong
candidate has yet been mapped within the interval.
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