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Cerebral cavernous malformations (CCM) are
congenital vascular anomalies of the brain that can
cause significant neurological disabilities, including
intractable seizures and hemorrhagic stroke. One
locus for autosomal dominant CCM ( CCM1) maps to
chromosome 7¢21—g22. Recombination events in
linked family members define a critical region of ~2
Mb and a shared disease haplotype associated with

a presumed founder effect in families of Mexican-
American descent points to a potentially smaller
region of interest. Using a genomic sequence-based
positional cloning strategy, we have identified KRIT1,
encoding a protein that interacts with the Krev-1/
rapla tumor suppressor, as the CCMI1 gene. Seven
different KRIT1 mutations have been identified in 23
distinct CCM1 families. The identical mutation is
present in 16 of 21 Mexican-American families
analyzed, substantiating a founder effect in this
population. Other Mexican-American and non-
Hispanic Caucasian CCM1 kindreds harbor other
KRIT1 mutations. Identification of a common
Mexican-American mutation has potential clinical
significance for presymptomatic diagnosis of CCM in
this population. In addition, these data point to a key

role for the Krev-1/rapla signaling pathway in angio-
genesis and cerebrovascular disease.

INTRODUCTION

Cerebral cavernous malformations (CCM) are congenitab
vascular anomalies of the brain, comprising 10-20% of a@
vascular malformations of the central nervous system, with an
incidence in the general population of 0.1-0.5% (1,2)5
Histopathological studies show focal, WeII—circumscribed%
thin-walled vascular spaces. The grossly dilated vasculat
spaces are lined by a single layer of endothelium, usuall
without any intervening neural parenchyma. They are alsg
devoid of elastic tissue, smooth muscle and mature vessel wall
elements (1-3). S
Although cavernous malformations of the brain are congen'B
ital, they usually present clinically between the third and fifth
decades of life (2,4,5). Therefore, many affected individuals
are clinically quiescent in early life. Patients most often present
with intractable seizures, intracerebral hemorrhage, recurrent
headaches and focal neurological deficits (2,4,5). Hemorrhagic
stroke, due to massive intracerebral hemorrhage of the vascular
lesion, can be fatal and is often the first and only clinical pres-
entation (6). CCM lesions therefore behave as intra-cerebral
vascular tumors that present as space-occupying lesions,
epileptogenic foci and sites for recurrent hemorrhage.
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Family No.
10 11 13 14 15 16 200 300 500 600 800 900 1100 400 12 1200
Marker
D7S630 218 202 220 218 218 218 218 216 218 218 218 216 218 218 202 198
D75492 151 153 147 151 151 151 151 151 151 151 151 151 151 149 149 149

D752410 271 275 271 271 271 275 271 271 271 271 271 273 271 275 271 263
D7S627 248 249 256 249 249 249 249 249 248 248 249 249 249 241 245 244

D7S52408 178 178 178 178 178 178 178 178 178 178 178 178 178 178 178 186
D7S2409 217 217 223 217 217 217 217 217 217 217 217 217 217 22] 225 227
D7S1813 137 137 128 137 137 137 137 137 137 137 137 137 137 131 140 128
D7S1789 137 137 137 137 137 137 137 137 137 137 137 137 137 [ 137 131 137
085-411 137 137 137 137 137 137 137 137 137 137 137 137 137 137 135 137
085-222 170 170 170 170 170 170 170 170 170 170 170 170 170 170 170 174
D75646 185 185 185 185 185 185 185 185 185 185 185 185 185 185 185 185
552-1166 161 161 161 161 161 161 161 161 161 161 161 161 161 161 161 161
D785689 129 129 125 129 129 129 129 129 129 129 127 131 129 127 129 127
D7S8558 107 107 107 107 107 107 107 107 107 107 107 107 107 103 107 115

D7S657 246 246 260 246 246 246 246 246 246 246 246 246 246 260 250 258

Mutations: A=742C>T B=1089delA C=1314delT D=990T>A

woJ) papeojumoq

Figure 1. Disease haplotype in Mexican-American CCM1 families. Numbers in the first column represent markers used within the CCM1 interval. Other coimns
indicate sizes in nucleotides of the disease-associated alleles in each of the fad7i§ee10and D7S689mark proximal and distal boundaries of the CCM1 g
critical region, respectively. Physical location of tKRIT1gene is shown betwedd7S178%nd085-411 The affected alleles within boxes indicate shared hap-§
lotypes within the interval. The region contained between mad&8s222andD7S68%omprises the shared disease haplotype in the Mexican-American families
analyzed.
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Both sporadic and familial forms of CCM have been identi-members were of uncertain affectation status (unpublishe§
fied. A familial form exhibits autosomal dominant inheritance data). Family 55, a small Canadian Caucasian family, initially;
with incomplete penetrance (OMIM 116860). However, ashowed weak linkage to theCM1locus (lod 0.74 at @ = 0)
recent report suggests that up to 75% of the so-called sporadi®d strongly negative linkage to both tR&CM2 and CCM3
cases are in reality members of an affected family, with asympeci (11; unpublished data). Families 2 and 55 did not allo
tomatic vascular lesions in relatives masking the autosomaldditional refinement of the establishe€M21critical interval
dominant segregation pattern (7). This suggests that the popgt2).
lation incidence of familial CCM may be significantly under-  our previous studies revealed a common disease haploty
est|matgd. . . among three apparently unrelated Mexican-Ameri€&M1

Genetic linkage studies revealed a locus for CGBCML)  families (12). To utilize potential ancestral crossovers fo
on chromosome 7q (8-10). Two additional loci, mapping tofyrther refinement of the critical interval, we collected 18 addi-&
chromosomes 7p and 3q, respectively, have also been idenfional CCM families of Mexican-American descent. A series
fied (11)._(_3rossov_ers in multigenerational families define aryf new microsatellite-based genetic markers were developeﬁ
~4 cM critical region forCCM1, bordered byD7S2410and  from the available genomic sequence (see below) and useddo
D75689(12). The apparent high prevalence of the disease igng|yze the availablECM1 families. Haplotype construction 3
families of Mexican-American heritage (1,13) and evidencgq, the Mexican-American families confirmed the sharedo
for a common disease haplotype in affected kindreds from thigjgaage haplotype (Fig. 1), consistent with the findings Oé
population (12,14) suggest a possible founder effect. others (15,16). Although most Mexican-American families>

Provided with a convincing genetic localization of the ghareq alleles over a broad interval encompassing the entife
CCM1gene and with a strong genomic infrastructure for th'stiritical region based on crossovers, two families (12 and 1200
region of chromosome 7, including a complete physical and,,neared to share a smaller portion of the interval (Fig. 12
rapidly evolving sequence map, we sought to identify the; ooeqting that the lineage of this genomic segment derives
CCM1 gene by a positional cloning strategy. Here we repork .o cestral crossovei®7S689a region of 450 kb, and the
the outcome of this effort, which has successfully identifiednew marker085-222 (Fig. i) bordered the smaIIest, common
KRIT1as theCCM1gene. region. Thus, genetic mapping suggests two regions of interest:

a larger ~2 Mb region based on recombinants in families and
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RESULTS bordered byD7S2410and D7S689and an ~450 kb region
contained within the telomeric end of the larger region
Refinement of theCCM1 critical region bordered by85-222at the centromeric end (Fig. 1).

Two previously unpublished non-Hispanic families were : ; ; i
ascertained. Family 2 is an American Caucasian family. Whil F;f;])ilzlncal mapping and sequencing of th€CM1 critical

showing a clear autosomal dominant inheritance pattern for
CCM, initial linkage analysis of this family was ambiguous. In We reported previously the construction of a complete yeast
part, this reflected the fact that a number of the familyartificial chromosome (YAC)-based physical map of the
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Figure 2. Physical map of th€CMZ critical region. A clone-based physical map of @E€M1 critical region, defined as the interval encompassing the genetié2
markersD7S2410andD7S689(b) (see text for additional details) is depicted, oriented with the centromeric end leftward and 7q telomeric end rightward.¥he
relative positions of 33 mapped STSs (12,17; http://genome.nhgri.nih.gov/chr7 ) are ind&)ateith(detailed information about the STSs available in GenBank.t3
A minimal set of YACs spanning the interval is shown @), (with the complete YAC contig map reported previously (12,17). The 20 BACs/PACs sequenced @/
the Washington University Genome Sequencing Center, which together provide complete contiguity across the interval, are delpictbe jré¢sence of a 3
closed circle indicates that the corresponding STS is contained within that clone (note that the YACs were not tested for the presence of some@il@sen w g
no circle is present at the expected position in the YAC). The clone contai®iigl, BAC RG161K23, is indicated with a box. The long range intron—exon struc-3
ture of the 12 exoiKRIT1gene is schematically illustrated ig)(

region of human chromosome 7 encompassingfig2416  the same as that identified by crossovers in Caucasian famili
D7S689interval (12). This map and its associated sequencewe extended our efforts in the centromeric direction.
tagged sites (STSs) were used to develop a corresponding

bacterial clone [bacterial artificial chromosome (BAC) and P1KRIT1 mutations in Mexican-American families

derived artificial chromosome (PAC)] contig. The genetically opne of the known genes within the larger candidate region i&
defined CCM1 critical region is ~2.0 Mb in size and repre- KR|T1, which encodes a novel Krev-1/rapla binding proteinS
sented by a minimal set of 20 overlapping BAC/PAC cloneg17). Alignment of theKRIT1 cDNA sequence with the ™
(Fig. 2). These were subjected to systematic sequencing at tgeénomic sequence (BAC RG161K23) revealed that the ORF is
Washington University Genome Sequencing Center. distributed over 12 exons extending over 37.7 kb of genomic
DNA (Fig. 2e). Probands from Mexican-American families 10
Absence of mutations within the narrowest critical region and 200 were found to harbor a single base transition

(742C-T) in exon 6 ofKRIT1, changing a GIn to a premature

All known and computer predicted exons mapping within thete mination codon (Fig. 3a). Significantly, the proband from
narrowest (450 kb) region suggested by the apparent sharggiy 12 (the third Mexican-American family in the initial

disease haplotype in Mexican-American families werescraening panel) does not harbor this mutation. This base
analyzed. Although >120 potential exons were evaluated, ngypstitution was not detected in 45 control individuals (90
CCM-associated mutations were identified. We recognizedhromosomes) of Mexican-American descent. Co-segregation
that two families that might not share a common ancestrabf the mutation with disease status was assessed by conforma-
mutation primarily define the narrow region. Since the 7q telotion-sensitive gel electrophoresis (18). The mutation was
meric boundary of the Mexican-American disease haplotype ipresent only in affected individuals or in unaffected family
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members containing the disease haplotype (and therefore a
assumed to be asymptomatic mutation carriers). This mutation

was identified in a majority (16 of 21) of Mexican-American

families analyzed (families 11, 13, 14, 15, 16, 123, 152, 128, Thr
300, 500, 600, 800, 900 and 1100).

Distinct mutations in KRIT1 were identified in other Glu
Mexican-American families (Table 1). Family 400 carries
a single base pair deletion (1089delA) in exon 8, resulting in a
frameshift and premature termination. Family 12 carries a Gin/Stop
single base pair deletion (1314delT) in exon 10, leading to
a frameshift and premature termination. Family 1200 carries a Ser
single base pair transversion (990R) in exon 8, converting
a Tyr to a termination codon. Mutations KRIT1 were not
identified in two families from this group: one Mexican- Leu
American and one collected entirely in Mexico. Although both
families share some alleles for relevant markers within the Arg
CCMZ1 critical region with the other Mexican-American fami-
lies, neither family shares an extensive portion of the disease
haplotype with the others (data not shown). Both families are
too small to conclusively exhibit or exclude linkage to the
CCM1locus.

Analysis of the genetic haplotype data for the Mexican-
American families reveals a correlation between KRIT1
mutations and the common disease haplotype for the interval
between marker®7S178%nd552-1166(Fig. 1). All families His
with the 742C- T mutation share the common disease haplo-
type in this interval; for some families, the shared haplotype
extends for additional markers mapping in both directions
(Fig. 1). These data demonstrate that a founder mutation does
exist in this population and that the majority of Mexican- Lys
AmericanCCM1chromosomes are descended from a common
ancestor.

Further analysis of haplotypes aK&RIT1mutations reveals
that family 400 appears to share the common disease haplotype
betweerD7S178%nd552-1166a region that includdsRIT1,
but harbors a uniqu&RIT1 mutation (Fig. 1). This apparent
sharing of the disease haplotype must reflect identity by state
and not by descent. Families 12 and 1200 also harbor unique
KRIT1 mutations and share a decreasing portion of the
common disease haplotype that does not include the region Splice-donor site
immediately surroundingRIT1 This also likely reflects iden-
tity by state and not by descent. Importantly, inclusion of the Arg G
latter two families in defining the most delimited common
disease haplotype erroneously diverted the initial gene search
towards the region just telomeric ERIT1 Asp
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KRIT1 mutations in non-Hispanic Caucasian families Thr
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There is no evidence for a common disease haplotype in non-
Hispanic Caucasian families (12; unpublished data). Not
surprisingly, distinctKRIT1 mutations were found in each of Figure 3. ThreeKRIT1 mutations in CCM1 families.&) Genomic sequence
the four Caucasia@CM1families (Tab|e 1) Fam"y 20 carries froman affected member (prpb_and) of famin_l_O showing the common Mexi-
the same mutation (1089deIA in exon 8: Fig 3b) as that preseﬁ n-Ar_nerlcan mutation. This is a_CI'_transmon (arrowhead) in exon 6
. . . . oo changing a GIn to a premature termination codon and was seen in 16 of the 21
in fa_m”y 400 of the Mexman-Amencan kindreds, although theyeyican-American families analyzed)(Genomic sequence from an affected
families are unrelated by disease haplotype and ancestry. Th&mber (proband) of family 20 showing a single base deletion (1089delA) in
mutation consists of the loss of a single A in arun of six A resi-exon 8 leading to a frameshift. The sequences of the individual affected and
dues, which may explain its independent origin. Families 1 ananaﬁected chromosomes 7 is_ola_tgd from somatic _ceII hybrids (se(_—: Materials
2 harbor diff t l it tati Familv 1 hibit and Methods) from the same individual show the single base deletlon (arrow-
. arpor adi er_en Sp,"?e site muta |on_s. amily e_X ,' IS ahead) only present in the affected chromosome and absent in the normal.
single base pair transition at the exon—intron border in intron 4c) Genomic sequence from an affected member (proband) of family 1 show-
(IVS4+1G- A) that disrupts the invariant splice donor site ing a single base G A transition (arrowhead) that alters the invariant splice

from gt to at (Fig. 3c). Family 2 exhibits a single base pair trandonor site in intron 4. N, normal; M, mutant.
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Table 1.KRIT1mutations in CCM1 families

Family Mutation Predicted effect
Mexican-American
10, 11, 13, 14, 15, 16, 123, 128, 152, 200, 300, 500, 600, 800, 900 and 1100 -742C  Premature termination (Q248X)

12 1314delT Frameshift in codon 438
400 1089delA Frameshift in codon 363
1200 990T- A Premature termination (Y330X)
Caucasian
1 IVS4+1G- A  Invariant splice donor site altered
2 IVS8-2A- G  Invariant splice acceptor site altered
20 1089delA Frameshift in codon 363
55 281C- G Premature termination (S94X)
O
(]
2
2
281C>G IVS4+1G>A 742C5T* 990T>A  1089delA  IVS8-2A>G  1314delT S
(Q248X)  (Y330X) &
[ 5
3
3
FERM I
)
@
Ny
Figure 4. Putative structural motifs in KRIT1 as predicted by the comparative sequence analysis program SMART (Simple Modular Architecture Researcﬁ Tool
v.3.0). The ankyrin repeats are distributed from amino acid residue 80 to 177 and the FERM domain from residue 209 to 433. The locations of theithutation
respect to the structural domains of KRIT1 are represented (A4R€&presents the common Mexican-American mutation). g
2
©
sition at the intron—exon border in intron 8 (IVS8-2AG) that  has four ankyrin domains, but only three are detected using the
disrupts the invariant splice acceptor site from ag to gg. Astrict SMART criteria. §
single base pair transversion (281G in exon 3) in family 55 Q
changes a Ser to a termination codon. =3
9 - . DISCUSSION 5
In total, seven distindKRIT1 mutations were found among e
the CCM1 kindreds examined (Table 1). Mutations fall into The positional cloning-based identification ERIT1 as the =

one of three classes: frameshifts, premature chain terminatio@$CM1gene was facilitated by the availability of the comple_teg
and splice site mutations (Fig. 4). The combined data suggegenomic sequence of the region .(22). The sequence proyld%p
that these are all loss-of-function alleles. Thus far, no missenggew microsatellite markers for refined haplotype constructiong

mutations have been identified. detailed information about known genes and clues abo%
computer predicted expressed sequences. Since few knovgn
Computational analysis of the KRIT1 protein genes mapped to the interval, we relied on gene prediction

) programs to identify putative exons for mutation screening. O
A BLASTP search oKRIT1against the non-redundant collec- note, although th€CM1locus ultimately proved to be a previ- g,

tion of GenBank coding sequences reveals many significargus|y known gene, all 1KRIT1 exons were identified by at >
matches to proteins containir_1g either the ankyrin domain (1955t one of the set of gene prediction programs utilized (23)_3
or the so-called FERM domain (20,21)._Hoyvever, the two best The strategy to concentrate our efforts on families og
matches (apart from the matchKRIT1with itself) are to two  pjexican-American descent for the purpose of mapping ances-
uncharact(_arized genes. Residues 35—_312 of KRIT1 align witha| crossovers proved to be sound, although the assumptiéh
the protein encoded by the predicted nematode gen@gat all such families were related to a common ancestor
CABO03514 (Z81143) at ak value of ~10?°and residues 252— proved to be incorrect. The inappropriate inclusion of putative
472 align with a conceptual translation from a nematodeyncestral recombination events suggested by two families
expressed sequence tag (EST) CAB02995 (281069) & an djverted the initial search ~200 kb telomerickRITL These
value of ~10% families falsely appeared to share a reduced portion of the
To better understand the domain organization of KRIT1, @ommon disease haplotype with the majority of the other
search of the SMART database of protein domains waslexican-AmericarCCM1families. Some of the microsatellite
conducted. This revealed that KRIT1 contains at least thremarkers used for determining disease haplotypes were of low
ankyrin domains, beginning at residue 80 and ending at residugeterozygosity, with alleles for some of the markers being rela-
177, and one FERM (or B41) domain, spanning residues 20%vely common in the Mexican-American population. Linkage
433 (Fig. 4). Furthermore, this domain composition appears tdisequilibrium is an alternative approach for fine mapping of
be unique to KRIT1, with no other proteins in the SMART disease genes when a founder effect is suspected, with this
database containing both ankyrin and FERM domains. Wapproach less influenced by the haplotypes of one or two
note that Serebriiskiet al. (17) originally reported that KRIT1 specific families. Such an approach was used by other investi-
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gators searching for th€CM1 gene, with their data also clinical presentation. A better understandingké®IT1 expres-
predicting that it resided a few cM telomeric KRIT1 (15).  sion in a developmental and anatomical context is required to
Nonetheless, the great majority 6CM1 alleles in Mexican- establish why the CCM phenotype is restricted to the vascula-
American families consist of the identical 7420 (Q248X) ture of the brain.

KRIT1mutation. This observation has potential clinical signif- A working model would be that cerebral cavernous malfor-
icance for presymptomatic diagnosis of CCM in the Mexican-mations are benign vascular tumors that develop due to an
American population. alteration in an important growth control pathway(s) involving

A central question of great interest is the function of theKrev-1/rapla. In support of this, the Krev-1/rapla pathway is
KRITl-encoded protein. Clues about KRIT1 function comealso altered in tuberous sclerosis type 2 (TSC2), an autosomal
partly from its initial isolation as a binding partner of Krev-1/ dominant condition characterized by benign neurocutaneous
raplA in the yeast interaction trap assay (17). Krev-1/rapltumors. Significantly, TSC2, like CCM, is often associated
was originally isolated due to its ability to partially revert the with seizures. The TSC2 gene product, tuberin, functions as a
transformed phenotype of Kirsten sarcoma virus-transformetimor suppressor protein by acting as a GTPase-activating
cells and later shown to be a member of the Ras family oprotein for Krev-1/rapla (37). Somatic inactivation or loss of
GTPases with tumor suppressing activity for taeoncogenes heterozygosity of the wild-type tuberin allele in TSC2-associ<
(24-26). The protein residues in both Krev-1/rapla and Rasted tumors leads to constitutive activation of Krev-1/rapl
that are responsible for interaction with effectors are identicaland to unregulated growth (38,39). The focal nature of CCM$§
indicating that these two proteins mediate opposing effectsuggests that these vascular tumors may develop due to loss‘of
through common downstream partners like Raf-1, B-Raf, anthe wild-typeKRITZ1allele in the developing cerebral vascula-g
RalGDS (26-31). The homology between the Krev-1/raplaure. A two-hit model, with a central tumorsuppressorfunctlon:
protein and Ras, its ability to interact with most cellular effec-of KRIT1, would be similar to the mechanism of tuberin inac-3
tors of Ras and its ability to revert the oncogenic effect of Ragivation in TSC2-associated tumors. Alternatively, the etlology\
in vivo suggests that Krev-l/rapla behaves as a tumaf vascular lesion development may relate to a mechanical d;
suppressor in the cell, possibly by sequestering Ras—GAP amshvironmental trigger in the cerebral vasculature, coupled Witg
acting as a competitive inhibitor of Ras—GAP interaction.the underlying genetic defect KRIT1 Whatever the mecha- o
Whether theKRIT1 mutations activate or inactivate Krev-1/ nism, the data reported here point to a key role for the KRIT.’g
rapla signaling remains to be determined. Krev-l/rapland the Krev-1l/rapla pathway in the complex process af
homologs inDrosophila(Ras3) and yeast (RSR/BUD1) also angiogenesis and, potentially, in other forms of cerebrovasi{
regulate GTPase signal transduction cascades controlliraular disease.
cellular differentiation, morphology, polarity and cytoskeletal
structure (32,33). Some of these same regulatory circuits fqr
these fundamental characteristics of the cell may be conserv
in mammalian species.

Other potential clues about KRIT1 function can be gained by
analyzing the structural motifs of the protein. The ~33 residu&Ve ascertained and collected DNA samples from 25 multi
ankyrin repeat has been described in >400 proteins witheneration families with CCM under appropriate IRB-g
diverse functions and, in a number of cases, is known tapproved informed consent. Twenty-one of these are df
mediate protein—protein interactions (34,35). The ~225 residuklexican-American descent and four are Caucasian. Clinic&
FERM domain is present in a superfamily of proteins,details, pedigrees and genetic linkage data for families 1, 2@,
including the band 4.1 protein originally isolated from human10, 200 and 300 have been reported previously (12). Twé
erythrocyte ghosts and the ezrin/radixin/moesin (ERM) proteipreviously unpublished Caucasian families (2 and 55) aré
family that regulates the interaction of plasma membranes witincluded in these data, as described above. Eighteen new
the actin cytoskeleton. However, it should be noted that mosinpublished Mexican-American families were coIIectedJ>
FERM-containing proteins possess an N-terminal FERManging in size from seven members (four affected) to a smglg
domain, whereas the FERM domain of KRIT1 resides towardaffected individual. One of these families was collectedv
the C-terminus (21). Furthermore, the combination of a FERMentirely in Mexico. Diagnosis of most patients with CCM WasB
domain with ankyrin repeats is apparently unique. based on detailed neurological evaluation that included clinical

The expression profiles ®fRIT1and Krev-1/raplaonly hint features, familial occurrence, MRI examination and, when
at arole in vascular development. Krev-1/rapla is expressed fpossible, post-surgery histopathology.

a number of tissues that includes the small blood vessels of DNA was purified from whole blood using established
many organs (36). Previously described northern analysis afiethods (Puregene; Gentra Systems, Research Triangle Park,
KRIT1showed weak expression in heart, muscle and brain, biNC). Each sample was assigned a consecutive sample number,
not in a number of other tissues (17). Our analysis showentered into a secure database and identified only by that
varying levels of expression in heart, brain, placenta, lungnumber for all subsequent analyses. Individual affected and
liver, skeletal muscle, kidney and pancreas (data not shown)inaffected chromosomes 7 were isolated from patient mono-
suggesting thakRIT1 expression is not restricted to vascular cytes from a number of affected individuals and maintained as
or cerebrovascular tissue. ThERIT1 expression pattern somatic cell hybrids in a rodent cell line (RJK88). DNA from
during development has yet to be reported. As CCMs may bthese cell lines was used for exon amplification and mutation
present at birth, they may developuterg decades before any analysis when available.

TERIALS AND METHODS

Families and DNA samples
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Table 2. Intron—exon organization of th€RIT1 coding regioA
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Exon/intron Exon length (bp)

Starting position in cDNA

Acceptor splice site

Donor splice site

1 108 1 CAAATCGGgtaagagt
2 116 109 ctttctagGTAGATAA GAAGACAAgtactgttt
3 144 225 atgattagGGAACGAC GCATGCTGgtaaatgg
4 157 369 ttatacagGTATGGAA CGGATAGAgtaagtta
5 108 526 atttctagCATATAAC CAAACCAgtaagaat
6 157 634 tcttgtagTATGAAAA AACCTCAgtaagaaa
7 152 791 tttttcagGCCTTCAA AAAAACAGgtttgctt
8 167 943 cctttaagATTGAAGA TTCCTAAAgtaagtat
9 88 1110 gcttacagTGAAGAAA AATACAAGgtaagctg
10 207 1198 gtttttagAATCTCAG AAACTAAGgtagattt
11 117 1405 tgttgcagGCTTTACT CAAAACAGgtaagtat
12 66 1522 ctttgtagGCTGGTCT o
:
aThe intronic and exonic sequence are in lower case and upper case, respectively. g
2
Table 3. Primers for PCR amplification and sequencind&IT1exons 3
3
Exon Forward primer (sense) Reverse primer (antisense) Product size é:r
1 TCACTTTATTCCAGCTTTATTCC AAAACGTCTTTTAAATCAGAGC 260 &
2 TGACAAAGCTCTTAATGGGT GACTACAATGCATACAAATTGC 261 %\’
3 AAACAATTTTTACAGTCCTGTTG AGAACAGTCTTGAAAAGAAGGA 280 :%’
4 CATTTCAGATGATCTTTTTAGG TGTCATTACTTGTTATTCACTGCT 286 3
5 ATTGGATGACATTTTCCCTT AGCCATCTAATCGTCTTTCC 281 8
6 AGCACATGAAGTTGAAGGAA CCCAAAAAGGAATAATGAGG 292 %
7 GAAGTGCAGACAGTTTAATACAAA CTCAACAGATTTTGTGCATTT 293 8
8 GCTTTTTCTTTTCCCATATT TAGCACAAGACCATGCATAA 283 %
9 CGTTACTGAAAGCCATTTGT CAGGACTATAAATTTAATCTACCTCTG 281 é
10 CAATGGTACATTTTCCTTTCA AGGTTGGTACTGTTGTTTTAACT 329 g
11 CTGAACTATTATATTTAGAGCAGACA CACAATAGTTTATGAAGTCCAAA 261 %
12 CCCAATGTCATGAATTTCC GCTCGGCCAAAAGTAATA 233 §
N
2All primers read 5- 3'. Only forward primers were used for direct sequencing of the exons. §
a
(o))

Genetic analyses isolate additional BACs/PACs. Clones are named with a prefig
reflecting their library of origin: RG, Research Genetics humarg
BAC library (Huntsville, AL; see http://www.resgen.com ); &
shown) were generated from genomic sequence generatedclss’ Genome Systems human BAC library (St Louis, MO; se%

hﬂp://www.genomesystems.com ); DJ, Roswell Park Cancer

the candidate interval. The primer sequences for the newer . . i
markers are: 085-411 forward, cactttaaaagatcacagaatctcf?nsmme PAC library (see http://bacpac.med.buffalo.edu ).

reverse, aggcacagctgagttatg@gs-222 forward, catctacta- I . . -
gaatgcccagc, reverse, caaatggttccttcctiis®-1166 forward, Irge?c;ur?catlon of candidate genes in theCCM1 critical
gtctgagcagttaaaatgge, reverse, gttgagtgtccacctgagat. TWGI

point lod scores were calculated for the largest CaucasiaBeveral strategies were used to identify genes within thg
families using LINKAGE v.5.03b (41). Haplotypes were CCM1 critical region. The genomic sequence of the critical™
generated both manually and using the Cyrillic softwareregion (Fig. 2a) was analyzed for the presence of known genes
package (Cherwell Scientific, Oxford, UK). or matching ESTs. This was supplemented by the use of the
gene prediction programs GRAIL Il (50), GENESCAN (51)
and MZEF (52). Data were assimilated and organized using a
computational approach for analyzing and managing genomic
ggquence (23).

New families were genotyped as described (40). New micro
satellite markersQ85-411 085-222 552-1166and others not

1snbny 9| uo

4

Construction of a bacterial clone-based physical map

Human DNA-containing BAC (42) and PAC clones (43) were
isolated, analyzed and assembled into contigs as describ
previously (44-46). Specifically, this involved hybridization .

(47) and PCR screening (48) of available human genomigCMlmUtatlon panel

libraries, PCR analysis of isolated clones to establish their ST# total, 25 different CCM families were used for mutation
content and restriction enzyme digest-based fingerprint anaknalysis, 21 of which were of Mexican-American descent and
ysis (49). For contig expansion, sequence was obtained frofour non-Hispanic Caucasian. An initial smaller screening
the insert ends of clones residing at contig ends and used fmnel included the probands of the four non-HispabieM1
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families, expected to harbor distinct mutations, and those frorfor neuroimaging and diagnostic confirmation. This work was
only three of the 21 Mexican-American families, assumed tsupported by American Heart Association Scientist Develop-
harbor the same mutation. The largest of both groups of famiment Grant 9630236N to E.W.J. and Grant-in-Aid 95006970
lies have been shown to be linked to th€M1locus (8,10,12); to D.A.M. D.A.M. is an Established Investigator of the Amer-
others were smaller but consistent with linkage, while a few ofcan Heart Association.

the Mexican-American kindreds were too small for genetic

linkage analysis. Each individual exon (known or computer
predicted) was amplified by PCR and subjected to direct pNAREFERENCES

sequencing. 1. Rigamonti, D., Hadley, M.N., Drayer, B.P., Johnson, P.C., Hoenig-
Rigamonti, K., Knight, J.T. and Spetzler, R.F. (1988) Cerebral cavernous
P malformations. Incidence and familial occurrenbe.Engl. J. Med.319,
PCR amplification of exons 343347
KRIT1 exon-containing fragments were PCR amplified from 2. Gil-Nagel, A., Wilcox, K.J., Stewart, J.M., Anderson, V.E., Leppik, |.E. and

; ; ; Rich, S.S. (1995) Familial cerebral cavernous angioma: clinical analysis of
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