ORIGINAL ARTICLE

Linkage to the CCM2 Locus and Genetic
Heterogeneity in Familial Cerebral
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ABSTRACT: Background: Cerebral cavernous malformation (CCM) is a form of intracranial vascular
disease that may arise sporadically or be dominantly inherited. Linkage studies have revealed genetic
heterogeneity among the dominantly inherited forms suggesting the existence of at least three loci called
CCM1, CCM2 and CCM3. Methods: In the present study, we screened five families with dominantly
inherited CCM for CCM1 gene mutations with denaturing high performance liquid chromatography
(DHPLC). Then, we performed linkage analysis and haplotyping on these five families using highly
polymorphic markers at the candidate CCM loci. Results: None of the five families tested with DHPLC
were found to have mutations in the CCM1 gene. Based on haplotyping, we identified three families
segregating alleles for CCM2, while two families segregated alleles for CCM3. Using linkage analysis,
we could confirm that one family (IFCAS-1) had a positive Lod score of 2.03 (p<0.0001) at the CCM2
locus using marker D7S678. Conclusions: The present study is the first one to replicate linkage at the
CCM2 locus and provides a fifth family identified as such. It also supports the concept of genetic
heterogeneity in CCM, identifying four other families that showed no mutations in the CCM1 gene.

RESUME: Liaison au locus CCM2 et hétérogénéité dans les CCM familiales. Confexte: La malformation
caverneuse cérébrale (CCM) est une forme de maladie vasculaire intracranienne qui survient de facon sporadique
mais qui peut aussi avoir un mode d’hérédité dominant. Des analyses de liaison ont montré une hétérogénéité
génétique parmi les formes dont I’hérédité est dominante, suggérant 1’existence d’au moins trois locus, CCM1,
CCM2 et CCM3. Méthodes: Dans cette étude, nous avons évalué cinq familles présentant une CCM a hérédité
dominante pour déterminer la présence de mutations dans le gene CCM1 au moyen de la chromatographie en phase
liquide a haute performance dénaturante. Nous avons ensuite procédé a une analyse de liaison et a un haplotypage
dans ces cinq familles au moyen de marqueurs tres polymorphes des genes candidats CCM. Résultats: Aucune
mutation dans le gene CCM1 n’a été démontrée dans les cinq familles étudiées au moyen de marqueurs tres
polymorphes. Nous avons identifié par haplotypage trois familles ou il y a ségrégation d’alleles de CCM2 avec la
maladie et deux familles ou il y a ségrégation d’alleles de CCM3 avec la maladie. Nous avons confirmé au moyen
de I’analyse de liaison, qu’une famille avait un Lod score positif de 2,03 (p<0,0001) au locus CCM2 en utilisant le
marqueur D7S678. Conclusions: Cette étude est la premiere a reproduire une liaison au locus CCM2 et identifie une
cinquieme famille dans laquelle la maladie est liée a ce gene. Elle supporte également le concept d’une hétérogénéité
génétique dans la CCM en identifiant quatre autres familles ol on n’a pas décelé de mutation dans le gene CCM1.
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pathophysiology of these lesions which have very characteristic
features on magnetic resonance imaging (MRI), and are
described pathologically as dilated sinusoidal vascular spaces
surrounded by a collagenous matrix devoid of mature vessel
elements.>%

Both autosomal dominantly inherited and sporadic forms of
the disease are recognized.” Among Hispanic Americans with
CCM, there is evidence of a founder mutation in the CCM1 gene
(chr. 7q21-q22) that accounts for almost all familial cases.® In
non-Hispanic kindreds, however, while some support linkage to
CCM1, families have been described for which linkage to this
locus is excluded.®!® Multilocus linkage on non-Hispanic
kindreds has revealed linkage to two additional loci referred to as
CCM2 (chr. 7p15-13) and CCM3 (chr. 3q25.2-27).1° At the
present stage, the gene responsible for CCM1 (coding for
KRIT1) has been identified,"" while the genes responsible for
CCM2 and CCM3 remain unknown.!® The present study
evaluated linkage in five non-Hispanic kindreds that participated
in the International Familial Cavernous Angioma Study
(IFCAS)'%13 to assess the role of previously identified loci.

Subjects

Twenty-nine families were identified in kindreds collected
from the IFCAS.'? These families were from Switzerland, Italy,
United States, Japan and Germany. Neurological signs and
symptoms included visual deficit, paresis, seizure, paresthesia
and headache. Diagnoses were based on MRI or computed
tomography (CT) in at least two affected family members and in
some cases biopsy, surgical excision or autopsy. Asymptomatic
subjects with no history of stroke, seizure disorder or focal
neurological deficit were classified as unaffected. Index cases of
each family were screened for CCM1 gene mutations, and 11
were identified.'* Of the remaining families, five were chosen for
linkage analysis at the known CCM loci since they were large
enough to yield potentially significant Lod scores and were not
found to have CCM1 gene mutations. These families were from
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Switzerland (IFCAS-1, IFCAS-4, IFCAS-31) and from the
United States of Irish descent (IFCAS-35).

METHODS

A) Mutation detection

Families were screened for mutations in the CCM1 gene
using denaturing high performance liquid chromatography
(DHPLC). After informed consent, blood samples were taken
from each subject and DNA was extracted from peripheral blood
by standard methods. Each of the 16 CCM1 coding exons was
amplified by polymerase chain reaction (PCR) with intronic
primers (Table 1). Polymerase chain reaction-amplified products
were denatured by heating to 95°C for five minutes, followed by
cooling to room temperature over a 45 minute period to enhance
heteroduplex formation. The sequences of these fragments were
analyzed using Wavemaker software package (Transgenomics,
USA). Each variant found by DHPLC was re-amplified by PCR
and directly sequenced on an ABI 3700 automated sequencer
using BigDye chemistry, according to the manufacturer’s
recommended protocol (Applied Biosystems, Foster City, CA,
USA).

B) Linkage analysis and haplotyping

Linkage was performed using highly informative di-, tri-, and
tetranucleotide polymorphic markers retrieved either from the
Cooperative Human Linkage Center (CHLC) (http:/Ipg.nci.
nih.gov/CHLC/) or from the Centre d’Etude du Polymorphisme
Humain (CEPH) (http://www.cephb.fr/). Primer sequences were
obtained either from the CHLC or from the GDB™ Human
Genome Database (http://www.gdb.org/). Each primer pair was
amplified according to specific PCR conditions and labeled with
35S-dATP. Polymerase chain reaction-amplified products were
transferred on 6% denaturing acrylamide gels and visualized on
autoradiography film. Marker allele frequencies were obtained
from the CEPH database and map distances between markers

Table 1: Primers for PCR amplification and sequencing of KRIT1 coding exons for CCM1 gene screening (all primers read 5’ to 3°).

Exons Forward primers (sense)

4 TTGAGTAGTTGAACAGTAAAGATG
5 TATGCAGCTAGAGTTGAGAAAGAC
6 TTTGCATTTATCAGTTTTTATTAG

7 CAAGGTCACAGAGCTAGTCATCAC
8 CACTTTCGAATGGCTACTTCTACC
9 TGACAAAGCTCTTAATGGGT

10 AAACAATTTTTACAGTCCTGTTG

11 CATTTCAGATGATCTTTTTAGG

12 ATTGGATGACATTTTCCCTT

13 AGCACATGAAGTTGAAGGAA

14 GAAGTGCAGACAGTTTAATACAAA
15 GCTTTTTCTTTTCCCATATT

16 CGTTACTGAAAGCCATTTGT

17 CAATGGTACATTTTCCTTTCA

18 CTGAACTATTATATTTAGAGCAGACA
19 CCCAATGTCATGAATTTCC

Reverse primers (antisense)
AAAATAATGGGCAGAGACCTAAA
CTAGGGAACTACACTTCACATCAA
TGCCTTCCCTCCTCATT
ACCCAGGCCAGGACAACCTTA
ACTGTACCAGGCCTTCATGTTTAT
GACTACAATGCATACAAATTGC
AGAACAGTCTTGAAAAGAAGGA
TGTCATTACTTGTTATTCACTGCT
AGCCATCTAATCGTCTTTCC
CCCAAAAAGGAATAATGAGG
CTCAACAGATTTTGTGCATTT
TAGCACAAGACCATGCATAA
CAGGACTATAAATTTAATCTACCTCTG
AGGTTGGTACTGTTGTTTTAACT
CACAATAGTTTATGAAGTCCAAA
GCTCGGCCAAAAGTAATA
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Figure 1: Haplotypes of IFCAS-1, IFCAS-31, IFCAS-33 (CCM2 locus) and IFCAS-4, IFCAS-35 (CCM3 locus). Black symbols indicate subjects
considered affected based on MRI or pathological diagnosis. Open symbols indicate subjects considered unaffected based on clinical evaluation. Open
symbols with black dots indicate obligate carriers. Crossed symbols indicate deceased subjects.
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were determined from the constructed linkage map of Marshfield
(http://research.marshfieldclinic.org). For haplotyping of CCM1,
we used markers D752410, D7S646, D7S1789, and D7S1813;
for CCM2, markers D7S2846, D7S510, D7S521 and D7S678;
for CCM3, markers D3S3053, D3S3041, D3S1571, and
D3S1262. For linkage analysis of CCMI1, we used markers
D7S2410 D7S1813, and D7S646; for CCM2, D7S2846,
D7S510, D7S667, and D7S678; for CCM3, D3S1571, D3S1754,
D3S3041, and D3S3053. Linkage analysis was performed with
the MLINK program of the FASTLINK v.3.0P analytical
package'>!¢ using an autosomal dominant inheritance model
with 90% non age-dependant penetrance and 0.1% phenocopy.
This model had been used before in previous similar studies'®!”
considering that precise epidemiological data is still lacking.
Empirical P value was obtained using the SIMULATE program
and the replicates were analyzed using MSIM program of the
SLINK package.'®!° Ten thousand replicates were carried out,
using the corresponding genetic model and marker information
from linkage computation.

RESULTS

The families large enough to perform linkage analysis were
IFCAS-1, IFCAS-4, IFCAS-31, IFCAS-33, and IFCAS-35. They
were first screened for mutations in the CCM1 gene with the
DHPLC method which has more than 90% sensitivity.?’ None of
the five families were found to have mutations in the CCM1
gene. Then we used highly polymorphic markers to perform
haplotyping in each individual family for each known CCM loci
(CCM1, CCM2, and CCM3). The segregation pattern of each
marker in each family was established (Figure 1). For IFCAS-1,
IFCAS-31 and IFCAS-33, haplotypes supported segregation of
markers with the CCM2 locus but not with the CCM1 or CCM3
loci. For IFCAS-4 and IFCAS-35, haplotypes supported
segregation of markers with the CCM3 locus but not with CCM1
or CCM2 loci. Then, we performed two-point linkage analysis in
each family for each locus (Table 2). A maximum Lod score of
2.03at 0 =0 (p <0.0001) was obtained for IFCAS-1 with marker
D7S678, 1.07 cM telomeric from the point of highest Lod score
reported by Craig et al'® at marker D7S521, therefore supporting
linkage of the IFCAS-1 family to the CCM2 locus. We also
performed multipoint linkage analysis in IFCAS-1 at the CCM2
locus with markers D7S510, D7S678, and D7S5667 (Figure 2).
Linkage was excluded for IFCAS-1 at the CCM1 locus and for
IFCAS-35 at the CCM2 locus. Otherwise, none of the other
families showed significant Lod scores that could allow definite
exclusion or confirmation of linkage.

DISCUSSION

In the present study, we report linkage of one family (IFCAS-
1) to the CCM2 locus. IFCAS-1 was tested for mutations in the
CCMI1 gene, and none was found. Additionally, linkage was
excluded at the CCMI1 locus for this family, while it was
confirmed at the CCM2 locus with a positive Lod score and
supportive empirical p value. As for the other families, they are
unlikely to be related to the CCM1 locus, since they have been
screened for mutations in the CCM1 gene with DHPLC, which
provides more than 90% sensitivity.?? Additionally, haplotypes
did not suggest linkage to the CCM1 locus. For IFCAS-31 and
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Figure 2: Multipoint analysis of linkage performed for CCM2 with
IFCAS-1 using markers D75510, D75678 and D75667. The highest Lod
score (2.01) is 1.07 cM telomeric from marker D75521.

IFCAS-33, haplotypes supported linkage to the CCM2 locus,
while for IFCAS-4 and IFCAS-35 haplotypes supported linkage
to the CCM3 locus. Obviously, these cannot be considered as
definitive proof of linkage, since the Lod scores were not
significant because of the small sample size in each family.

Previous studies have shown evidence of genetic
heterogeneity in CCM. Laberge et al>' showed that in the French
population, the proportion of families linked to the CCM1 locus
was of 65%. Gunel et al’° reported two non-Hispanic families
showing no evidence of linkage to the CCM1 locus. Craig et al'
reported definite linkage in three families to the CCM1 locus, in
four families to the CCM2 locus, and in two families to the
CCM3 locus. Our study thus provides evidence supporting
genetic heterogeneity in familial CCM, as well as being the first
report replicating the existence of the CCM2 locus and
suggesting that other families may also be linked to the CCM2
and CCM3 loci. The recent description of the CCM1 gene!' will
assist greatly in the identification of other CCM genes that might
have sequence homology to CCM1 or that might be acting on the
same biochemical pathway. We are presently carrying out
candidate gene screening for the CCM2 and CCM3 loci, which
should allow us to identify the gene responsible for these
disorders. As other genes are identified, we will need to
investigate further the pathogenesis of cavernous angioma
formation to understand why, for example, while all blood
vessels harbor inherited CCM mutations, only a small number of
lesions develop.
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Table 2: Two-point Lod scores for ranges of theta obtained for each family at loci CCM1, CCM2 and CCM3.

Theta 0.00 0.01 0.05 0.10 0.20 0.30 0.40
IFCAS-1
CCM1 D752410 -5.18 -2.52 -1.13 -0.58 -0.16 -0.04 -0.01
D7S1813 -4.19 -1.44 -0.61 -0.24 0.06 0.11 0.05
D7S5646 -3.65 -0.95 -0.25 0.01 0.16 0.13 0.05
CCM2 D752846 0.95 0.96 0.94 0.88 0.66 0.37 0.10
D7S8510 1.21 1.21 1.18 1.10 0.83 0.48 0.13
D75667 1.13 1.13 1.08 0.99 0.70 0.37 0.09
D7S678 2.03 2.02 1.94 1.79 1.38 0.85 0.28
CCM3 D3S1571 0.35 0.37 0.40 0.39 0.31 0.18 0.05
D3S1754 0.55 0.57 0.60 0.59 0.49 0.32 0.12
D3S53041 0.52 0.54 0.56 0.55 0.45 0.28 0.10
D3S3053 -1.49 -0.41 0.29 0.53 0.59 0.41 0.15
IFCAS-4
CCM1 D7S52410 0.87 0.85 0.77 0.66 0.45 0.24 0.07
D7S51813 0.04 0.05 0.09 0.11 0.10 0.06 0.02
D7S646 -0.03 -0.03 -0.03 -0.03 -0.02 -0.01 0.00
CCM2 D7S52846 -3.84 -1.85 -1.06 -0.69 -0.31 -0.12 -0.03
D7S510 -0.40 -0.39 -0.35 -0.28 -0.16 -0.07 -0.02
D7S667 -0.47 -0.46 -0.40 -0.32 -0.18 -0.08 -0.02
D7S678 -0.30 -0.29 -0.25 -0.20 -0.11 -0.05 -0.01
CCM3 D3S1571 -0.03 -0.03 -0.02 -0.02 -0.01 -0.01 0.00
D3S1754 0.82 0.80 0.72 0.61 0.40 0.21 0.06
D3S3041 0.82 0.80 0.72 0.61 0.40 0.21 0.06
D3S3053 0.82 0.80 0.72 0.61 0.40 0.21 0.06
IFCAS-33
CCM1 D7S52410 0.19 0.19 0.16 0.13 0.08 0.04 0.01
D7S51813 -0.69 -0.60 -0.37 -0.22 -0.08 -0.02 0.00
D75646 0.30 0.30 0.27 0.24 0.17 0.09 0.03
CCM2 D752846 0.33 0.31 0.26 0.20 0.10 0.04 0.01
D7S510 0.30 0.29 0.24 0.18 0.09 0.03 0.00
D7S5667 0.48 0.47 0.42 0.36 0.24 0.12 0.03
D7S678 0.20 0.19 0.15 0.11 0.04 0.01 0.00
CCM3 D3S1571 -0.73 -0.63 -0.39 -0.23 -0.08 -0.02 0.00
D3S1754 -1.01 -0.85 -0.52 -0.32 -0.13 -0.05 -0.01
D3S3041 -1.01 -0.85 -0.52 -0.32 -0.13 -0.05 -0.01
D3S3053 -0.30 -0.28 -0.22 -0.17 -0.09 -0.04 -0.01

Continued over ...
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Table 2: Two-point Lod scores for ranges of theta obtained for each family at loci CCM1, CCM2 and CCM3 continued ...

IFCAS-31
CCM1 D7S2410 -2.91 -0.92 -0.30 -0.08 0.05 0.07 0.05
D7S1813 -1.37 -1.29 -1.03 -0.78 -0.43 -0.22 -0.09
D7S646 0.35 0.34 0.31 0.28 0.21 0.14 0.07
CCM2 D7S52846 -0.80 -0.72 -0.46 -0.25 -0.03 0.05 0.05
D7S510 0.38 0.38 0.36 0.33 0.26 0.18 0.08
D75667 -0.32 -0.27 -0.15 -0.06 0.04 0.07 0.05
D7S678 -0.35 -0.32 -0.21 -0.12 0.00 0.05 0.05
CCM3 D3S1571 -3.42 -1.41 -0.71 -0.42 -0.16 -0.04 0.01
D3S1754 -2.36 -0.94 -0.32 -0.11 0.03 0.06 0.04
D3S3041 -0.02 -0.01 0.03 0.06 0.09 0.09 0.06
D3S3053 0.10 0.10 0.08 0.07 0.04 0.02 0.00
IFCAS-35
CCM1 D7S2410 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D7S1813 0.30 0.30 0.28 0.26 0.20 0.15 0.08
D7S646 0.30 0.30 0.28 0.26 0.20 0.15 0.08
CcCM2 D7S2846 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D7S510 -3.45 -1.69 -1.00 -0.70 -0.40 -0.22 -0.10
D7S667 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D7S678 -3.45 -1.69 -1.00 -0.70 -0.40 -0.22 -0.10
CCM3 D3S1571 0.18 0.18 0.16 0.15 0.12 0.08 0.04
D3S1754 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D3S3041 -0.18 -0.17 -0.15 -0.13 -0.10 -0.06 -0.03
D3S3053 0.30 0.30 0.28 0.26 0.20 0.15 0.08
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