RESEARCH ARTICLE

Brain Pathology ISSN 1015-6305

Mutation Analysis of CCM1, CCM2 and CCM3 Genes in
a Cohort of Italian Patients with Cerebral Cavernous

Malformation

Rosalia D’Angelo™; Valeria Marini?*; Carmela Rinaldi'; Paola Origone?; Alessandra Dorcaratto?;
Maria Avolio*; Luca Goitre*; Marco Forni®; Valeria Capra®; Concetta Alafaci’; Cristina Mareni?;
Cecilia Garré?; Placido Bramanti®; Antonina Sidoti'; Saverio Francesco Retta*; Aldo Amato’

' Department of Biomorphology and Biotechnologies, University of Messina, 2 Department of Oncology, Biology and Genetics, University of Genova,
3 Department of Surgery, Anesthesiology and Transplantation, University of Genova, * Molecular Biotechnology Center, Department of Genetics,
Biology and Biochemistry, University of Torino, ® Children Hospital Regina Margherita, Torino, ® Giannina Gaslini Institute, Genova, ’ Department of
Neuroscience, University of Messina,  Department of Internal Medicine, University of Genova, Genova, ltaly.

9 |RCCS Centro Neurolesi “Bonino- Pulejo”, Messina.

Keywords

brain vascular pathologies, CCM genes,
cerebral cavernous malformation, molecular
genetic analysis in Italian patients.

Corresponding authors:

Antonina Sidoti, PhD, Department of
Biomorphology and Biotechnologies,
University of Messina, Messina, Italy

(E-mail: antonella.sidoti@unime.it)

Saverio Francesco Retta, PhD, Molecular
Biotechnology Center, Department of
Genetics, Biology and Biochemistry, University
of Torino, Torino, Italy

(E-mail: francesco.retta@unito.it)

Received 22 April 2010; accepted 13 August
2008.

* These authors contributed equally to this
work.

doi:10.1111/1.1750-3639.2010.00441 .x

INTRODUCTION

Abstract

Cerebral cavernous malformations (CCMs) are vascular lesions of the CNS characterized
by abnormally enlarged capillary cavities. CCMs can occur as sporadic or familial auto-
somal dominant form. Familial cases are associated with mutations in CCM1 [K-Rev
interaction trapped 1 (KRIT1)], CCM2 (MGC4607) and CCM3 (PDCD10) genes. In this
study, a three-gene mutation screening was performed by direct exon sequencing, in a
cohort of 95 Italian patients either sporadic or familial, as well as on their at-risk relatives.
Sixteen mutations in 16 unrelated CCM patients were identified, nine mutations are
novel: ¢.413T > C; ¢.601C>T; ¢.846 + 2T > G; c.1254delA; ¢.1255-4delGTA; c.1681-
1682delTA in CCM1I; c.48A > G; ¢.82-83insAG in CCM2; and ¢.396G > A in CCM3
genes. The samples, negative to direct exon sequencing, were investigated by MLPA to
search for intragenic deletions or duplications. One deletion in CCMI exon 18 was
detected in a sporadic patient. Among familial cases 67% had a mutation in CCM1, 5.5%
in CCM2, and 5.5% in CCM3, whereas in the remaining 22% no mutations were detected,
suggesting the existence of either undetectable mutations or other CCM genes. This study
represents the first extensive research program for a comprehensive molecular screening
of the three known genes in an Italian cohort of CCM patients and their at-risk relatives.

spinal cord, retina, cranial nerves and cerebral ventricles (22). They
occur as single or multiple lesions and, depending on size and

Cerebral cavernous malformations (CCM; OMIM 116860) are dis-
crete multi-lobed vascular malformations that consist of a cluster
of thin-walled vascular sinusoids. Lined by a single layer of endot-
helium, they lack an intervening neural parenchyma or identifiable
mature vessel-wall elements (8). Histological analysis shows the
lesions lack an arterial wall smooth muscle layer and frequently
reveals a peripheral hemosiderin deposition suggestive of chronic
hemorrhage. Electron microscopy analyses have implicated defec-
tive endothelial tight junctions as a potential explanation for the
propensity for hemorrhage seen in these lesions (8) (Figure 1).
Cavernous malformations are most commonly found in the cere-
bral cortex, although they may also occur in the brainstem, skin,
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location, can be clinically silent or show clinical symptoms ranging
from headaches to focal neurological deficits, seizures and fatal
intra-cerebral hemorrhage. As a result of a series of magnetic reso-
nance imaging (MRI) and/or autopsy studies, this disease has been
recognized as a common clinical entity: its prevalence in world
population has been estimated to range from 0.1% to 0.5%,
although only 20%-30% of affected individuals develop symptom-
atic disease (33, 38). CCMs have been reported in infants and
children, but the majority of patients present with symptoms
between the second and fifth decades of life.

CCM can arise sporadically or may be inherited as an autosomal
dominant condition with incomplete penetrance and variable
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clinical expression. The proportion of familial cases has been esti-
mated to be as high as 50% in Hispanic-American patients of
Mexican descent, and close to 10%—40% in other populations. The
familial form is usually characterized by a high presence of multiple
lesions, whereas sporadic cases often present a single lesion (22, 36)
(Figure 2). The presence of multiple lesions on cerebral MRI is one
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Figure 1. Histological features of cerebral
cavernous malformations (CCMs), clusters of
markedly dilated sinusoids filled with blood and
lined only with a single layer endothelium
without intervening parenchyma.

of the main features of familial CCM, which is an evolutive condi-
tion as assessed by the strong correlation between patient age and the
number of lesions. However, multiple lesions have been found in a
patient with no positive family history for CCM (9).

Genetic linkage studies mapped three CCM loci to chromo-
some bands 7q21-22 (CCM1), Tp13-15 (CCM?2) and 3q25.2-27

Figure 2. Radiological features of cerebral
cavernous malformations (CCMs). At the top,
two patients whit single cavernous
malformation; at bottom, two patients whit
multiple cavernous malformation. A.
T2-weighted axial magnetic resonance imaging
(MRI) image shows a typical reticulated
"popcorn-like” cavernous malformation in the
left dorsal pons adjacent to the floor of the
fourth ventricle. B. T1 sagittal MRI shows a
brainstem (pontine) cavernous malformation.
The white arrow indicated the cavernous
malformation itself, the black arrow indicated a
blood cavity immediately behind the
cavernoma. C. Gradient-echo axial MRI shows
a large right frontal and a left occipital
cavernous malformations (arrows). D. Axial
gradient-echo shows at least two cavernomas
in the left hemisphere (arrows).
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(CCM3), and the proportion of families linked to these loci was
estimated to be close to 40% (CCM1), 20% (CCM?2) and 40%
(CCM3), respectively (10, 13). So far, three genes lying at these
loci have been identified: CCMI [K-Rev interaction trapped 1
(Kritl)] includes 19 exons, 16 of them encoding for Kritl, a 736
amino acid protein with three ankyrin repeats, a band 4.1/ezrin/
radixin/moesin (FERM) domain and multiple NPXY sequences,
which are essential for integrin cytoplasmic domain-associated
protein-loc (ICAP1a) (43) and CCM2 (MGC4607) (44, 46)
binding, as well as for intramolecular interactions (18); CCM2
contains 10 coding exons and encodes a 444 amino acid
protein, MGC4607, also called malcavernin, containing a
phosphotyrosine-binding domain (PTB), by which it binds to
CCMI1 in a ternary complex with mitogen-activated protein
kinase kinase kinase 3 (MEKK3), affecting the p38 mitogen-
activated protein kinase (MAPK) signaling cascade (15)—when
disturbed, this signaling cascade causes abnormal vascular mor-
phogenesis in the brain, leading to CCM formation (44); and
CCM3 (PDCDI10) contains 10 exons, seven of them encoding for
Programmed Cell Death 10 (PDCD10), a 212 amino acid protein
that might play a role in apoptotic pathways (3) Recently, it has
been shown that the CCM3 product interacts in vitro with mal-
cavernin as part of the Kritl/malcavernin complex, thereby
participating in CCM]1-dependent modulation of Pl-integrin-
mediated signaling and CCM2-mediated p38 MAPK signaling in
response to cellular stress (42).

Recently, more has been known about the structural domain
organization of CCM proteins, their association as a ternary
complex and their subcellular localization (15). CCM proteins regu-
late diverse aspects of endothelial cell morphogenesis and blood
vessel stability such as cell—cell junctions, cell shape and polarity, or
cell adhesion to the extracellular matrix. Animal models contributed
to growing understanding of the biology of cavernous malforma-
tions, including the elucidation of the cellular context of CCM
protein actions and the in vivo confirmation of abnormal endothelial
cell—cell interactions (7). Comprehensive molecular screenings of
these genes in CCM patients have led to the identification of more
than 150 different mutations, which are characterized by an even
distribution over the whole genes and a very low degree of redun-
dancy among different families. An exception is the ¢.742T > C
transition in CCMI gene, the prevalent mutation in Hispano-
Mexican families (23); more recently, a founder effect in four Sar-
dinia families was observed for the transversion ¢.987C > A in
CCM]1 gene, and the c.554del14 bp in CCM?2 gene was found in 11
families from the Iberian Peninsula (5, 32).

To date, little is known about the Italian population: genetic
analysis allowed identification in 12 unrelated Italian families with
CCM, eight different heterozygous CCM1 mutations and one dele-
tionin CCM2 (2, 5, 31).

Almost all germ line mutations reported so far result in a prema-
ture termination codon (PTC) and are predicting truncated proteins
or are leading to a nonsense-mediated mRNA decay (NMD), sug-
gesting that the function of the relative proteins must be severely
impaired.

Nevertheless, it is still debated whether the pathogenetic
mechanism occurs through the haploinsufficiency or the two-hit
model.

The haploinsufficiency is as a condition that arises when the
normal phenotype requires the protein product of both alleles,
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and reduction of 50% of gene function results in an abnormal
phenotype.

The three CCM genes appear to cause haploinsufficiency in a
respective protein predisposing to CCM lesion genesis. It was seen,
for example, that KRIT1 protein haploinsufficiency could result in
a deregulated pool of ICAP-1A and in a perturbation of Bl
integrin-mediated angiogenesis (43, 45).

In a molecular analysis of the 10 exons and intron—exon bound-
aries of CCM2, five mutations have been identified that lead to a
premature stop codon, and one of them altered the ATG initiator
codon, strongly suggesting that CCM?2 lesions are the consequence
of CCM2 haploinsufficiency (11).

In another study, in eight unrelated families included on the basis
of a negative CCM1 and CCM?2 mutation screening, seven distinct
mutations were found. The nature of some of these mutations,
particularly the deletion of the whole gene observed in one family,
strongly suggests that one of the mechanisms that lead to cavernous
angiomas might be CCM3 haploinsufficiency (3).

The presence of multiple lesion in most familial cases of
CCMs and single lesions in the majority of sporadic cases,
besides the fact that familial cases show a more aggressive phe-
notype, led to the hypothesis that the basis of CCM pathogenesis
may be a two-hit molecular mechanism originally described for
tumor suppressor genes and inherited cancers. In addition, the
lack of immunoreactivity of respective CCM protein in tissues
from individuals with CCM1, CCM2 and CCM3 germline muta-
tions supports that the abnormal endothelial cells lining the
caverns form the basis of CCM disease and are completely
lacking in the mutated CCMs protein (34). Furthermore,
bi-allelic germ-line and somatic CCM I mutations have been thus
far only identified in a singular lesion (20). Recently, biallelic
germline and somatic mutations were identified in CCM lesions
from all three forms of inherited CCMs. These data suggest that
CCM lesion genesis requires complete loss of function for one of
the CCM genes (1), whereas two previous screenings failed to
detect somatic mutations in 21 and 72 patients (30, 35). The
failure to detect somatic mutations may have been due to the het-
erogeneous nature of cells in CCM lesions and very limited
number of endothelial cells lining the cavity of the capillaries.
Direct sequencing of an amplified product effectively identifies
heterozygous germline mutations. However, if a somatic mutation
is present in substantially =50% of the alleles, it may not be
easily detected. This question would, however, require additional
investigations. It would also be important to analyze several
lesions from a given patient to test for the presence of the somatic
mutation in multiple lesions (37).

Interestingly, a significant discrepancy has recently emerged
between the locus linkage data and the proportion of CCM families
with mutations in the three identified genes. In particular, molecu-
lar screenings showed disease-gene frequencies of 72% for CCM1,
18% for CCM2 and 10% for CCM3. With the exception of CCM3
mutations, which may confer a high risk for cerebral hemorrhage
during childhood, not known genotype—phenotype correlations
(especially the prognosis) for CCM1 and CCM2 mutation carriers
were observed; moreover, in 22%-30% of CCM cases with mul-
tiple lesion and/or an affected relative, no mutations were detected
(12, 16). It emphasizes the need for further molecular analysis of
large CCM cohorts in order to establish the real percentage of the
hereditary forms linked to the three CCM genes and whether addi-
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tional genes are involved, as well as to provide a detailed frame-
work for genetic counseling. In this study, a cohort of unrelated
CCM npatients originating from various Italian regions and their
at-risk relatives were enrolled and screened for mutations in
CCM1, CCM?2 and CCM3 genes.

MATERIALS AND METHODS

Patients and families

Neuroscience and Molecular Genetics Centers from northern,
central and southern regions of Italy participated in this study,
which was approved by the local ethics committee. A total of 95
unrelated, clinically affected CCM probands were consecutively
enrolled on the basis of neuroradiologic diagnosis of CCM by MRI.
This cohort was composed of 58 women and 37 men from different
Italian regions. Clinical and neuroimaging information on the
number and localization of CCM lesions were collected for all
probands through direct interview and review of medical records.
Pedigrees were established systematically with the help of each
proband. Patients with single or multiple cavernoma but without
known clinically affected relatives were classified as apparently
sporadic patients, whereas patients with at least one affected rela-
tive were considered familial cases. About the familial cases, the
study was extended to 18 of their at-risk relatives.

Written informed consent for clinical investigations and molecu-
lar analysis were obtained from all patients enrolled in this study.

Molecular analyses

CCM genes mutation analysis was also performed on a control
group comprising 100 unrelated, randomly selected, healthy indi-
viduals (53 female and 47 male, aged 20-79 years), from same
geographical areas of the probands.

The variants not reported in the SNP database and with a fre-
quency, in healthy control group, less than 1%, were classified as
“mutation.”

DNA extraction, polymerase chain reaction
and sequencing

Genomic DNA was extracted from peripheral blood using standard
salting out procedures. All coding exons and intron—exon bound-
aries of CCM1, CCM2 and CCM3 genes were screened using the
DNA direct sequencing with an ABI Prism TM Genetic analyzer
(Applied Biosystems, Foster City, CA, USA). To design each primer
pair the OLIGO’S (version 4.0, MedProbe A.S.-Oslo, Norway,
Europe) and AMPLIFY (version 2.539) programs were used. The
specificity for the three genes was tested by NCBI/Blast program
[detailed polymerase chain reaction (PCR) conditions and
sequences of primer sets are available upon request].

Reverse transcriptase PCR (RT-PCR) and protein
truncation test (PTT)

RT-PCR of specific cDNA fragments was carried out on total RNA
isolated from peripheral leukocytes and the relative RT-PCR
products, separated on gel electrophoresis, were analyzed by direct
sequencing. Amplification of proband and control cDNAs was con-
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ducted with sets of primers (available on request) annealing two
exons upstream and downstream of the site where the sequence
variant was located. PTT was performed as previously described
(29).

Mutation numbering is based on the cDNA sequences obtained
from GenBank (accession number: AF310133 for CCMI,
NM_031443 for CCM2, and NM_007217.3 for CCM3) with +1
corresponding to the A of the ATG initiation codon. Mutations
are described according to http://www.genomic.unimelb.edu.au/
mdi/mutnomen/. SNP database http://www.ncb.nlm.org were
also utilized. Homologous sequences of the above CCM genes
were compared using database: http://www.ncbi.nlm.nih.gov/
sites/homologene.

Multiplex ligation-dependent probe amplification
(MLPA) assay

MLPA was performed on those patients who were negative, by
direct sequencing, for mutations in CCM1, CCM2 and CCM3
genes.

MLPA analyses were performed using two MLPA Kits
(SALSA MLPAKits, P130 and P131 CCM, MRC Holland, Amster-
dam, The Netherlands, Europe). The P130 probe mix contains
MLPA probes for nine of the 19 exons of CCM 1 and all 10 exons of
CCM?2 gene (two probes for exon 2), as well as one probe located
0.7 kb upstream from CCM2. For reference, 20 probes for other
human genes located on different chromosomes are included. The
P131 probe mix contains probes for 10 of the 19 exons of CCM1 and
for all nine exons of CCM3 gene (two probes for exon 1). For
reference, 18 probes for other human genes located on different
chromosomes are included. MLPA was performed according to the
protocol supplied, by use of 100-300 ng DNA sample per reaction,
using FAM-labeled primers. Samples were run on ABI PRISM 377,
and the data were analyzed with Gene Scan® version 3.1.2 (Applied
Biosystems, Foster City, CA, USA) to size the PCR products and to
obtain peak areas.

For the visual inspection, peak heights were compared between
the sample and controls, to find any alteration in relative peak
heights within the test sample.

For the normalized peak-area calculations, each peak area was
normalized by dividing the individual peak area by the total peak
area of all peaks for that sample.

Exon numbering is based on GenBank reference sequences
can be found on the website: http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db=Nucleotide (accession number NG_012964.1).

RESULTS

Clinical features

A total of 95 CCM probands belonging to unrelated Italian families
were collected. On the basis of the pedigree analysis, 79 of these
probands were considered sporadic probands and 16 familial cases.
Lesions were mainly located within the brain; however, spinal,
orbital, retinal and cutaneous cavernous malformations were also
found. Sixty-seven cerebral, six orbital and four spinal single
lesions, and 15 cerebral, two cerebral/cutaneous and one retinal
multiple lesion were detected; it is worth nothing that the multiple
retinal cavernoma were present in the absence of any associated
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Table 1. Clinical features in 95 cerebral cavernous malformation (CCM)
Italian patients. Abbreviations: S = sporadic; F = familial; MRI = magnetic
resonance imaging.

Variables *At recruitment After genetic
test

S §F S §F
No. of patients 79e 16 77 18e
Single lesions 73 4 72 5
Cerebral 64 3 64 3
Orbital 5 1 4 2
Spinal 4 — 4 —
Multiple lesion 6 12 5 13
Cerebral 6 9 5 10
Cerebral/cutaneous — 2 — 2
Retinal — 1 — 1

8Patients with at least one CCM affected relative.

*Families classified on the basis of MRI and medical records.

~Families classified on the basis of molecular analysis results.

eAfter genetic test two of the 79 sporadic cases were included in the
familial cases, so that they become 18.

brain lesion. Multiple lesions were observed mainly in familial
cases, whereas single lesions were found mainly in sporadic cases
(Table 1).

CCM1 gene analysis

Twelve different germ-line heterozygous mutations were identified
in familial cases: six novels and six previously described (5, 6, 23,
29, 39). Nine mutations were exonic: ¢.268 C>T, c.413T > C,
c.601C>T, c987C> A, c.1204-1208delAACAA, c.1254delA,
¢.1277-1280delGAAT, ¢.1362-1363delTC and ¢.1681-1682delTA;
of these eight leading to PTC through nucleotide substitution or
small deletions, one was a nucleotide transition (c.413T > C)
apparently leading to a missense mutation. Three mutations:
c.846 +2T>G, ¢.1147-13C>G and c¢.1255-4delGTA were
intronic in splicing control regions (Table 2).

To identify the mutated transcripts and assess aberrant splicing
events, expression analysis at c¢cDNA level was performed
when RNA was available. In six mutations predicting a PTC
(c.268C>T — p.RI0X, ¢.987C > A — p.C329X, c.1254delA —
p.436X, ¢.1277-1280delGATT — p.435X, ¢.1362-1363delTC —
p-478X and ¢.1681-1682delTA — p.566X) the mutated cDNA was
detected on sequencing chromatogram; on the contrary in the
¢.601C > T — Q201X mutation only the wt transcript was detected
(Table 2). The ¢.413T > C — [138T missense mutation showed,
along with the normal transcript, two shorter electrophoretic bands,
absent in healthy controls; the relative sequence analysis of the two
abnormal products showed the partial and complete skipping of
exon 8 (Figure 3 and Table 2). The PTT assay performed for
p-435X and p.566X mutations, to verify the presence of the trun-
cated protein, showed a 47 kDa and a 62 kDa truncated product,
respectively (Figure 3 and Table 2).

By MLPA assay we have also identified one deletion, which we
are going to characterize, in exon 18 in a sporadic patient
(Figure 5).
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Table 2. CCM1, CCMZ2 and CCM3 mutations and cDNA, PTT analysis. Abbreviations: wt = wild type; mt = mutated; nd = non-determined.

Reference

Truncated protein

cDNA

Predicted effect

Nucleotide changes

Occurrence Gene Exon

Ne° of

Family

expression (bp)

lesions
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exon7

<+— 580bp
+— 450bp
«— 350bp

exon8
ATN; ZBAP\/G.TNm GTCAGACN; ZZGQ/GTanAG

ATN126AA _GTN111GTCAGACN122GG __GTN113AG

\/

ATN126AA_GTN11{GTCAGACN122GG _GTN113AG

Figure 3. cDNA analysis of ¢.413T = C CCM1
mutation and protein truncation test (PTT)
analysis of p.435X and p.566X CCM1
mutations. A. Reverse transcriptase
polymerase chain reaction electrophoresis
analysis: lane 1 = molecular weight marker;
lane 2 = cDNA of proband number 22 carrying
the ¢.413T = C CCM1 mutation. Along with
the normal transcript of 580 bp, there are two
shorter bands of 450 and 350 bp, absent in
healthy controls, and originated by the partial

exon9

(450 bp) and complete skipping (350 bp) of

s <+— 81 kDa

+—381 kDa
<+—62 kDa

exon 8, respectively. B. At the top: Scheme of
normal splicing; in the middle and at the
bottom: scheme of two aberrant splicing
showing partial and complete skipping of exon
8, respectively. C. PTT analysis: (Left)
€.1277-1280del GAAT — p.435X CCM1
mutation; lane 1 = control subject; Lane

2 = proband number 11 carrying the mutation.
The arrows indicate the wt protein of 81 kDa
and the truncated product of 47 kDa. (Right)
€.1681-1682del Ta — p.566X CCM 1 mutation;
lane 1 = control subject; lane 2 = proband
number 27 carrying the mutation. The arrows
indicate the wt protein of 81 kDa and the
truncated product of 62 kDa.

CCM2 gene analysis

CCMI-negative patients were screened for CCM2 gene mutations.
Two exonic germ-line heterozygous mutations, both leading to
frame shift and predicting a PTC, were identified: one in a familial
case, the already described c.169-172delAGAC (23) (Table 2) and
the other in a sporadic case ¢.82-83insAG not previously described
(Table 2). Moreover a novel germ-line transition ¢.48A > G not
predicting amino acid change (p.P16P), nor reported in the SNP
database nor observed in the 100 healthy controls, was identified in
a sporadic case (Table 2). The Proline at position 16 is conserved in
all known sequences across the major evolutionary phyla.

CCM3 gene analysis

Molecular analysis of the CCM3 gene in non-CCM1I and non-
CCM?2 probands revealed, in a familial case, a novel germ-line
transition ¢.396G > A theoretically predicting a wobble codon
(p.K132K), not reported in the SNP database nor observed in 100
healthy controls (Table 2). The structural importance of Lysine 132
is also shown by its conservation in all known homolog sequences.

Family pedigrees

The pedigrees of the 14 families harboring mutations in CCM1,
CCM2 or CCM3 genes are shown in Figure 4. All probands had
multiple lesion, except the probands of families 22, 48 and 57
presenting a single lesion (Table 2). Besides the 14 probands, 28
affected, several asymptomatic and/or obligate carrier relatives
were identified. Mutation analysis performed on the 14 probands
was also performed on 18 at-risk relatives, and allowed to identify
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nine mutated and nine wild-type subjects in this group. Interest-
ingly, molecular analysis allowed to identify the CCM gene muta-
tion in the respective asymptomatic and MRI-negative fathers of
the probands 22 and 38 (Figure 4); moreover, two individuals of
the 22 family presented hepatic cavernomas in the absence of the
family’s mutation. No pedigrees were available for three sporadic
cases: two with the mutations in CCM?2 gene (patients: 56 and 28)
and one patient with the deletion in CCM1 gene.

DISCUSSION

The presence of multiple lesions is a hallmark of the familial
form of the CCM disease. Indeed, the hereditary nature of the
disorder has been overlooked in some patients who presented as
sporadic cases with multiple lesions (22). In addition, a negative
MRI has been observed in some mutation carriers suggesting that
not only clinical but also neuroimaging penetrance is incomplete,
precluding therefore the use of MRI to firmly exclude the possi-
bility that an asymptomatic family member is a CCM mutation
carrier and might later develop lesions and/or have an affected
child. The identification of CCM1, CCM?2 and CCM3 genes pro-
vided a unique opportunity to perform comprehensive genetic
screenings and build up nationwide genetic counseling and
medical surveillance of patients and their at-risk relatives (16,
22). So far, more than 150 different mutations have been identi-
fied in the three CCM genes, and genotype—phenotype correla-
tion studies have suggested that CCM3 mutations may confer a
high risk for cerebral hemorrhage during childhood, whereas no
genotype—phenotype correlations were observed for CCM1 and
CCM?2 mutation carriers (12, 21).
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CCM1 families (multiple lesion)
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Mutational screening of CCM1, CCM2 and
CCM3 genes

This study represents the first comprehensive molecular screening
of'the three genes in an Italian cohort of CCM patients. All 95 CCM
patients were screened for mutations in CCM1, CCM2 and CCM3
genes. This screening led to the identification of 16 subjects carry-
ing a mutation in a CCM gene (Table 2). Interestingly, the family’s
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mutation was identified in the MRI negative fathers of 22 and 38
probands, recruited as sporadic cases (Figure 4). In conclusion 14
mutations were identified in familial cases and two in two sporadic
cases with a single lesion and no available relatives for molecular
analysis (Table 2). 12 CCM1, three CCM2 and one CCM3 germline
heterozygous mutations were identified, nine not previously
described; out of self-interest, two mutation previously described
(23, 29) were found only in Italian families (Table 2). Among the
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identified mutations, 13 were exonic and three intronic in critical
splice site regions; 10 of the exonic mutations resulted in a PTC,
two were silent mutations and one was a missense (Table 2).

CCM1 molecular analyses

Expression analysis at cDNA level was carried out in eight patients
with CCM1 mutation. Mutated cDNA were detected in six
mutation carriers (¢.268 C> T, c.987C > A, c.1254delA, c¢.1277-
1280delGATT, ¢.1362-1363delTC and c.1681-1682delTA), but in
c.268 C>T cDNA abundance of mutated allele was lower com-
pared to the wt (as judged on the respective heights of sequence
chromatogram peaks) suggesting that aberrant mRNA might be
more unstable. In the cDNA of'the ¢c.601C > T transition, predicting
a PTC (Q201X), only the wt transcript was detected, suggesting
that the mutated transcript might be degraded by NMD (Table 2)
(4, 28); it should be noted that the C > G transversion at the
same position (¢.601), apparently leading to missense mutation
(p-Q201E), resulted in premature splicing of exon 8 predicting
a truncated protein of 201 amino acids (39).Two altered mRNA
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along with the wt allele were identified in the cDNA of the
¢.413T > C — p.I138T missense mutation, predictingap.201 and a
p.162 truncated proteins (Figure 3 and Table 2); accordingly other
four CCM 1 missense mutations have been previously shown to lead
to aberrant splicing (6, 40). The structural importance of Isoleucine
138 is also shown by the high degree of conservation observed
across the major evolutionary phyla. In particular, all known
sequences, except that of Caenorhabditis elegans, where a methion-
ine is found, display a conserved Isoleucine at this position. PTT
analysis, performed for p.435X and p.566X mutations, where the
mutated transcript was observed on sequence chromatogram, con-
firmed the presence of the truncated protein of 47 and 62 kDa,
respectively, comparing to the wt protein of 81 kDa (Figure 3 and
Table 2) (29).

The two novel intronic mutations identified in the CCM1 gene are
located in splicing control regions; the ¢.846+2T>G
transversion is located in the invariant splice donor consensus
sequence where a different substitution at the same nucleotide
(c.846 + 2T > C) has been previously reported to lead to abnormal
splicing products (14). The c.1255-4delGTA mutation alters the
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canonic AG acceptor splice site and might lead to utilization of either
acryptic or anew splice site. A deletion in exon 18 was detected in a
sporadic case with a single lesion and no family history.

CCM2 mutational screening

Two novel hereditable variants in the CCM2 gene were identified in
two sporadic probands (56 and 28) with a single lesion and no
familial history for CCM; unfortunately in these cases no family
members for genetic testing, nor RNA to evaluate expression at
cDNA level were available. The first one was the ¢.48A > G transi-
tion leading to a wobble codon (p.P16P); the second one was the
¢.82-83insAG insertion predicting a putative truncated protein of
36 amino acids (Table 2). Although we did not have the possibility
to demonstrate the causative value of the two above variants, it
should be noted that CCM2 gene mutations have not been previ-
ously reported in a cohort of 31 true sporadic patients, 21 with a
single lesion and 10 with multiple malformation (41).

CCM3 mutational screening

In a familial case with multiple lesion the AAG — AAA transition,
affecting the last nucleotide of exon 7 in CCM3 gene, appearing to
be a silent mutation (p.K132K) was observed (Figure4 and
Table 2); nonetheless, this variant might cause a splicing defect,
because it results in a less favorable nucleotide at the donor splice
junction and this position is not infrequently a site of mutations
affecting splicing. Consistently, the previously described transi-
tions AAG — AAA (K30K) and AAG — AAA (K203K) affecting
the last nucleotide of exon 1 and 5, respectively, in the CCM2 gene
has been analyzed at cDNA level: the first one revealed only the wt
allele (24), the second one produced an aberrant transcript (11).

Mutations’ frequency of the three CCM genes in
a cohort of 95 Italian patients

Taken together, on the basis of the CCM positive family history and
of the mutational screening, 18 unrelated Italian patients have been
considered as familial cases, thus familial CCM recurs with a fre-
quency of 19% (Table 1). Almost all sporadic cases (72/77) show
one lesion, whereas 13 out of 18 familial cases harbor multiple
lesions. Both in familial and sporadic cases the lesions are mostly
located in the brain (Table 1). Affected individuals belonging to the
same family showed variable clinical symptoms, indicating the
absence of genotype—phenotype correlation. Molecular screening
yielded a mutation detection rate of 78% in the familial patients; in
particular, mutations in the CCMI, CCM2 and CCM3 genes
accounted for 67%, 5.5% and 5.5% of the hereditary cases, respec-
tively. Consistently with previous papers (12, 16), in close to 22%
of the familial cases we failed to identify any mutation. Large
genomic deletions and duplications reported for all three CCM
genes (17, 19, 26, 27) have not been detected by us by MLPA in the
familial cases but only one deletion was found in a sporadic case.
Furthermore, in agreement with previous reports we also noticed
that the proportion (5.5%) of families linked to mutations in the
CCM3 gene was much lower than expected on the basis of the locus
linkage data (40%) (3, 25). This might be due to the occurrence of
mutations within the regulatory regions or to the existence of a
fourth yet unidentified CCM gene, putatively located in close prox-
imity to the CCM3 gene (3, 22).
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CONCLUSIONS

Genetic testing in CCM families is essential for an adequate coun-
seling as well as for disease management. In this context, the nine
novel mutations identified and one deletion extend the genetic
knowledge to assess testing and counseling of CCM patients and
their families. The finding of a significant proportion of families
with no mutations in the three CCM genes points to further and
new molecular biology techniques able to discover the mutations
undetectable so far, but at the same time focus the attention toward
the identification of other possible involved genes, to better under-
stand the pathogenesis of CCM disease.
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