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Abstract 
Cerebral cavernous malformations (CCM) are vascular anomalies of the central 

nervous system comprised of grossly-dilated blood-filled capillaries.  CCM lesions may 

occur sporadically or by inheritance of a mutation in one of three genes, CCM1, CCM2, 

or CCM3.  Prior to the identification of the genes involved in CCM pathogenesis, 

sporadic and inherited cases could be distinguished by lesion burden where sporadic 

cases exclusively showed single lesions, and patients with inherited disease developed 

multiple lesions.  This observation lead us to hypothesize that CCM lesion genesis may 

follow a two-hit tumor suppressor-like genetic mechanism.  To investigate this 

hypothesis and determine the molecular mechanism underlying CCM pathogenesis, we 

used resected human lesion samples to identify biallelic somatic and germline mutations 

that are specific to the lesion endothelium.  Additionally, we created mouse models in 

which heterozygosity of Ccm1 or Ccm2 in conjunction with deficiency for either the p53 

or Msh2 genes, recapitulates the genetic and phenotypic properties of the human 

condition.  In conclusion, we have provided evidence that CCM lesion genesis requires 

inactivation of both allelic copies of CCM1, CCM2, or CCM3 within a subset of vascular 

endothelium.  
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1.  
 

Cerebral Cavernous Malformations (CCM): 
Disease Etiology, Molecular Details                      

and Animal Models 
 

 

1.1 Overview of CCM Lesions and Disease Phenotype 

Cerebral cavernous malformations (CCM) are vascular anomalies of the central 

nervous system comprised of grossly-dilated blood-filled capillaries 1 (Figure 1). 

Incidence in the general population ranges from 0.1% to 0.5% 1.  The vessels within the 

lesions resemble vascular development in early stages of angiogenesis in which there is 

non-adherent and proliferating endothelium contained within a fibronectin-rich matrix.  

The dilated blood vessels of the lesion are encompassed by brittle immature vessel walls 

which are prone to hemorrhage leading to an increase in lesion size though cavern 

expansion (reviewed in Gault et al, 2004 2).  Within the CCM lesions blood flow is 

minimal or even stagnant.  The lesions range in size from a few millimeters to 

centimeters and are defined by surrounding connective tissue but remain distinct from 

neural parenchyma.  The vessels are devoid of structural support and the lesion lacks 

intervening neural tissue.  Consequently, CCM lesions are prone to hemorrhage, often 

resulting in seizures, hemorrhagic stroke and death 2; 3.  
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Figure 1: Typical appearance of a mature CCM lesion.  A. MRI Scan with one large 
lesion indicated with an arrow and circled in yellow.  B.  Histology of a mature multi-
cavernous lesion showing a typical mulberry-like appearance. 

Onset of CCM may occur sporadically, or in a familial form due to mutation in 

one of three genes, CCM1, CCM2, and CCM3 4-8.  The presence of CCM often remains 

undiagnosed until clinical symptoms manifest.  Individuals affected with CCM often 

present in the third to fifth decades of life with symptoms of recurrent headaches, focal 

neurological defects, seizures, and intracerebral hemorrhage.  Intermediate conditions 

include neurological deficits of speech or motor impairment, seizures, increased 

intracranial pressure, and chronic headaches.  Intracerebral hemorrhage of the CCM 

lesion often leads to stroke.  In some cases this fatal event is the first and only clinical 

presentation of the disorder 9 10.  Subsequent to identification of CCM in a family, 

asymptomatic patients may be diagnosed through genetic screening.  Clinical 

laboratories are available to specifically test a suspected CCM patient DNA for mutation 

in the three CCM genes.   

Accurate diagnosis of CCM has only recently been achieved through 

advancements in magnetic resonance imaging (MRI) and genetic testing.  In the past, 

CCM may have been misdiagnosed as multiple sclerosis or as a seizure disorder with no 

known cause.  Because cavernous malformations are low-flow venous structures, they 

are not visible on angiogram and are inconsistently visible on computed axial 
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tomography (CAT) scans.   The advent of the MRI in the 1980’s has significantly 

increased efficacy of clinical diagnosis.  MR imaging is the current standard for viewing 

and identifying lesions.  Commonly used MRI techniques for CCM lesion identification 

include gradient- and spin-echo MRI.  The more sensitive gradient-echo enables 

detection of tiny, punctate lesions.   

The sensitivity of MRI screening is exemplified by a large study of 202 CCM1 

mutation carriers in which clinical and radiological penetrance was assessed.  Clinical 

penetrance is moderate, as 37% of carriers showed no overt clinical symptoms of CCM 

10.   However, upon routine MR imaging, 85% of symptom-free mutation carriers had 

developed vascular lesions.  Of those 15% of patients not showing lesions on standard 

MRI, many showed signs of lesion development upon high sensitivity gradient-echo MR 

imaging 10.  Based on these data, one should not assume that clinical quiescence is 

necessarily indicative of reduced penetrance.  The patients not presenting with lesions 

range in age from 27 to 48, and at these young ages may yet develop lesions in the 

future.  Additionally, it is clear that radiological penetrance of CCM lesion development 

is significantly higher than clinical penetrance.   Therefore, the overall penetrance for 

lesion development is quite high, and shows age-dependence.  Establishing a reliable 

diagnosis and deciding a course of treatment for CCM is best achieved though multiple 

techniques.  For familial CCM, carrier status may be nearly positively identified though 

genetic testing, while predictions of phenotypic severity are difficult as many factors are 

involved including lesion size, location, mutational status, propensity for bleeding and 

inflammation. 

Rarely associated with CCM are hyperkeratotic cutaneous capillary-venuous 

malformations 11.  These vascular anomalies persist in the dermis and hypodermis with 

the overlying epidermis which is heavily pigmented.  Cutaneous lesions present with 
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irregular shape, are often dark red in color and may be up to several centimeters in size 

11.  Patients with both cerebral and cutaneous lesions have truncating mutations in 

CCM1 11.  Another rarely associated phenotype for CCM is the appearance of retinal 

cavernomas which appear as isolated clusters of retinal saccular aneurysms 12.  This type 

of lesion is quite rare, possibly as high as five percent of all CCM patients, and is 

typically asymptomatic. 

The overwhelming majority of CCM lesions occur within the neural vasculature.  

Unique to neural vasculature is the component of a blood-brain barrier.  Maintenance of 

a blood-brain barrier is essential to protect the brain from fluctuations in blood plasma 

compositions 13.  The primary structure of the blood-brain barrier is an inner layer of 

endothelial cells that comprise the vessels.  Importantly, specialized tight junctions are 

formed between endothelial cells; these junctions represent the primary permeability 

barrier between blood and brain 3.  The presence of tight junctions provides brain 

capillaries with cell-cell junctions that are 50-100 times tighter than those of peripheral 

microvessels.  Structural integrity of the vessels is maintained through interactions of the 

endothelial cells with smooth muscle cells and astrocytes.  End processes of astrocytic 

glia, pericytes, and smooth muscle cells form a lattice structure on the outer surface of 

the endothelium 14.   

The role of the blood-brain barrier in CCM pathogenesis is unknown.  Disruption 

of the blood-brain barrier may cause leakage from the vessels, particularly of red blood 

cells into the lesion resulting in clotting and eventual seizures or stroke 3.  Support of 

this hypothesis comes from ultrastructural studies of resected CCM lesions, which show 

physical disruption of the blood-brain barrier in which no tight junctions were observed 

between the endothelial cells 3; 15.  The lesions are comprised of vascular sinusoids lined 

with endothelial cells, and devoid of any other cell type except a few white and red 
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blood cells 3.  Within and surrounding the lesions prominent haemosiderin staining is 

often observed and is indicative of blood leakage resulting from disruption of the blood-

brain barrier.  Further disruption of the barrier is exemplified by the dense extracellular 

matrix which surrounds the lesion effectively excluding astrocytes and smooth muscle 

cells from supporting the vessels of the lesion.  

1.2 Molecular Genetics of Cerebral Cavernous Malformations 

CCM may develop sporadically, or in the context of an autosomal dominant 

disorder.  To date, most of the research on CCM has focused on the inherited form of 

CCM to identify and characterize the causative genes in order to investigate the 

pathogenesis of all forms of CCM.   

Prior to the identification of the three causative genes, CCM1, CCM2, and CCM3 

4-8, the apparent random nature of lesion development led to the belief that CCM was 

entirely of sporadic occurrence.  Subsequently, the identification of numerous Hispanic-

American families presenting with the condition established a genetic basis for the 

disease as autosomal dominant inheritance 16.  Familial disease is especially prevalent 

among Hispanic-American families. A common disease haplotype in these families was 

observed near the CCM1 locus providing strong evidence for a founder effect mutation 

in the Hispanic population 16; 17; 18.  Subsequent to the identification of the CCM1 gene, 

unrelated families of Hispanic-American origin were found to harbor the identical 

CCM1 mutation (Q455X) 5.  In other populations, initial linkage results suggested that 

CCM1 mapping to chromosome 7q is responsible for 40% to 50%, CCM2 on chromosome 

7p for 10% to 20%, and CCM3 on 3qfor 40% of inherited disease 19; 20.  

Subsequent mutation analyses suggest that the predicted frequencies of the 

familial forms of CCM need to be revised.  In one panel of patients, mutations found by 

sequence analysis show the following frequencies; 37% for CCM1, 16% for CCM2, and 
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6% for CCM3, with 41% of patients with unidentified mutations.  The high number of 

mutation negative patients is likely a result of using sequencing as the method of 

detections.  Sequencing analysis typically is unable to detect deletions, duplications, 

insertions, or mutations in the regulatory or promoter regions.  Closer analysis to screen 

for deletions and duplications in mutation negative probands identified many deletions 

in the CCM2 gene which raised the frequency of CCM2 mutations from 16 to 36% in this 

panel21.  Interestingly, nearly half of the deletions identified span from exons 2 through 

10, a chromosomal region rich in repetitive sequence elements and suggestive of a 

common breakpoint in the CCM2 gene.  In this patient panel, 18% remain classified as 

mutation negative leading to the hypothesis of the existence of a fourth CCM gene.  

Thus far however, only three CCM disease-causing genes have been identified. 

CCM type 1 is caused by truncating mutations in the CCM1 gene which encodes 

KRIT1 (KRev Interaction Traped-1), a protein whose function has been the subject of 

increasing investigation and has been implicated to be involved with integrin, MAP 

kinase and rac-mediated signaling pathways 5; 22-26.  KRIT1 contains two classes of 

functional domains; ankryn repeats, and a C-terminal 4.1, ezrin, radixin, moesin (FERM 

domain 27.  The presence of these domains suggests that KRIT1 is involved in protein-

0protein interactions, particularly at the interface of the cytoskeleton and plasma 

membrane.  

The CCM2 gene encodes malcavernin, a novel protein containing a 

phosphotyrosine binding (PTB) domain 6; 8.  The murine ortholog of CCM2 is 

characterized as a mitogen-activated protein (MAP) kinase scaffold protein required for 

p38 signaling in response to cellular stress 28.  CCM3 has been shown to result from 

mutation in the PDCD10 (programmed cell death 10) gene 7, which has been shown to 

be up-regulated upon induction of apoptosis in tissue culture cells 29.  The allelic series 
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for each of the three genes consists of nonsense, splice-site, or deletion mutations, all of 

which likely result in truncated and/or inactive protein function.  These mutations are 

all consistent with null loss-of-function alleles.     

1.3 Signaling Pathways of the CCM Gene Products 

Mutation of CCM1, CCM2, or CCM3 results in disease onset that is generally 

indistinguishable.  The overwhelming similarity of the lesions in all CCM cases suggests 

that the gene products of the CCM genes function in a coordination with one another.  

Indeed, recent lines of investigation have supported this hypothesis. Added support for 

this hypothesis includes the overlapping expression pattern for each of the CCM genes, 

as well as biochemical data that links all three of the CCM proteins in a physical 

interaction23; 26; 30-35. 

Full length KRIT1 is a 736 amino acid protein, with a molecular weight of 84 kDa, 

4; 36; 37 and contains three structural domains that provide clues to its function.  At the 

carboxy-terminal end of KRIT1 there resides a 4.1, ezrin, radixin, moesin (FERM) 

domain.  FERM domains are often associated with proteins which mediate interactions 

of the actin cytoskeleton and plasma membrane.  Additionally, KRIT1 contains four 

putative ankyrin repeats.  Ankyrin motifs are present in a diverse array of proteins and 

are often required for protein-protein interactions.  The presence of these structural 

elements suggests that KRIT1 is exclusively a cytoplasmic protein which functions to 

interact with protein partners, particularly those at, or associated with, the cytoplasmic 

membrane. 

A key function of membrane-associated proteins is to maintain appropriate 

cellular adhesions.  Maintenance of proper cell adhesion to surrounding extracellular 

matrix (ECM) or to neighboring cell types is of crucial importance for cellular processes 

including; migration, spreading, proliferation, apoptosis, differentiation, and gene 
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expression.  KRIT has been demonstrated to be associated with members of a large 

family of membrane-bound proteins, the integrins, which are key regulators of these 

processes.  Integrins are cell adhesion receptors that act in pairs of non-covalently linked 

α and β subunits which interact with ECM proteins to mediate cellular adhesion, and 

with intracellular cytoplasmic signaling molecules.  One such intracellular protein is the 

integrin cytoplasmic domain-associated protein-1 (ICAP1).  ICAP1 is a small 

cytoplasmic protein of 200 amino acid residues that specifically interacts with the 

integrin β1 subunit 38 via a phosphotyrosine binding (PTB) domain.  PTB domains 

mediate interactions by binding to NPxY (asparagine-proline-x-tyrosine) amino acid 

motifs on binding partners; in this case, on integrins.  Specifically, when ICAP1 binds to 

integrin, it forces a change in conformation such that integrin becomes inactive and is no 

longer capable of binding extracellular molecules necessary for sending signals to the 

cell interior.  As a consequence, ICAP1 functions to regulate cellular proliferation 39, and 

stages of cell spreading on fibronectin 40.  Overexpression of ICAP1 also increases cell 

migration 39.   

In addition to binding to and regulating integrin function, ICAP1 also binds to 

KRIT1 22; 24.  This KRIT1/ICAP1 interaction occurs through the same molecular 

mechanism as that of ICAP1/integrin.  Like integrin, KRIT1 contains the requisite NPxY 

sequence motif to allow for ICAP1 binding and mutation of the NPxY motif in KRIT1 

impairs its ability to interact with ICAP1 22.   Additionally, KRIT1 contains a functional 

nuclear localization signal, and is capable of shuttling in and out of the nucleus 

dependent on the presence of this signal sequence 23.  Shuttling of KRIT1 is also 

dependent on it’s interaction with ICAP1 as ICAP1 is able to sequester KRIT1 

localization to the nucleus 23.  The functional role of KRIT1 in the nucleus, and the 

consequences of KRIT1/ICAP1 nuclear interaction have yet to be fully elucidated.   



 

9 

Recent biochemical studies with KRIT1 have shown it to be a RAP1 effector that 

regulates endothelial cell-cell junctions.  The interaction of KRIT1 and Rap1 has long 

been questioned in the literature.  After the initial report, two separate groups were 

unable to replicate the interaction22; 24.  However, recent evidence shows the KRIT1 binds 

to Rap1 only when Rap1 is bound to GTP 26; 41.  When it is in the cytoplasm, KRIT1 

resides at endothelial cell junctions where it co-localizes and also interacts with B-

catenin.  When the interaction of KRIT1 and B-Catenin is inhibited in vitro endothelial 

cells become permeable.  Additionally, the effect of KRIT1 on cellular permeability is 

exemplified by knockdown of CCM1 in vitro by siRNA , which causes the induction of 

stress fibers and subsequent cellular permeability 26.   

The second CCM gene was identified as an uncharacterized transcript, MGC4607 

6; 8.  The ten exons of MGC4607 encode a transcript for a protein that was subsequently 

named malcavernin, for cavernous malformation.  Malcavernin is 444 residues in length 

with a molecular weight of 49 kDa.   Prior to its identification as the second CCM gene, 

this transcript was considered as a biological candidate because by primary sequence 

analysis, the protein contains a single functional domain, a phosphotyrosine binding 

domain (PTB).  The presence of this domain is intriguing because it lends potential for 

an interaction between KRIT1 and malcavernin.  Indeed malcavernin is able to interact 

with KRIT1, and this interaction influences the subcellular localization of KRIT1 23; 24.  

Therefore, subcellular localization of KRIT1 depends on binding to malcavernin or 

ICAP1.  Nuclear sequestration of KRIT1 occurs though interaction with ICAP1.  

Conversely, KRIT1 binding to malcavernin functions to sequester KRIT1 in the 

cytoplasm.  This model for KRIT1 compartmental regulation suggests modulation of 

novel and unidentified KRIT1 nuclear functions.  Alternatively, KRIT1 may be merely be 

sequestered in the nucleus by ICAP1 in order to remove it from the cytoplasmic 
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compartment where it normally functions.   In this model, the nuclear location of KRIT1 

is a holding place until it is shuttled to its functional role in the cytoplasm. 

The mouse ortholog of CCM2/malcavernin, named OSM (osmosensing scaffold 

for MEKK3), was identified in a context of cellular signaling, rather than human disease 

28.  As its name suggests, OSM interacts with, and acts as a scaffold protein for upstream 

kinases in the p38 mitogen-activated protein (MAP) kinase phospho-relay cascade.  

MAP kinase family members are serine/threonine kinases which are involved in 

transmission of signaling pathways from the membrane to the nucleus. 

Signaling though p38 acts as a mediator for involvement with inflammation 

responses, cell cycle, cell death, development, cell differentiation, and gene expression 

regulation 42.  Additionally, signaling though p38 MAP kinase plays a crucial role in 

angiogenesis 43.  Activation of p38 signaling is often stimulated by environmental stress, 

inflammatory cytokines, and/or growth factors.  Those stimuli activate the upstream 

kinase MEKK3, which phosphorylate MKK6 that is responsible for activation of p38.  

OSM (CCM2) is required specifically for activation of p38 MAPK in response to 

hyperosmotic stress 28.  This p38 MAPK signaling cascade is required for long-term 

cellular adaption to hyperosmotic stress through transcriptional regulation, 44; 45 and 

post-translational modifications 46; 47.    

A major regulatory mechanism for MAP kinase cascades is through scaffolding 

proteins.  Signaling complexes are thought to associate with scaffolding proteins which 

are responsible for positioning components of the cascade such that they may interact 48.  

Malcavernin acts as one such scaffold for the p38 cascade.  Osmotic shock induces a 

multitude of downstream effects including membrane ruffling and actin polymerization, 

leading to the enrichment of Rac GTPase at these ruffles.  As a consequence of the Rac 

enrichment, the signaling complex, including MEKK3 is recruited to the actin rich 
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regions, and Rac GTPase activates and initiates the p38 signaling cascade.  Without 

sufficient levels of malcavernin, p38 activation is markedly inhibited 28.    Therefore, the 

gene product of CCM2 acts as a critical regulator for p38 MAP kinase signaling, and 

dysregulation of this cytoplasmic protein may cause cell shape and/or behavioral 

changes that initiate lesion development.   

The cellular changes in response to malcavernin function are demonstrated in vitro 

through knockdown of CCM2 expression using siRNA.   In cell culture decrease in 

CCM2 expression will induce the formation of actin stress fibers and result in the 

activation of Rho kinase 49.  The formation of stress fiber affects the permeability of the 

cells, allowing for leakage through formerly tight junctions.  These permeability defects 

may be rescued both in vivo and in vitro by treatment with a Rho kinase inhibitor49. 

The third causative gene for CCM has been recently identified as PDCD10 

(programmed cell death 10) 7, a gene previously reported for its increased expression in 

a human myeloid cell line, TF-1, while undergoing apoptosis 29.  PDCD10 is a small gene 

encoding for a 212 amino acid, 25 kDa protein, with no obvious functional domains.  The 

molecular function of this protein remains unclear.  However, recent data has 

demonstrated that the PDCD10 protein is also part of the macromolecular complex 

including KRIT1 and malcavernin30; 34.  Additionally, recent studies have corroborated the 

role of the CCM3 gene product in apoptosis, as cell culture studies show that the 

overexpression of CCM3 leads to activation of caspase 3 and increased cell death50.  

While the precise biochemical functional mechanisms for each of the CCM proteins has 

just begun to be elucidated, it is clear that they function in coordinating and similar 

pathways.    
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1.4 Current Vertebrate Animal Models of CCM 

All three CCM genes have been quite highly conserved though evolutionary 

time.  Evolutionary conservation underscores the fundamental importance of the CCM 

gene products and their essential requirement to life processes.  Orthologous genes have 

been explored in humans, mice, zebrafish, and the worm, C. elegans in an effort to 

uncover the fundamental cellular and/or regulatory role for the CCM proteins, and why 

mutations in these genes result in CCM lesion development.   

A screen for recessive lethal mutations in zebrafish identified the orthologs of the 

CCM1 (santa) and CCM2 (valentine) genes 51.  Fish harboring null mutations in either of 

these genes have grossly dilated hearts which are incapable of supporting blood flow.  A 

hallmark for vertebrate heart development is the establishment of a thickened 

myocardial cell layer capable of maintaining elevated levels of blood pressure.  Typically 

zebrafish have hearts with 2-3 cell layers of myocardium, which develops though 

concentric growth of cell layers.  However, the santa and valentine mutations cause 

misguided myocardial cell assembly, disabling the heart from undergoing concentric 

growth.  The resulting heart is grossly dilated, thin-walled, and without blood flow.  The 

heart does however display correct atrial/ventral specification with contracting 

myofibrils and the reduced cell layers is not indicative of reduced cell numbers 51.  Thus, 

the santa and valentine genes are members of a genetic pathway for cardiac cell growth 

distinct from cell proliferation.     

The resulting heart phenotype for santa and valentine null fish is not entirely 

unexpected.  Although CCM phenotypes arise in patients heterozygous for mutations in 

one of the CCM genes, the null fish described above are completely deficient for either 

CCM1 or CCM2.  These fish die as a result of defects in the first tissue during 

developmental time point that has an absolute requirement for the Santa (KRIT1) or 
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Valentine (malcavernin) protein.  In this case, the myocardium shows an essential 

requirement for these proteins and represents an embryonic block which may not be 

surpassed in the null condition.  It is important to note that the myocardium is not 

necessarily, and is quite unlikely to be, the tissue which under the heterozygous 

condition instigates lesion development.  Tissue-specific conditional mouse models have 

been the most useful for studying lesion development due to mutations in the 

appropriate cell type (see below).  Therefore, null mutants, like those described for the 

zebrafish, are useful for studying fundamental biochemical mechanisms, as the zebrafish 

model supports the model in which KRIT1 and malcavernin are interrelated in a 

biochemical pathway.   

The zebrafish phenotype for mutant CCM genes is a thin-walled, dilated heart.  

An identical phenotype is observed with mutants for the heart of glass gene 52.  Heart of 

glass is expressed in the endocardium, while santa (CCM1) and valentine (CCM2) are 

expressed in the vasculature.  Synergistic effects of morpholino pairs suggest a genetic 

pathway including each of these three genes.  It therefore remains uncertain in which 

tissue type of the neurovascular unit has an absolute requirement for the CCM genes, 

and when mutated results in the development of cerebral cavernous malformations. 

Mouse models have been developed with targeted mutations in both the Ccm1 

and Ccm2 genes to enable experimental study of the developmental pathophysiology of 

CCM lesions.  Because CCM is inherited as an autosomal dominant disorder, it was 

predicted that in mice, with heterozygous disruption of CCM1 or CCM2 would develop 

vascular lesions similar to those of human patients.  However heterozygous mutant 

mice are grossly phenotypically normal; that is, they display no seizures or gross 

vascular abnormalities upon autopsy.  
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For mice deficient in either Ccm1 or Ccm2, homozygous mutations are embryonic 

lethal.  Ccm1 homozygous mutant mice do not survive beyond embryonic day 11 53.  

These mice endure developmental abnormalities including, but not limited to, 

generalized developmental arrest, retention of a primitive yolk sac vascular network, 

failure to complete embryonic turning, pericardial effusions and atrial enlargement.  

Homozygous mutant mice are also unable to begin formation of the intracranial vascular 

network 53. 

These early vascular defects result from increased endothelial cell proliferation 

leading to vascular dilation particularly of this distal dorsal aorta 53.  Dilation of the aorta 

extends through caudal regions of the embryo.  Subsequent development of somatic 

arteries show similar enlargement.  Additionally, Ccm1 deficient embryos show a 

narrowing of the first branchial arch artery and proximal dorsal aorta.  Narrowing of the 

branchial arches inhibits blood flow though the branchial arch arteries and dilated 

portions of the dorsal aorta, a phenotype which is incompatible with life 53.   

Ccm1-/- mice show defects in specification of arterial cell fate including failure to 

recruit arterial smooth muscle cells for support of developing arteries.  Arteries are 

specified from veins even before the onset of embryonic blood flow though a genetic 

pathway leading from the Vegfa (vascular endothelial growth factor A) gene through the 

Notch signaling pathway to the arterial specific gene, Efnb2 (efrin b2).  In the Ccm1 

nullizygous mice Notch signaling genes, including Notch4, are significantly down-

regulated.  However, Vegfa expression was not altered by the Ccm1 mutation thus, 

implicating CCM1 to function in this genetic pathway between Vegfa and Notch.   Thus, 

specific defects downstream of NOTCH signaling result from CCM1 knockout.  Similar 

to these mice, human CCM patients also show decreased expression of NOTCH4 protein 

in association with vascular malformations 53.  The Ccm1 mouse model suggests that 
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mutations in this gene impact vascular development and disease by disrupting a genetic 

pathway important in establishing arterial identity 53. 

Mice that are lacking both copies of the Ccm2 gene die during early 

embryogensis, similarly to those with Ccm1 mutations described above.  In embryos 

lacking Ccm2, the first branchial arch artery and dorsal aorta do not form correctly, 

resulting in a disconnection between the heart and circulatory systems.  As a 

consequence, blood circulation does not commence and the death occurs at embryonic 

day nine49.   

1.5 Proposal of Research 

It is not understood how CCM lesions progress from clinically silent lesions that 

are only visible with MRI to bleeding, multicavernous lesions.  Hypotheses for the 

developmental pathogenesis of CCM may be divided into three main categories; genetic, 

physiological, and biochemical.  The genetic hypothesis is that CCM develops in 

response to a two-hit model, in which both copies of a gene must be mutated for disease 

progression.  This mechanism generally occurs as one mutation is inherited, and a 

second somatic mutation causes inactivation of the remaining wild-type allele, resulting 

in molecular homozygosity for the gene of interest.  Physiologically, it is hypothesized 

that disruption to the support of the blood-brain barrier leads to lesion development.  

And lastly, biochemical data have begun to reveal that the CCM proteins are interrelated 

in an essential biochemical pathway that when disrupted, enables disease progression. 

For my thesis research, I sought to investigate the underlying molecular 

mechanism responsible for CCM disease onset.  Under the hypothesis the CCM disease 

pathogenesis follows a Knudsonian two-hit mechanism, the following aims were 

investigated: 
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Aim 1: To investigate the two-hit mechanism for disease pathogenesis for 

inherited cases of CCM.  Somatic mutations biallelic to underlying germline mutations 

were identified for each of the inherited forms of CCM.  Additionally, we show that 

these somatic mutations are specific to the lesional endothelium, thus providing 

evidence for the cell type responsible for CCM pathogenesis.   

Aim 2: To investigate the two-hit mechanism for disease pathogenesis in mouse 

models.  Under this aim we used magnetic resonance imaging to determine the lesion 

burden of Ccm1 and Ccm2 heterozygous mice genetically sensitized to accumulate 

somatic mutation due to mutation of the p53 tumor suppressor gene.  A second-

generation model was created using mice deficient for the Msh2 mismatch repair gene: 

this model also recapitulates a robust phenotype with lesions analogous to the human 

condition.   
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2. 
  

Molecular Genetic Characterization of Human           
Cerebral Cavernous Malformations: 

Investigation of the Two-Hit                                       
Mechanism 

 

 

In the inherited forms, Cerebral Cavernous Malformations is a disease that has 

long been classified as following an autosomal dominant pattern of inheritance.  This 

classification implies that the genetic requirement for acquiring CCM is to inherit a 

single mutant allele showing loss of function for one of the CCM genes.  However, the 

mechanism by which mutation of a single allele leads to disease and lesion genesis is 

unknown.  I therefore sought to define the genetic mechanism underlying disease 

pathogenesis for CCM as my thesis research.  My research has been driven by the 

hypothesis that CCM pathogenesis follows the two-hit model such that lesion genesis 

requires two biallelic inactivating mutations within one of the CCM genes. 
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2.1 Introduction/Rationale 

Onset of CCM may occur either sporadically or in an inherited form due to 

mutations in one of three genes, CCM1/KRIT1 5; 54, CCM2/malcavernin 6; 8, or 

CCM3/PDCD10 7.   Prior to the discovery of the CCM genes, sporadic cases of CCM 

could be distinguished from inherited cases by the patient’s lesion burden.  In general, 

solitary lesions are seen in sporadic cases, while inherited cases usually display multiple 

lesions 1.  Since the discovery of the CCM genes, molecular data has confirmed this 

trend.  Indeed, many individuals displaying multiple lesions but lacking a clear family 

history have been shown to harbor a de novo germline mutation 6; 7; 55; 56.  Additionally, 

compared to sporadic onset, familial cases of CCM tend to show a more aggressive 

phenotype, with an increased risk of hemorrhage and seizure as well as an earlier age of 

onset 57-59.  These clinical observations are generally analogous to those seen for the 

inherited cancer disorder, retinoblastoma.  Knudson used similar epidemiological 

observations for patients with retinoblastoma to devise the two-hit hypothesis which 

requires both alleles of a tumor suppressor gene to be inactivated as a prerequisite for 

tumorigenesis 60.  

Similar to this cancer model, we hypothesize that CCM lesions may also follow a 

two-hit molecular mechanism, requiring mutation of both copies for one of the CCM 

genes to instigate lesion genesis.  Earlier attempts to identify somatic mutations 61 or loss 

of heterozygosity 62 in support of the two-hit hypothesis have been limited and largely 

unsuccessful.  These earlier studies used detection strategies which relied on direct 

sequence analysis of bulk lesion-derived DNA.  Consequently they may have lacked an 

appropriate level of sensitivity to identify somatic mutations which might be present in 

only a minor fraction of the cells comprising the bulk lesional tissue.  Another study has 

provided some supportive evidence for the two-hit mechanism such that two distinct 
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potential somatic mutations were identified in the CCM1 gene from a sporadic CCM 

lesion.  However, the missense mutations that were identified are inconsistent with the 

allelic series observed in germline CCM1 cases, which consists exclusively of protein-

truncating mutations, casting some doubt whether the sequence variants identified in 

the somatic tissue represent bona fide loss-of-function mutations.  Furthermore, a crucial 

aspect of the two-hit hypothesis – the determination of allelic status of the mutations – 

was not investigated 63.   

The strongest evidence for the two-hit model of CCM pathogenesis thus far is 

that from a lesion from a familial case of CCM1, where a 34 bp deletion in the CCM1 

gene was identified in lesion tissue, and confirmed to be biallelic to the germline 

mutation 64.  Based on this data, it is unclear whether this mechanism is general for all 

CCM1 cases, and whether this mechanism applies to the other inherited forms of CCM.  

We have designed and implemented a robust, staged, DNA sequence-based strategy to 

identify biallelic somatic mutations in all forms of inherited CCM, and we have 

attempted to identify the cellular component harboring the somatic mutation.      

2.1.1 Development of a Strategy to Discover Low Frequency 
Somatic Mutations 

 
Prior attempts by others to detect somatic mutations within the vascular tissue 

likely were inhibited by the heterogeneous cellular nature of the CCM lesions.  Direct 

sequencing of an amplified product effectively identifies heterozygous germline 

mutations.  However, if a somatic mutation is present in substantially less than 50% of 

the alleles, it may not be easily detected.  Our strategy for somatic mutation analysis 

involving sequencing of individual PCR amplicons provided the sensitivity to detect 

mutations that are not present in an entire cellular population and which might 

otherwise remain undetected by direct sequencing of the amplified product.  The overall 

sensitivity of our approach is approximately similar to that used in the above study to 



 

20 

identify the 34 bp deletion within the CCM lesion tissue 64.  In this study, denaturing 

high-pressure liquid chromatography also enabled screening of all the CCM1 exons such 

that a biallelic somatic mutation in could be identified in a CCM lesion despite its 

presence in only a fraction of the cells. 

We have attempted to identify biallelic somatic mutations within surgically 

excised CCM lesion tissue from patients with inherited cases of CCM.  Because many of 

our CCM lesion samples are de-identified archived surgical specimens, we first had to 

identify whether the lesion derives from an inherited case, and if so, we had to identify 

the nature of the heterozygous germline mutation.  For some of these samples, we also 

have matching peripheral blood leukocyte DNA, and in these cases the germline 

mutation was identified from this source of DNA.   However, for other lesions, blood 

was not available.  In this case, we identified the germline mutation directly from the 

lesional tissue.  Unlike somatic mutations, any germline mutation will be present in any 

tissue in the appropriate Mendelian ratio for autosomal dominant disease, e.g. 50% of 

the total alleles.  Therefore, we directly sequenced the amplified PCR products of each 

exon of the CCM genes to identify heterozygous germline mutations, as predicted for 

autosomal dominant inheritance. 

Once the germline mutation had been established, we faced the more difficult 

task of uncovering somatic mutations that might be present in only a sub-population of 

the cells isolated from the bulk lesion.  Tissue heterogeneity can cause problems with 

somatic mutation detection for solid tumors 65, and also pose similar problems with the 

CCM lesion which is comprised of multiple cell and tissue types.  In addition to vascular 

components, the bulk lesion contains intervening connective and hematopoietic tissue.  

Additionally, since the lesion is itself a vascular structure, it can be difficult to 

distinguish the vasculature of the lesion proper from non-lesional feeding and draining 
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vessels.  Any somatic mutation present in only one cell type, and only a subset of that 

cell type, will represent substantially less than 50% of the sequenced alleles.   Because of 

this, a somatic point mutation cannot be identified as a heterozygous change in the 

sequence tracing of the bulk lesion.  

To identify mutations potentially present at a frequency of less than 50% of the 

alleles, we have developed a rigorous four-stage approach to analyze the sequence of 

each exon of the appropriate CCM gene (Figure 2).  In the first stage, each amplified 

exon is cloned into plasmid, and 48 individual clones are sequenced.  Each sequenced 

clone represents a single allele, enabling identification of sequence changes that may be 

in low abundance within the lesion tissue. Using this strategy, we have the power to 

detect any mutation present in at least 20% of the alleles with 95% confidence.  As we 

will show below, with this approach we have been able to identify somatic mutations 

present in as few as 4% of the alleles within the lesion.     
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Figure 2: Schematic overview of somatic mutation analysis strategy 

By sequencing multiple individual clones for each exon we also create the 

potential to observe rare, PCR polymerase-induced replication errors.  We have devised 

a staged replication/validation approach to discern whether a rare variant is a PCR-

induced error or a bona fide somatic mutation.  As 48 clones for each exon are sequenced, 

we record any exon exhibiting at least one nucleotide change.   We often observe 

sequence changes that are found in only one of the 48 clones, which we term singletons.  

By contrast, we only rarely identify a sequence change which is observed in more than 

one clone. The second stage of our strategy involves a second round of amplification, 

cloning, and sequencing of any exon containing a change seen in more than one clone.  
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Significantly, in the second round of sequencing, any previously identified singletons 

are not observed, instead new singletons are sometimes seen. These changes are not 

reproducible, thus we consider singly observed changes to be PCR-induced errors.   

By contrast, in the first round of amplification, we occasionally observe a 

sequence variant in two or more clones.  This change is invariably seen again in multiple 

clones in the second round. The third stage of our procedure involves a third round of 

amplification, cloning and sequencing, this time using a different polymerase in the 

amplification step.  If this same change is identified again in the third stage, it is 

considered a bona fide somatic mutation. The fourth and final stage involves 

determination of the allelic status of the somatic mutation in reference to the germline 

mutation.  The approach used to determine allelic status is specific to the nature of the 

particular germline and somatic mutation and is described for each case below.  

2.2 Results 

The two-hit hypothesis predicts that lesion genesis results from the acquisition of 

a somatic mutation that is biallelic to the germline mutation.  In combination, these 

mutations result in complete inactivation of the disease-causing gene.  We used DNA 

derived from lesion tissue of ten surgically resected CCM lesions to identify somatic 

mutations.  Using the detection strategy describe above, we found four lesions which 

harbored a biallelic somatic mutation.  Consistent with the allelic series for CCM, each 

mutation identified resulted in a loss-of-function allele due to a nonsense or frameshift 

mutation.  Four of the lesions not showing a somatic mutation were further analyzed for 

allelic silencing due to hypermethylation of the CpG-rich promoter regions, however no 

such somatic mutation was identified.  We also provide evidence for the cell type 

responsible for the CCM lesion phenotype-within the lesion tissue the somatic mutations 

are specific to the cavernous endothelial cells.   
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2.2.1 Biallelic Somatic and Germline Mutations Identified in Familial 
CCM 
2.2.1.1 Cases with Germline Mutation of CCM1 

For analysis of lesions harboring germline mutations in CCM1 we used lesion 

samples from a large cohort of de-identified archived CCM lesion for which matched 

blood was not available.  These samples were provided to our lab through collaboration 

with the neurosurgeon Joseph Zabramski, MD and investigator, Eric Johnson, PhD at 

the Barrow Neurological Institute in Phoenix, Arizona.  To identify the germline 

mutation in samples from this cohort we used lesion-derived DNA as a surrogate for 

constitutional blood-derived DNA because any germline mutation is heterozygous for 

this change in all tissues, including the lesion.  Thus, germline mutations that result from 

nucleotide changes or small indels are readily apparent as a heterozygous change when 

the amplified product is directly sequenced.  We screened each sample for a mutation 

often identified in the Hispanic-American populations, known as the common Hispanic 

mutation 5, a premature stop codon in the CCM1 gene c.1363C>T, Q455X.  Both samples 

used in this study (2049 and 2009) were heterozygous for this common Hispanic 

mutation (figure 3).   

 

 

Figure 3: Samples 2049 and 2009 carry the germline Common Hispanic Mutation.  
Direct sequence analysis of bulk lesion-derived DNA identified the germline 
mutation as CCM1 c.1363C>T, Q455X. 
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Using our somatic mutation detection strategy, we identified a second-site 

somatic mutation within lesion 2049.   The somatic mutation is a four base-pair deletion 

in CCM1, c.1270_1273delTATA, resulting in a frameshift and leading to a premature 

stop codon (Figure 4).  This somatic mutation is readily apparent on sequence tracings of 

individual clones and was identified in multiple clones in each of three separate 

amplification/cloning stages, in approximately 20% (12/47, 11/53, and 9/51) of the total 

clones analyzed.  The relative abundance of the somatic mutation within the lesion DNA 

was confirmed by fluorescently labeled fragment analysis where 11% of the total 

amplicons display the somatic mutation.   

In contrast to the germline mutation, the somatic mutation is not readily 

apparent in the sequence tracing when the amplified product is directly sequenced.  

Only in retrospect, after the identification of the somatic mutation, is the signal from the 

somatic mutation able to be distinguished from background noise on a sequence tracing 

(Figure 4).  This contrast between the readily identified germline mutation and the 

cryptic somatic mutation illustrates the absolute requirement for DNA sequence analysis 

of multiple individual clones for each exon of the appropriate gene. In addition to this 

technical point, these data suggest that only a fraction (approximately 20%) of the wild-

type alleles harbor the somatic mutation, therefore we hypothesize that only a subset of 

the cells within the lesion contain the somatic mutation.  

For this case, both the somatic and germline mutations are located within the 

same exon of the CCM1 gene.  Therefore the allelic relationship of the mutations may be 

determined directly from the clones used to identify the somatic mutation.  Sequence 

analysis for exon 10 of CCM1 divides the clones into three categories, each representing 

different haplotypes present within the lesion DNA.  The first category represents the 
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germline mutant allele.  These alleles show the germline mutation but never show with 

the somatic mutant allele.  The second category represents the wild-type allele.  These 

clones lack both the germline mutation and the somatic mutation, and represent wild-

type alleles derived from cells that have not been somatically mutated.  The third 

category represents those alleles with the somatic mutation.  These are always wild-type 

at the locus of the germline mutation, and are mutant at the site of the somatic mutation 

(Figure 4).  Consistent with the two-hit hypothesis, only wild-type alleles show the 

somatic mutation, thus the somatic mutation is biallelic to the germline mutation.  

 

Figure 4: A biallelic somatic mutation identified in CCM1 sample 2049.  (A) Clonal 
analysis of CCM1 exon 10 reveals wild-type clones, germline mutant clones and 
clones with the 4 bp deletion somatic mutation, c. 1270_1273DelTATA.  The deleted 
bases are boxed in orange in the wild-type sequences, and the deletion site is marked 
with an orange dotted line in the somatic mutant sequence (bottom tracing).  The 
somatic mutation is barely visible from direct sequence of bulk lesion DNA.  (B) The 
somatic mutation was identified in the lesion tissue multiple times in each of three 
rounds of PCR, cloning and sequencing.  Replicated 1 and 2 used HiFi Platinum Taq 
Polymerase (Invitrogen) and replicate 3 used HotStar Polymerase (Qiagen).  (C).  The 
somatic and germline mutations are biallelic.  Sequencing analysis of individual 
colonies containing both mutation loci shows three classes of clones, germline mutant 
alleles, wild-type alleles, and alleles carrying the somatic mutation that are wild-type 
for the germline mutation.  (D) Fragment analysis validates the somatic mutation in 
the lesion.  Normal control DNA shown all amplicons of predicted 252 bp length 
(blue peak).  The red size marker is at 250 bp, and the lesion-derived DNA shows 
products of WT length and those from the somatic mutant allele at 248 bp.  The 
mutant allele represents 11% of the total amplicons. (Figure modified from Akers AL, 
Johnson E, Steinberg GK, Zabramski JM, Marchuk DA. Biallelic Somatic and 
Germline Mutations in Cerebral Cavernous Malformations (CCM): Evidence for a Two-
Hit Mechanism for CCM Pathogenesis.  Hum Mol Genet. (2009) 18(5) 919-930. 
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In a second case, using lesion-derived DNA from sample 2009, the germline 

mutation was identified as the common Hispanic mutation.  Within this sample, a 

second-site somatic mutation was identified in exon eight of the CCM1 gene, at position 

c.1003G>T, resulting in premature termination (E335X).  Direct sequencing of the 

amplified product for exon eight does not reveal the somatic mutation (Figure 5).    

However, the somatic mutation is identified when individual clones were sequenced for 

each exon.  This somatic mutation is present in approximately 4% (3/50, 2/50, 2/54) of 

the total clones analyzed for this exon (Figure 5).  

This somatic mutation was identified near the edge of our threshold for detection 

(two or more of 48 clones sequenced), therefore, we chose to use an additional level of 

confirmation to validate that this sequence variant is indeed a bona fide somatic 

mutation.  For confirmation, we used a single-base extension assay, the SNaPshot assay 

(Applied Biosystems) to determine the sequence of thousands of PCR amplicons in a 

single reaction (Figure 5).  This primer extension assay interrogates the sequence at a 

specified variant site, with each allele identified with a different fluorescent tag.   

At the locus of this somatic mutation the wild-type sequence (G) is represented 

by a black peak and the mutant sequence (T) is shown with a green peak, with the size 

standard in orange.  Blood-derived DNA from an unaffected individual was used as a 

control in this assay to determine whether the putative somatic mutation occurs merely 

as a result of a PCR-induced error.  Results of this assay confirm that the somatic 

mutation is present only in the CCM tissue and not an unaffected control blood DNA 

(Figure 5).  By SNaPshot, the mutation is found in approximately 6% of the amplification 

products from the lesion-derived DNA.  The SNaPshot assay was replicated on products 

derived from lesional RNA.  Again, the presence of the somatic mutation is confirmed 

with the somatic mutation representing 24% of the total population of RNA-derived 
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products (Figure 5).   The higher abundance of somatic mutation in the RNA-derived 

sample may result because only cells within the lesion expressing the CCM1 transcript 

would contribute to the RNA pool, thus increasing the proportion of amplicons showing 

the mutation.   

RNA-derived products were also used to determine the allelic relationship of the 

germline and identified somatic mutation.  The genomic distance between these two 

mutation sites is prohibitively large such that they may not be amplified as a single 

amplicon at the genomic DNA level.  Therefore, to confirm that the somatic CCM1 

c.1003G>T, E335X (exon eight) mutation is biallelic to the germline CCM1 c.1363C>T, 

Q455X (exon ten) mutation, we performed reverse transcribed (RT)-PCR to amplify the 

region of CCM1 from lesion cDNA template to generate products that would contain 

both mutation loci.  As with the previous sample, sequence analysis of individually 

cloned amplicons reveals three categories of clones, those with the germline mutation, 

those that are fully wild-type, and clones that are wild-type at the germline mutation, 

and mutant at the site of the somatic mutation.  These results demonstrate that the 

somatic and germline mutations are biallelic as the somatic mutation was only observed 

in the context of the wild-type allele (Figure 5).  
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Figure 5: A biallelic somatic mutation identified in CCM1 sample 2009.  (A) Somatic 
mutation analysis identified a somatic mutation in CCM1 exon 8, c.1003G>T, E335X.  
Direct sequence analysis of lesion DNA shows only wild-type sequence.  Sequence of 
individual clones reveals both wild-type and somatic mutant sequences.  (B) The 
somatic mutation was identified multiple times in each of the three rounds of PCR.  
Replicates 1 and 2 used HiFi Platinum Taq Polymerase (Invitrogen), and replicate 3 
used HotStar Polymerase (Qiagen).  (C). The somatic mutation is validated using the 
SNaPshot Assay.  The wild-type allele in blue is present in all samples, whereas the 
somatic mutation in green (asterisk) is only present in the lesion-derived DNA or 
cDNA products.  Orange peaks are the size standard.  Allelic abundance is measured 
by peak area.  Somatic mutant alleles represent 6% of the DNA-derived fragments 
and 24% of the cDNA-derived fragments.  (D) The somatic and germline mutations 
are biallelic.  RT-PCR products containing both somatic and germline mutant loci 
were amplified, cloned and sequenced.  Sequencing analysis of individual colonies 
shows three classes of clones: germline mutant alleles, wild-type alleles, and alleles 
carrying the somatic mutation that are wild-type for the germline mutation. (Figure 
modified from Akers AL, Johnson E, Steinberg GK, Zabramski JM, Marchuk DA. 
Biallelic Somatic and Germline Mutations in Cerebral Cavernous Malformations 
(CCM): Evidence for a Two-Hit Mechanism for CCM Pathogenesis.  Hum Mol Genet. 
(2009) 18(5) 919-930.) 
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2.2.1.2 Cases with Germline Mutation of CCM2 

We focused our analysis of samples with a germline mutation in CCM2, on those 

that contained a large common deletion of the CCM2 gene encompassing nine of the ten 

coding exons (Figure 6).  This mutation is relatively common is it has been repeatedly 

identified in our North American CCM cohort and is readily screened for by a 

diagnostic PCR reaction spanning the deletion 21; 66.  In addition because the germline 

mutation deletes exons two through ten of the mutant allele, any somatic mutation 

identified in one of the deleted exons would by definition be biallelic to the germline 

mutation.   

Four lesion samples with the deletion mutation were analyzed for somatic 

mutation.  Of these, a somatic mutation was identified in sample 307-3911 21.  Using 

DNA isolated from the lesion a somatic nonsense mutation c.55C>T, R19X was 

identified in exon two of CCM2.  Direct sequence of bulk lesion derived DNA does not 

reveal the somatic mutation; however the somatic mutation is readily identified by 

sequence analysis of individual clones (Figure 6).  In four replicates of somatic mutation 

analysis using lesion DNA as a PCR template, 16% (4/48, 3/48, 14/51, 10/52) of the total 

clones displayed the somatic mutation (Figure 6).  In addition to the lesion sample, we 

also were able to collect blood from this patient.  Analysis of 48 clones of CCM2 exon 

two, from blood–derived DNA resulted in all clones showing wild-type sequence at the 

somatic mutation site, supporting the hypothesis that somatic mutations in CCM 

patients are specific to the lesion tissue.   

The somatic mutation is present on the wild-type allele because it resides within 

exon two of CCM2, and this exon is deleted from the germline mutant allele.  Therefore, 

the somatic nonsense mutation is biallelic to the germline deletion. 
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Figure 6: A biallelic somatic mutation is identified in CCM2 sample 307-3911. (A) The 
germline mutation is identified as a large deletion of the CCM2 gene encompassing 
exons 2-10 which is readily screened for using primers spanning the deleted region 
(arrows).  (B) Sample 3911 is heterozygous for the CCM2 2-10 deletion. A diagnostic 
PCR reaction shows the intermediate size band resulting from a PCR reaction which 
spans the 77 KB deletion 21; 66, and is not present in wild-type controls. The upper and 
lower PCR products are control reactions, each requiring one of the primers used to 
generate the middle sized band, that is a product spanning the deleted region 21; 66   (C)  
Somatic mutation analysis reveals a somatic mutation, c.55C>T, R19X in exon two of 
the CCM2 gene.  The somatic mutation is not readily apparent on a sequence tracing 
from bulk lesion.  Sequence from multiple clones containing exon two inserts reveals 
both wild-type and somatic mutant clones.  (D) The somatic mutation is present in 
multiple clones in each of three PCR replicates from bulk lesion tissue.  Using 
template DNA derived from histology slides, the third replicate also had multiple 
clones with the somatic mutation.   A different polymerase, Hotstar polymerase 
(Qiagen), was used for the final replicate.  The somatic mutation is not present in 
clones generated from leukocyte-derived template DNA. (Figure modified from 
Akers AL, Johnson E, Steinberg GK, Zabramski JM, Marchuk DA. Biallelic Somatic 
and Germline Mutations in Cerebral Cavernous Malformations (CCM): Evidence for a 
Two-Hit Mechanism for CCM Pathogenesis.  Hum Mol Genet. (2009) 18(5) 919-930.) 

 



 

32 

2.2.1.3 Cases with Germline Mutation of CCM3 

Three samples with germline mutation in the CCM3 gene were analyzed for 

somatic mutations.  A somatic mutation was identified in sample 283-4035 from a 

member of a family harboring a known splice altering germline mutation in CCM3, exon 

eight, c.474 +1G>A 55.  As expected, direct sequence analysis of bulk blood-derived DNA 

for the coding exons of CCM3 revealed this patient to also harbor the CCM3 germline 

mutation (Figure 7).   

We have identified a somatic mutation from lesion-derived DNA in exon six of 

CCM3 that is an insertion of a single adenosine, c.205-211insA.  This insertion results in a 

frameshift and premature termination of the CCM3 transcript.  Sequence of individual 

clones readily identifies the presence of this somatic mutation, although it is 

undetectable by direct sequence of bulk lesion-derived PCR products (Figure 7).  This 

somatic mutation was observed multiple times from each of three amplifications.  In 

total, 7% (3/50, 5/49, 4/88) of the clones from bulk lesion-derived DNA harbored the 

somatic mutation (Figure 7).   

The somatic mutation is an insertion of an adenosine in a string of seven 

adenosines.  Repeated units such as this can be prone to mutation by polymerase error, 

both in vitro and in vivo.  To confirm that this sequence alteration is a bona fide mutation 

present within the lesion tissue and not created during amplification due to polymerase 

error, we again chose to use a fragment size-based assay to analyze thousands of 

amplicons in a single reaction.  Using a high fidelity enzyme (PHusion™), we generated 

amplified products for exon six of CCM3 from lesion DNA and controls.  The wild-type 

sequence for this amplicon will result in a 74 base-pair fragment, and the somatic 

mutation insertion will increase the product size to 75 base-pairs.  Only the DNA 

isolated from the CCM lesion displays amplicons of 75 base-pairs.  Thus, only the lesion 
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4035 harbors this somatic mutation (Figure 7).  A matched blood DNA control does not 

display the somatic mutant 75 base-pair fragment.  Because this lesion sample was 

treated with formalin fixation, the derived DNA is of poor quality and prone to PCR 

induced errors.  To validate that the identified somatic mutation is bona fide, and not a 

result of a polymerase error induced by poor DNA quality of lesion-derived DNA, as a 

control for the fragment analysis we used DNA isolated from another lesion sample of 

similar quality (also formalin-fixed and paraffin embedded).  This sample showed only 

the 74 base pair wild-type allele.   Thus, the somatic mutation is not due to PCR error or 

poor quality DNA, but is a bona fide somatic mutation in CCM sample 4035.  

The allelic nature of this mutation as determined using RNA (cDNA) isolated 

from the lesion.  Because the germline mutation in this case disrupts normal splicing due 

to mutation of the canonical splice donor site in exon 8, the resulting mutant transcript 

would skip this exon and undergo nonsense-mediated decay.  We amplified RT-PCR 

products from the lesion-derived cDNA to contain both mutation sites in an amplicon 

spanning from exon six through nine.  Using these PCR products as template for the 

fragment analysis assay, the somatic mutation is observed in only full-length spliced 

transcripts containing exon 8, indicating it arose on the wild-type allele.  Furthermore, it 

was found only in RT-PCR products from the lesion 4035, and not in a control CCM 

lesion that does not contain this somatic mutation (Figure 7).   
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Figure 7: A biallelic somatic mutation is identified in CCM3 sample 283-4035.  (A)  
The germline mutation identified in blood-derived DNA is a splicing mutation in 
CCM3 exon eight, c.474 +1 G>A.  (B) Somatic mutation is an insertion of an A in exon 
six of CCM3, c.205-211insA.  The somatic mutation is not readily identifiable from 
direct sequence of bulk lesion-derived DNA, but is readily apparent in clond-derived 
seqeunces. (C) The somatic mutation is identified multiple times in each of three 
replicates. The final replicate is of Phusion-derived PCR products.  (D) The somatic 
mutation is validated by Fragment Analysis. Size standard marker at 75 base pair is in 
red.  Phusion-derived PCR fragments appear in blue.  The wild-type fragment 
product is 74 bp (Negative Ctrl), and the somatic mutation product is 75 bp in length 
(Positive Ctrl).  The lesion sample yields, two products, wildtype and mutant 
(asterisk) with the mutant allele representing 10% of the total amplicons. The larger 
fragment of the somatic mutation is not present in either matched blood for lesion 
sample 4035, or another unrelated CCM lesion sample that is WT at the site of the 
somatic mutation.  (E) A schematic of the germline and somatic mutant alleles.  (F) 
The somatic mutation is biallelic to the germline mutation.  Fragment analysis of a 
phusion-derived PCR product from lesion cDNA spanning exons six through nine of 
CCM3.  The somatic mutation (asterisk) is only present in the RT-PCR product from 
4035 lesion cDNA, not from a control CCM lesion. (Figure modified from Akers AL, 
Johnson E, Steinberg GK, Zabramski JM, Marchuk DA. Biallelic Somatic and 
Germline Mutations in Cerebral Cavernous Malformations (CCM): Evidence for a Two-
Hit Mechanism for CCM Pathogenesis.  Hum Mol Genet. (2009) 18(5) 919-930.)  
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2.2.2 CCM Endothelial Cells Harbor the Somatic Mutations Present in 
Lesion Tissue 
 

Expression studies at the transcript or protein level for the CCM genes have been 

variable and inconsistent.   In situ hybridization of adult mouse tissues shows expression 

of Ccm1 and Ccm2 largely restricted to neurons and epithelium with little, if any, 

expression in endothelium 67 68.  However, an antibody raised against a KRIT1 peptide 

shows expression in neurons, astrocytes, and vascular endothelium in human brain 69, 

and an antibody raised against the CCM2 protein shows a similar expression pattern33.  

Consistent with the neural and vascular expression observed in mice, mRNA of the 

zebrafish orthologs for CCM1 and CCM2 overlaps in the brain ventricular zone, 

containing neural progenitor cells, as well as the posterior cardinal vein 51. Furthermore, 

the necessity of these genes in the vasculature is exemplified as mice or zebrafish that 

are homozygous for a targeted mutation in Ccm1 or Ccm2 die at early embryonic stages 

with dramatic defects in vascular development 53; 51. Additionally, in situ hybridization 

data for all three CCM genes lend support to their expression in neuronal cell layers of 

the brain, cerebellum, and spinal cord, both in the embryo and adult life stages 32.  Thus, 

a significant amount of overlap in expression pattern has been shown for the three CCM 

genes.  However, the specific patterns of expression in the neurovascular unit are less 

clear.  In particular, the specific cell type that is responsible for seeding the development 

of the lesion has been unknown. 

We sought to determine the cell type responsible for lesion development by 

performing microdissection on the human lesion with identified germline and somatic 

mutations.  We hypothesized that loss of expression of one of the CCM genes within the 

endothelial cell component would lead to lesion genesis.  To test this hypothesis, we 

examined the somatic mutation status of cavernous endothelial cells as well as 
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interstitial tissue between the caverns in two lesions.  In both cases, only the endothelial 

cell component showed the presence of the somatic mutation (Figure 8).   

For sample 307-3911, with biallelic mutations in CCM2, we were able to use laser 

capture microscopy to further define the scope of somatic mutations in CCM lesions.  

We isolated two populations of cells, cavernous endothelial cells, and non-endothelial 

interstitial tissue located between neighboring caverns within the lesion (Figure 8).  

Endothelial, and non-endothelial tissue isolated from five serial section histology sides 

was pooled according to cell type and the resulting DNA was used for somatic mutation 

analysis.  Analysis of exon two of CCM2, which harbors the somatic mutation, in 48 

clones from the interstitial tissue of the lesion resulted in all clones showing wild-type 

sequence the somatic mutation site.  Conversely, the endothelial cell-derived DNA 

showed the somatic mutation in 16/53 (30%) of the clones (Figure 8).  Using the 

SNaPshot assay to quantify the fraction of mutant amplicons, we showed that the 

somatic mutation is present in 5% to 10% of the DNA isolated from bulk lesion.  

Different individual sections of the CCM lesion showed a reproducible fraction of 

mutant clones, however the fraction varied from section to section.  In contrast, the 

somatic mutation was present in 15% of the laser captured endothelial cell-derived DNA 

(Figure 8).  This suggests that the somatic mutation occurs within a subset of the 

endothelial cells lining the caverns within this late-stage CCM lesion.   

Lesion tissue of sufficient quality for histological analysis and laser capture 

microscopy was also available for lesion sample 283-4035, with biallelic mutations in 

CCM3.  Laser capture microscopy was performed on this sample to isolate endothelial 

and non-endothelial cell populations from within the lesion.  By fragment analysis, only 

DNA derived from the endothelial cells harbored the somatic mutation, the interstitial 

tissue yielded products of only wild-type size (Figure 8). 
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We have shown that endothelial cells are the cell type harboring somatic 

mutations within the CCM lesion tissue.  However, not every endothelial cell within the 

lesion shows the mutation. Three independent groups have corroborated these results.  

One group showed by immunohistochemistry that in human lesion tissue, expression of 

the CCM genes is completely lost within a subset cavernous endothelial cells compared 

to endothelial cells not associated with the CCM lesion70.   In another single case report 

the identification of a biallelic somatic mutation in a CCM1 germline mutation carrier, 

the somatic mutation was present in 27% to 42% of the cell population 64.  Interestingly, 

this observation is only true for the cell population at the interior of the lesion; cells near 

the outer edge of the lesion do not contain the somatic mutation.   

Another group used tissue specific knockout of the Ccm2 gene to demonstrate 

that mice which inherit one targeted mutant allele of Ccm2 and have the remaining allele 

mutated only in endothelial cells, thus demonstrating complete loss of CCM2 in the 

endothelial cell lineages, results in mice that die early in embryogenesis analogous to the 

full knockout mice.  In addition to our data, these studies confirm the requirement of 

CCM gene expression in the endothelial cells.  These data suggest that only a subset of 

endothelial cells are affected by the second-hit mutation. 

 

 

 

 

 

 

(Figure 8 modified from Akers AL, Johnson E, Steinberg GK, Zabramski JM, 
Marchuk DA. Biallelic Somatic and Germline Mutations in Cerebral Cavernous 
Malformations (CCM): Evidence for a Two-Hit Mechanism for CCM Pathogenesis.  
Hum Mol Genet. (2009) 18(5) 919-930.) 
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Figure 8: Somatic mutations are specifically located within lesional endothelium. Two 
lesion samples were further analyzed for cellular localization of the somatic mutation. 
Laser-capture microscopy isolated endothelial cells surrounding the caverns as well as 
interstitial (non-endothelial) lesion tissue for samples 307-3911 and 283-4035. (A) The 
somatic mutation in the CCM2 sample, 307-3911, was identified using endothelial 
cell-derived DNA as template.  The interstitial tissue-derived DNA clones were 
entirely wild-type.  (B-E) Representative laser-capture microscopy images: isolation of 
inter-cavernous control cells (sample 307-3911) (B. before LCM with targeted tissue 
outlined in black, C. after isolation) and endothelial cells surrounding blood-filled 
caverns (D. Before LCM with targeted EC’s outlined in black, E. After LCM.) (G) The 
location of the somatic mutation in the CCM3 sample, 283-4035, is identified using the 
SNapShot Assay.  Normal WT length fragments are 117 bp, and those with the 
somatic mutation (asterisk) are 118 bp in length.  From the laser captured tissue, only 
the endothelial cells and not the interstitial tissue harbor the somatic mutation.  13% 
of the endothelial cell derived amplicons carry the somatic mutation.   
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2.2.3 Allelic Silencing by Widespread Promoter Methylation is not a 
Common Mechanism for Second Hit Mutations in Familial CCM 

Our somatic mutation identification strategy was specifically designed to 

identify mutations that are readily apparent by DNA sequencing including single 

nucleotide changes and small insertions or deletions.  Using this approach we would 

miss altogether other types of second hits.  A classic mechanism for a second genetic hit 

in tumors is through loss of heterozygosity (LOH) resulting from large deletions, 

unbalanced translocations or mitotic recombination.  Identification of this type of second 

hit requires the ability to observe the loss of one allele of a linked heterozygous marker.  

In a relatively homogenous lesion sample, the loss one allele is readily apparent, either 

as complete loss of one allele (LOH), or more commonly, as a statistically significant 

imbalance in the ratio of the two alleles.  However, it becomes increasingly difficult to 

observe LOH with increasing amounts of cellular heterogeneity in the lesion tissue 65.  

Given the complex microanatomy and mixed cellular composition of CCM lesions, LOH 

would be very difficult, if not impossible to detect.   

Epigenetic modification by promoter methylation is another mechanism by 

which the wild-type allele may be silenced under the two-hit model 71.  We hypothesized 

that promoter methylation may be a likely mechanism for somatic mutations in CCM 

because each of the three CCM genes contain a moderate sized CpG island within their 

proximal promoter region (Figure 9). 

Alterations to promoter methylation are not readily identifiable by our strategy 

as it was employed above.  However, technical modifications to the protocol should 

allow for identification of any widespread hypermethylation events.  To modify our 

somatic mutation detection strategy we performed bisulfite-treatment to the lesion DNA 

to convert any unmethylated cytosines to thymine.  In subsequent amplification 
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reactions, any cytosine which was methylated will be protected from conversion, and 

resulting sequence will read as a cytosine72; 73. 

The process of bisulfite conversion causes fragmentation of template DNA, and a 

lot of DNA is required for the process.  According to the manufacturers protocol, 500 ng 

of template DNA is estimated to be sufficient for no more than five subsequent PCR 

reactions.  Because of our limited supply of lesion tissue, and because formalin fixation 

also is destructive to nucleic acids, we chose to perform all methylation analysis on 

lesion samples preserved by freezing.  This analysis was performed on four lesion 

samples, 4296, 4297, 4312, and 4309.  Three of the samples, 4296, 4297, and 4308 harbor 

the common deletion mutation encompassing exons two through ten of CCM2 as the 

germline mutation.  Sample 4309 is representative of the CCM3 class of lesion as it has a 

germline mutation affecting splicing in CCM3 exon 8, c454 +5 G>A55 (Table 1).  These 

four samples were chosen because they are frozen lesions of sufficient quantity, and 

because no sequence-identifiable somatic mutations were identified. 

Following the bisulfite conversion, we amplified the promoter region containing 

the CpG island and sequenced at least 40 clones for each island sample.  For the CCM3 

gene, the entire CpG island was analyzed as a single fragment.  However, four 

overlapping amplicons were required to cover the entire CpG locus.   

The conversion of unmethylated cytosines to thymines was nearly 100% 

complete, consistent with no widespread methylation in any of the samples.  

Representative data for sample 4297 is shown (Figure 9). 
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Table 1: Summary of human lesion samples and identified mutations 

 

For the CpG island in CCM2, four fragments containing 26, 34, 46, and 5 CG 

dinucleotides respectively, were amplified, cloned and sequenced.  For sample, 4297, no 

widespread methylation was detected.  Of the first 26 dinucleotides, none showed 

methylation in any of 45 clones analyzed.  In the second fragment, six out of forty clones 

showed possible methylation sites, six singletons, and one clone with two sites showing 

methyl-cytosine.  The third fragment, with 46 CG dinucleotides, is more then twice the 

length of the previous two; therefore, more PCR-induce errors would be expected with 

the additional length.  As predicted, nine clones, of 45, show single positions of methyl-

cytosine.  The final fragment, with 50 clones, revealed no methyl-cytosines.  Formally, it 

possible that methylation of a single specific cytosine may affect, for example, a 

transcription factor binding site, rendering it unrecognizable by its binding partner.  
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However, the more common mechanism for allelic silencing by methylation is due to 

methylation patters that spread throughout a significant portion of the CpG island.  No 

such widespread methylation was observed for any of the lesion samples analyzed, 

therefore, these results suggest that for inherited cases of CCM with germline mutation 

in CCM2 or CCM3, that allelic silencing by promoter methylation is not a common 

mechanism for second-site somatic mutation 

 

 

Figure 9: Hypermethylation of proximal promoter CpG islands is not a common 
mechanism for somatic mutation in CCM lesion samples.  (A) Each of the CCM genes 
contains a CpG island in the proximal promoter region (green boxes).  The CCM1 and 
CCM3 genes are orientated with the 5’ promoter on the right side of the graph.  (B) 
Representative methylation analysis data for sample 4297.  The CpG island region of 
CCM2 contains 111 CG dinuclotides, which were analyzed in 4 amplicons.  The first 
section showed no methylation at any CG dinucleotide.  In the second section, 6 
clones showed methylation at sites indicated in blue.  The third section showed nine 
clones with possible methylation sited, in blue.  And only one clone in the last section 
showed a single site of CpG methylation.  No clones were identified to show 
widespread methylation spreading. 
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2.2.4 Multiple Lesions in a Non-Familial Case: Evidence for a Somatic 
Mosaic Field Effect as the First-Hit Mutation  

Subsequent to our identification of biallelic somatic and germline mutations in 

familial cases of CCM, we sought to determine if the two-hit mechanism is also 

responsible for lesion genesis in other non-inherited forms of the disease.   Our group 

acquired a lesion sample from a female patient (sample number 4258) with an unusual 

presentation of CCM.  She shows no family history of the disease, and by sequence 

analysis, is negative for any germline mutation in the CCM genes.  These criteria should 

qualify this case as sporadic, however her lesion presentation suggests a familial case--

she currently has greater than 100 CCM lesions.  Interestingly, her lesions reside 

exclusively within only one hemisphere of the brain (Figure 10).  Based on these 

observations, we hypothesize that the first-hit mutation in this case is a somatic 

mutation which was acquired early in development such that it created a field effect and 

spread throughout the entire left hemisphere of the brain (Figure 10).   

 

 

Figure 10: Hemispheric specificity for lesion genesis: evidence for a developmental 
somatic mutation.  (A) MR scan of patient 4258 shows more than 100 CCM lesions, 
developed exclusively within the left cerebral hemisphere.  (B) Schematic for 
hypothesis for left hemisphere specificity due to the acquisition of an early 
developmental somatic mutation. 



 

44 

Despite the extraordinary number of lesions this patient suffers, she has only had 

surgery to remove a single lesion; therefore have access to the genetic material from only 

one of her many CCM lesions.  Post-surgical histopathology (Rochester Hospital) 

confirmed this lesion to be a cavernous malformation and we acquired the remaining 

formalin fixed, paraffin embedded tissue block for this sample, as well as a blood sample 

from this individual.  

We initially sought to determine whether this patient actually harbored a cryptic 

or de novo germline mutation that would be underlying the genetic predisposition for 

her lesion burden.  Sequence analysis of all three CCM genes from the blood-derived 

DNA for this patient revealed no obvious germline mutations.  However, one non-

synonymous amino acid substitution was identified in exon 11 of CCM1, c. 1436A>C, 

K479T.  To date, every reported mutation for CCM1 causes a loss-of-function mutation, 

thus the identified missense mutation is inconsistent with the allelic series of CCM 4; 5; 54; 

56; 64; 74-76.  Therefore we sought to determine if this amino acid substitution could generate 

a loss-of-function allele.  We hypothesized that if this missense change could be the 

disease-causing mutation it would cause loss-of-function through activation of a cryptic 

splice site and lead to creation of an alternate transcript.  However, we showed that this 

sequence variation does not affect splicing because amplification of a reverse-transcribed 

product inclusive of the missense change and spanning from exons 10 to 14 shows only 

the wild-type transcript.  Thus, we concluded that the missense has no adverse affect on 

splicing, and is therefore not the disease-causing mutation. 

Another potential mutational mechanism that would not be identified by direct 

sequence analysis is that of a large deletion.  Large germline deletions are a common 

mechanism for CCM gene mutation 21.  Multiplex Ligation-dependent Probe Analysis 

(MLPA) combines multiplex PCR with fluorescently labeled fragment size measurement 
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to efficiently detect large genomic deletions.  Two probe sets available through MRC-

Holland, 130 and 131, cover all the exons for the three CCM genes.  MLPA results for 

each exon, allelic abundance represented by peak area.  A deleted exon will show a 50% 

reduction in peak area relative to a wild-type control.  By MLPA, no germline deletions 

of any CCM gene were identified, representative data shown below (Figure 11).  Sample 

5030 was used as a control; it was previously identified with a deletion of CCM1 

including exons two through 16.  Reduced peak areas are shown in sample 5030, relative 

to the patient 4258, which is wild-type for germline deletions. 

 

Figure 11: Multiplex Ligation-Probe Amplification (MLPA) of 4258 constitutional 
DNA shows no germline deletion in the CCM genes. Representative data shown (A) 
probe set 130 (B) 131.  No germline deletion of any CCM gene identified in sample 
4258.  Sample 5030 shows a deletion of exons 2-16 (*).   
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Based on these data, we hypothesized that the first-hit mutation in this case is 

not a germline mutation, but instead is a somatic mutation that occurred early in 

development within a progenitor cell that through division and differentiation gave rise 

to at least the left hemisphere of the brain thus creating a field-effect and a mutational 

background for CCM lesion genesis.  To test this hypothesis, we looked for sequence 

variation between the blood and lesion-derived DNAs from this patient.  A comparison 

of nucleotide sequence for the coding exons of CCM1 revealed a striking difference: 

single nucleotide polymorphisms (SNPs); those which were heterozygous in the blood, 

showed homozygosity within the tissue.  This apparent loss of heterozygosity spread 

from exons eleven through fourteen, and is defined at borders residing within introns 

seven and fourteen where heterozygosity is observed in both samples (Figure 12).  At 

minimum, the deleted region includes 15 KB of sequence and four coding exons, and at 

maximum the deleted region may contain 29 KB of sequence, and seven coding exons.   

 

 

 

Figure 12: A developmental somatic deletion encompassing 15-29 KB of the CCM1 
gene is specific to lesion-derived DNA.  SNPs showing loss of heterozygosity in 
lesion-derived DNA are marked in red from exon 11 through intron 14 and provide 
evidence for a large deletion in the CCM1 gene.  SNPs showing heterozygosity in 
both the lesion and blood-derived DNA are marked in green. [Stephanie Li] 
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Additionally, these data support the previous statement that the amino acid 

change, K479T is not the underlying germline mutation.  In the lesion-derived DNA the 

missense allele is the allele that is lost due to the deletion.  If the K479T substitution were 

the germline mutation, under the two-hit hypothesis one would expect to see loss of the 

wild-type allele, resulting in two mutant copies of the gene.  

To determine the extent of this first-hit somatic mutation; we sought to 

investigate the mutation status of other tissues from this patient.  We hypothesized that 

the somatic first-hit mutation may have occurred as early in development as the 

establishment of the left and right hemispheres.  To test this hypothesis, we obtained 

tissue samples through non-invasive methods; we extracted left and right buccal cells, 

and hair samples from each side of the patient’s head and eyebrows.  We looked for loss 

of heterozygosity in these tissues by amplifying CCM1 exon 11 and sequencing for the 

variant, K479T.  All of the tissue samples showed heterozygosity at the loci.  These data 

demonstrate that the somatic mutation occurred subsequent to left-right axis patterning 

and/or it is not present in ectodermal derived tissues.    

Based on these data, we conclude that the first-hit mutation in this case is a large 

deletion in the CCM1 gene which deletes at least coding exons eleven through fourteen.  

This mutational event is likely seeded by recombination between similar Alu repeat 

elements within the CCM1 introns.  Alu repeats commonly are the trigger for deletion 

mutations, and have been shown to be the cause of the common 77 kb deletion 

indentified in a number of CCM2 families 21. 

Subsequent to the identification of this unconventional first-hit mutation, we 

sought to identify the second-hit using our somatic mutation detection strategy.  As 

described for the familial cases above, each of the coding exons of the CCM1 gene were 

amplified, subcloned, and at least 42 insert positive colonies were sequenced for each 



 

48 

exon.  Using this strategy we were unable to positively validate the presence of a 

second-site somatic mutation.  We also attempted MLPA on this lesion sample to 

determine if the second-hit is also a large deletion, however the poor DNA quality 

generated inconsistent results even with internal control regions.  

Multiple putative, but unconfirmed mutations were identified.  A premature 

termination codon was identified in exon six in three out of 36 clones in the first round 

of amplification.  However repeat amplification, cloning and deep sequencing of more 

than 90 additional clones, failed to replicate this putative somatic mutation.  

Additionally, four putative single base insertions or deletions, and two nonsense 

mutations were identified, each as singletons in the first round amplification.  To 

determine if these were bona fide mutations, simply present in a low frequency, we re-

amplified, and sequenced more than 90 clones for each exon.  None of the putative 

somatic mutations were validated.  The possibility remains that in this case one of the 

un-validated putative somatic mutations is a bona fide mutation that is present in only a 

very low percentage of lesion cells, or that another mutational mechanism caused the 

somatic mutation.  The destructive nature of formalin fixation, in combination with an 

extremely limiting quantity of lesion tissue, may have inhibited our ability to accurately 

define and validate the somatic mutation in this interesting case. 
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2.2.5 Multiple Lesions in Familial Cases 

We have shown that in familial cases individual CCM lesions harbor somatic 

mutations biallelic to the underlying germline mutation.  We hypothesize that in cases 

with multiple lesions, each lesion arises as a result of independent somatic mutations.  

That is, we would expect to identify unique somatic mutations in each lesion analyzed.  

This hypothesis is difficult to address given the invasive nature of the surgery required 

to remove CCM lesions, surgical excision may not necessarily represent the best 

treatment option for many patients.  Additionally, most patients who have a lesion 

resected rarely undergo additional surgeries.  Therefore, procurement of tissue from 

independent lesions form a single individual is extremely rare.  We were able to obtain 

samples from one such rare case where multiple lesions were resected; one from the 

spinal region and the other is a cerebral lesion.   

In this case, the germline mutation is in the CCM2 gene at c.30G>A, this change 

of the last base of the first exon results in a splicing error and degradation of the mutant 

message6.  Coding exons two through ten for the CCM2 gene were amplified, subcloned 

and insert positive clones were sequenced for each exon from both lesions.  Both of these 

lesion samples were formalin fixed paraffin embedded, which resulted in an increased 

polymerase error rate that prohibited us from distinguishing between PCR-induced 

errors and bona fide somatic mutations.   

We analyzed the cerebral lesion (at least 45 clones for each exon) and found no 

mutations.  We hypothesized this may be due to the microanatomy and architecture of 

the lesion structure: if we analyzed DNA derived from a region of the lesion containing 

predominantly feeding and/or draining vessels and only very few caverns, this region 

would be less likely to harbor any somatic mutations.  To account for this possibility, we 

repeated the entire analysis of multiple clones for each exon using DNA derived from a 
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region of the lesion interior.  We identified a putative somatic mutations in exon 6 of 

CCM2 as -2G>A splicing error.  This change was identified in three out of 54 clones, 

though it was not detected in multiple rounds of PCR amplification and sequencing.  

Therefore, again, no sequence variant was identified as bona fide a somatic mutation. 

Turning to the spinal lesion sample, of which we acquired a small amount of 

fixed tissue, we identified putative somatic mutations that were not validated in 

subsequent rounds of amplification.  For example, a splice acceptor site mutation was 

identified in the -2 position for exon seven, which changed the canonical AG acceptor 

site to GG.  This change was identified in 21 out of 42 clones in the initial amplification.  

However, repeated rounds of amplification, cloning, and sequencing failed to validate 

this change as a somatic mutation.  Additionally, for these cases, it is important to 

mention that exon one of the CCM2 gene was not analyzed for somatic mutations 

because the GC rich nature of the locus prohibited efficient cloning.  Therefore the 

possibility remains that somatic mutations might be identified within this exon.   

While the results of this study are inconclusive because no sequence variants 

were identified as somatic mutations, the possibility remains that these lesions do harbor 

somatic mutations that are undetectable by our system, such as loss of heterozygosity, 

and epigenetic modifications discussed elsewhere.  These samples were not analyzed for 

methylation status as described above because the quality and quantity of the DNA was 

insufficient for such analysis.  As they become available, analysis of additional, new 

cases multiple lesions will be analyzed to determine if independent somatic mutations 

are responsible for genesis of multiple lesions. 
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2.2.6 An Aggressive Lesion Requiring Multiple Surgeries Displays the 
Previously Identified Somatic Mutation at a Reduced Frequency: 
Evidence for Additional Mutational Events 

A critical component to understanding disease progression and the pathobiology 

of CCM lesions is to determine the mutagenic state of aggressive lesions.  Aggressive 

lesions are those that show rapid growth rates, and re-growth following surgical 

excision.  The lesion described above with biallelic germline and somatic mutations in 

CCM3 is an example aggressive lesion.  The somatic mutation identified, CCM3 c.205-

211insA, was found in a lesion sample from the first surgical excision.  Recently, a 

second surgery was required to remove a re-growth of this lesion, and we obtained a 

sample of the lesion tissue.   

To determine whether this re-grown lesion contains the same somatic mutation 

described in the original sample, we used a fragment analysis assay to detect presence of 

the insertional somatic mutation.  To account for position effects within the lesion, DNA 

was prepared from three distinct sections of the sample.  Following PCR amplification of 

the three new DNA samples, A, B, and C, from the re-grown lesion, as well as from the 

original lesion sample, 4035, and a wild-type control DNA, fragment analysis revealed 

that the somatic mutation, CCM3 c.205-211insA, is present in the re-grown lesion 

sample.  Interestingly however, the somatic mutation is present at a markedly reduced 

frequency in the re-grown lesion sample.  In the original sample, the somatic mutation 

was detected in 7% of the alleles sampled, but in the re-grown sample it was detected in 

only 1% of the total alleles (Figure 13).  These results suggest that the re-growth of this 

lesion is not entirely dependent upon the original somatic mutation.  It is possible that 

another somatic mutation occurred within the endothelium of this lesion and initiated 

the re-growth and/or that hemodynamic factors and inflammation may have 

contributed to the aggressive phenotype.   
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Figure 13: Regrowth of an aggressive lesion, 4035, shows a reduced frequency of the 
original somatic mutation.  Fragment Analysis of the original lesion sample, 
quantified the presence of the somatic mutation  (118 bp) at 7% of the total alleles.  
Wild-type alleles shown at 117 bp.  Three independent sections, A-C, of the regrown 
lesion show a reduced frequency of the original mutation, 1% of the total alleles.   

 

 

 

 

 

 

 



 

53 

2.3 Summary and Discussion  

We have shown that somatic mutations are present in all forms of inherited 

CCM, though we were unable to detect somatic mutations in each sample examined.  

We suggest that the architecture and microanatomy of the CCM lesion can affect the 

ability to detect somatic mutations.  Tissue heterogeneity can cause problems with 

somatic mutation detection for solid tumors 65, and also pose similar problems with the 

CCM lesion which is comprised of multiple cell and tissue types.  In addition to vascular 

components, the bulk lesion contains intervening connective tissue and blood.  

Additionally, since the lesion is itself a vascular structure, it can be difficult to 

distinguish the vasculature of the lesion proper from feeding and draining vessels.  Any 

given section through the surgically resected lesion may contain different fractions of 

cells harboring the somatic mutation.  Some sections might contain more interstitial 

tissue, fewer caverns, more blood, or a part of the lesion consisting primarily of feeding 

or draining vessels.  This problem is especially relevant for cases where histology slides 

are the only source of tissue available, since the slides represent a single slice through 

the lesion.  In support of this contention, we have observed that different DNA 

preparation isolated from different regions of the same CCM lesion result in an apparent 

difference in the frequency of the somatic mutation.  In extreme cases, the fraction of 

clones exhibiting a somatic mutation might fall below the threshold for initial detection.   

We chose to sequence 48 clones for each exon since two exons could be 

completed in a 96-well microtiter plate.  Using this number of clones, power calculations 

showed that we have 95% power to observe a mutation in more than one clone if 20% of 

the alleles harbored the mutation.  However, power to detect a mutation decreases 

markedly as the number of alleles harboring the mutation falls below the 20% level.  

While in one case we were able to identify a somatic mutation that was present in only 
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6% of the alleles sampled, it is more likely that we would miss mutations that are 

present at such low levels in the section of the lesion that was analyzed.  

We have also noted that the quality of the tissue sample can have profound 

effects on the ability to identify a somatic mutation.  Surgically resected tissue that was 

immediately frozen provided genomic DNA that amplified very well and in general 

showed the fewest singleton changes and other PCR-induced errors.  However, repeated 

freeze-thaw cycles of some lesion samples compromised the structure of the lesion and 

inhibited our ability to perform histology.  By contrast, formalin-fixed paraffin-

embedded tissue samples contained DNA that was more difficult to amplify, and 

usually showed a higher frequency of random nucleotide changes.   Both singletons and 

even multiple clone changes were detected in formalin fixed tissue, none of which could 

be validated through multiple rounds of amplification, cloning, and sequencing.  The 

fixation process can destroy the integrity of the DNA, and result in sequence changes 

that are indistinguishable from PCR-error.     

Another potential two-hit mechanism would be the development of a somatic 

mutation in a gene other than that which harbors the germline mutation.  For CCM, one 

of the other CCM genes might make attractive candidates for a second-hit in samples 

that where we did not identify a somatic mutation.  The concept of trans-heterozygosity 

as a two-hit mechanism has precedence in autosomal dominant polycystic kidney 

disease. Polycystic kidney disease (PKD) has been shown to follow the two-hit 

mechanism for pathogenesis.  PKD cysts may arise due to inheritance of a mutated copy 

of PKD1 or PKD2 followed by a second hit to the germline mutation 77; 78.  The cysts 

sometimes instead show trans-heterozygous germline and somatic mutations, one in 

each of the two PKD genes 77; 78.  For CCM however, our mouse models of argue against 

trans-heterozygosity. We have crossed the Ccm1 and Ccm2 lines to create mice that are 
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doubly heterozygous for both germline mutations. Our human studies suggest that the 

somatic mutation is only required in a subset of the lesional endothelial cells, however 

these animals are trans-heterozygous in all cells and tissues, and yet they do not develop 

CCM lesions.  In light of this observation, we do not favor trans-heterozygosity as a 

mechanism for the second genetic hit for CCM.   

The two-hit mechanism for disease pathogenesis was originally described for 

tumor suppressor genes and inherited cancers.  However, in recent years the two-hit 

mechanism underlying disease pathogenesis has also emerged for non-malignant 

diseases such as PKD 77; 78.  The two-hit genetic mechanism has also been implicated as 

the underlying mechanism for the development of venous79 and glomuvenous 

malformations 80; 81. CCM may follow a similar mechanism of pathogenesis.  The second-

hit of the wild-type allele might initiate both the proliferative and remodeling 

capabilities of neighboring endothelial cells to result in the genesis of multicavernous 

CCM lesions.  

All three CCM genes have been shown by in situ and immunohistochemical 

studies to be expressed in a variety of cell types within the brain, including neurons, 

astrocytes, and vascular endothelium.   Although these studies have shown some 

inconsistencies in expression pattern, all agree that all three CCM transcripts/proteins 

are robustly expressed in the neurons 32; 33; 67-69; 82; 83.  These collective observations 

suggested that CCM pathogenesis might be primarily due to a neural defect.  However, 

we have shown here that the somatic mutations in CCM tissue are present only in the 

endothelial cells lining the caverns of the lesion.  Regardless of the role of these proteins 

in other cell types, this observation strongly supports an important role of the CCM 

proteins in the vascular endothelium for the maintenance of normal vessel integrity.   
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A group also studying CCM pathogenesis recently replicated our genetic results 

using immunohistochemistry.  This group investigated the expression of the CCM gene 

products within CCM lesion tissue. Their results show for cases with a germline 

mutation in CCM1, there is a complete loss of expression for KRIT1 in a subset of 

lesional endothelial cells, while expression of malcavernin and PDCD10 were normal70.  

Similar results were observed for cases with germline mutation in CCM2 and CCM3.  

Determination of function of the CCM gene products in endothelial cells is and area of 

active investigation.  A critical role for the CCM proteins in the vascular endothelium is 

also supported by biochemical studies which demonstrate that KRIT1 is localized to 

endothelial cell junctions, and is responsible for maintenance and stabilization of the 

integrity of tight junctions 26. Additionally a significant role of the CCM1 and CCM2 gene 

products in the endothelial cell is supported by developmental studies of the null 

phenotypes in mice 49; 53 and zebrafish (santa and valentine, CCM1 and CCM2 

respectively) 51; 84, which exhibit primarily vascular (or cardiovascular) phenotypes.   

Our data also supports existing clinical and histological data showing that CCM 

lesions exhibit characteristics of both vascular tumors and vascular malformations.  

These lesions appear to grow as a result of both remodeling of the existing vasculature 

and proliferation of the lesion endothelial cells.  The three forms of CCM follow the two-

hit mechanism of pathogenesis, suggesting that the CCM genes also show characteristics 

of tumor suppressor genes.   Loss of both copies of the gene may explain some of the 

proliferative capacity in the endothelial component 85-87.  However, loss of both copies 

also appears to initiate other pathogenic mechanisms including vascular remodeling 58; 59 

and changes in vascular permeability due to loss of tight junctions 3; 15.    Further analysis 

of these genes and gene products in normal vascular growth will shed further light on 

the distinct roles of the CCM genes in vascular biology and in the pathogenesis of CCM. 
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2.4 Future Directions  

2.4.1 Investigation of the Molecular Mechanism for Sporadic Cases  

While we have defined the mechanism for familial cases of CCM as following the 

two-hit model, this model was not tested for sporadic cases.  For sporadic cases, we may 

use the same strategy of cloning and sequencing individual exons.  However, each CCM 

gene may need to be sequenced in this fashion because no germline mutation is present.  

One must identify two biallelic somatic mutations within the lesion tissue to 

demonstrate the two-hit mechanism for sporadic CCM.  Providing genetic evidence that 

sporadic lesions follow the same mechanism as the inherited counterparts would 

solidify the view in the field that the sporadic and inherited cases both result from 

disruption of the same genetic and biochemical pathways, an therefore may be 

medically treated in the same manner. 

2.4.2 Multicavernous Lesions: Investigation of the Role of Somatic 
Mutations in Individual Caverns 

The mechanism by which multiple caverns develop within a late-stage CCM 

lesion remains elusive.  To determine the extent to which the instigating somatic 

mutation ranges through the lesion, I propose to microdissect individual caverns from a 

lesion with a known somatic mutation, and to query DNA sample from those pools for 

presence of the somatic mutation.  If the second-hit mutation causes gross proliferation 

of the endothelial cells and is one of the only factors involved in lesion growth, then we 

would expect to see the same somatic mutation equally represented among each of the 

caverns.  However, if external, non-genetic factors, or additional somatic mutations, are 

required for multiple caverns to develop, then we would predict that the somatic 

mutation to be present in one or only a subset of the caverns. 
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2.5 Materials and Methods  

Study Subjects and Germline Mutation Analysis 

CCM Lesion Samples with Germline mutation in CCM1: 

From a cohort of 52 de-identified archived lesion samples, we prepared DNA 

from each lesion. Using standard direct sequencing techniques to sequence amplified 

exon products for CCM1 exon 10, thirty lesion samples were specifically screened for the 

common Hispanic mutation (CCM1 c.1363C>T, Q455X).  Eight of the lesions harbored 

this germline mutation.  We performed somatic mutation analysis on two lesions, 2009 

and 2049, each with the germline mutation in the CCM1 gene.  These two samples were 

flash frozen following surgery.   No matched blood samples were available for these 

tissues.   

The lesion samples with germline mutations in both CCM2 and CCM3 were 

obtained after receipt of informed consent, and DNA was prepared from these samples 

through use of standard methods.   

 

CCM Lesion Samples with Germline mutation in CCM2: 

Sample 362-4286 was received as paraffin embedded formalin fixed slides, no 

matched blood was available.  Samples 4296, 4297, and 4312 were obtained as frozen 

samples.  DNA was prepared directly from these lesions and we identified the germline 

mutation to be a common deletion in CCM2 encompassing exons two through ten.  Thus 

mutation is readily identified with a PCR reaction to amplify across the deleted region 66.  

Sample 307-3911 is also a frozen lesion sample which also carried the common CCM2 2-

10 deletion as the germline mutation.  This tissue sample was collected with matched 

blood and the germline mutation was identified using leukocyte-derived DNA 21.    
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CCM Lesion Samples with Germline Mutation in CCM3: 

Blood and lesion tissue was available for all of the CCM3 samples.  We acquired 

formalin-fixed paraffin-embedded slides for lesion samples 180-3933 55 and 283-4035, 

while sample 162-4309 55 is a frozen lesion sample.  The germline mutation for each of 

the CCM3 cases was determined by sequence analysis of leukocyte-derived DNA.  The 

germline mutation for 180-3933 is CCM3 c.608T>G, L203X, for 283-4035 is CCM3 c.474 

+1G>A, and for 162-4309 is CCM3 c.474 +5G>A.   

 

Somatic Mutation Analysis 

Because two of the ten CCM lesion samples used in this study were de-identified 

archived surgical specimens, we first had to identify whether the lesion derives from an 

inherited case, defined the presence of a heterozygous germline mutation.  However, for 

other lesions, blood was not available.  In these cases (2009 and 2049), we identified the 

germline mutation directly from the lesion tissue.  Any germline mutation will be 

present in any tissue in the appropriate Mendelian frequency for autosomal dominant 

disease, eg. 50% of the total alleles. 

Following identification of the germline mutation we looked for somatic 

mutations in the CCM gene which harbors the germline mutation.  In accord with the 

two-hit hypothesis were sought to identify somatic mutations that are biallelic to the 

germline mutation.  (Primer sequences in Supplemental Table 1)  For cases of CCM1 and 

CCM3, we looked for somatic mutations in each coding exon.  For CCM2 we looked for 

somatic mutations in exons two through ten, and alternatively spliced exon 1B, as all of 

these exons are deleted as part of the germline deletion mutation.  Any sequence from 

these exons would, by definition, be derived from the wild type allele.  The strategy 

utilized standard sequencing techniques modified by an intermediate cloning step.  
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Briefly we used a high fidelity Taq-derived polymerase to amplify each of the exons for 

the gene of interest from lesion-derived DNA.  The resulting product was subsequently 

ligated into a T-A cloning vector, p-Gem T-Easy (Promega), following the 

manufacturer’s protocol, overnight at 4° C.  To generate PCR products that contained 

minimal polymerase-induced errors, and that also allowed for non-template directed A-

tailing of products, we used Platinum Taq Hi-Fidelity (Invitrogen) or Hotstar 

polymerase (Qiagen) for exon amplification.  The first two replicates for any given exon 

were amplified with the Invitrogen Taq polymerase, and the third confirmatory 

amplification used the Qiagen polymerase to control for polymerase specific errors.  

Amplification products generated by either of these polymerases were directly ligated 

into the p-Gem vector.  In one case, for the third replicate for 4035 CCM3 exon six, we 

amplified using Phusion™ High-Fidelity DNA Polymerase, (Finnzymes) which 

generated blunt-ended products.  These PCR fragments were purified using the High 

Pure PCR Product Purification Kit (Roche) and then were A-Tailed prior to ligation by 

Taq polymerase during a 30 minute incubation with 10 mM dATP, 1X PCR buffer and 

5U Taq polymerase.   

Ligated plasmids were transformed into competent DH5α E. coli and plated 

overnight on LB plates with ampicillin, X-Gal, and IPTG.   Using blue-white screening 

we picked 48 white insert-positive colonies for use as template in a colony-PCR reaction.  

Each sequenced clone represents a single allele, enabling identification of sequence 

changes that may be in low abundance within the lesion tissue. We attempted to 

sequence the exon product of 48 insert-positive colonies, each representing a single PCR 

amplicons and to be used as template in a colony PCR reaction.  For the colony PCR we 

used vector specific primers SP6 5’-ATTTAGGTGACACTATAG, and T7 5’-

TAATACGACTCACTATAGGG.  Again, a high fidelity polymerase, Platinum Taq 
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HiFidelity (Invitrogen) was used and each PCR product was sequenced using BigDye® 

Terminator v1.1 cycle sequencing kit (Applied Biosystems) and an ABI 3730 DNA 

Sequencer.  Sequencing of 48 clones for each exon provides us the power to detect any 

somatic mutation, as a sequence variant in two or more clones, which is present in at 

least 20% of the amplicons, with 95% confidence.   

Due to cloning or sequencing failures, sometimes the numbers of sequenced 

clones was less than 48.  When this number was substantially less than 48 (i.e., 40 insert 

positive clones or fewer), we sequenced additional clones from the same amplification.  

At this point we included enough clones to ensure that we would hit at least 48 clones.  

Thus, the final number for any given analysis stage did not always equal 48, and in some 

cases was slightly more. 

Three rounds of amplification, cloning and sequencing were performed for any 

sequence variant that was observed in more than one clone.  In the second round of 

amplification we used the same polymerase as the first, and if the sequence change was 

observed again in multiple clones, we proceed to a third round of amplification which 

used a different high fidelity polymerase.  This change of polymerase was done to 

validate the somatic mutation is a bona fide mutation, and not due to a polymerase 

specific error.  Only bona fide somatic mutations were observed in all three rounds of 

PCR.  Polymerase errors were typically seen as single clone changes, and were not 

replicated in multiple rounds of amplification.   

 

SNapShot® Assay 

For confirmation of the somatic mutation in samples 2009 and 307-3911 we used 

a single base extension assay, the SNaPshot® Multiplex System (Applied Biosystems).  

For sample 2009 we amplified exon eight of CCM1 from the lesion DNA, and exons 
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seven through eleven from the lesion cDNA as described below, and for 307-3911 we 

amplified CCM2 exon 2.  PCR products were treated with 1 U exonuclease I (New 

England Biolabs) and 1 U of Shrimp Alkaline Phosphatase (SAP) (Promega).  The 

somatic mutation was labeled green in both cases and the wild type allele was labeled 

black for 2009, and blue for 307-3911 following the SNaPshot reaction which included 

the treated PCR product, 2.5 mL of the premix from the ABI PRISM® SNaPshot® 

Multiplex Kit, 2uM primer 5’-TAACAATATGCGAGTGGCCT (Sample 2009) or 5’- 

CTCTTTTCACCTTTTAGGAATACTC (Sample 307-3911), 1X PCR buffer, 0.5mM 

MgCl2.  Cycling conditions were as follows: Forty cycles of 95°C for 10s, 50°C for 5s, and 

60°C for 30s.  These products were phosphatase treated with 1 U of SAP prior to running 

on an ABI 3130 sequencer and analyzed with GeneMapper® Software Version 4.0.   

 

Fragment Analysis 

The presence of the four base deletion somatic mutation in sample 2049 was 

validated by a fragment analysis assay.  Using primers 5’- 6FAM-

TTCGTTACGTAAGTTATCGTTTCTTG and  5’- CTACCAACCCACTCCCAAAA we 

amplified a 252 bp fragment of CCM1 containing the somatic mutation site.  The 

presence of the somatic mutation shifts that fragment size to 248 bp, detected as 

described below. 

The presence of the single base insertion somatic mutation in sample 4035 was 

validated by a fragment analysis assay.  For the fragment analysis, PCR products for 

exon six of CCM3 were amplified using one fluorescently-labeled primer, 6-FAM- 

CTCACACAAGACATCATTATG, and one unlabeled primer 5’-

CCATACGAAGAAGGGACTCC or 5’-AAACAAGGTTCTTCTGTCCGTTA.  The 

resulting Phusion™ PCR products were resuspended in formamide (Applied 
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Biosystems) with Rox 350 size standards (Applied Biosystems) and were characterized 

on an ABI 3130 sequencer.  Subsequent analysis of fragment sizes was performed using 

GeneMapper® Software Version 4.0.    Positive and negative controls were colony PCR 

products from clones with sequence showing either wild-type (negative control) or the 

somatic mutant (positive control) sequence.   

 

cDNA Synthesis and RT-PCR 

For RT-PCR reactions, total RNA was isolated from frozen lesions using the 

TRIzol® reagent (Invitrogen) and manufacturer’s protocol.  From, formalin fixed, 

paraffin embedded tissues, total RNA was isolated using the PureLink™ FFPE Total 

RNA isolation kit (Invitrogen) and manufacturer’s protocol.  First strand cDNA 

synthesis was performed using iScript reverse transcriptase (BioRad), and the resulting 

products were used as the template for RT-PCR.  The PCR product containing CCM1 

exons seven through eleven was generated with the following primers:  

Exon 7 RT Forward 5’-CAGAATTACTAAGCCGTCTTCTCA  

Exon 11 RT Reverse 5’-GGATCCAGATTAGTCAATTCAGC 

The following primers were used to amplify exons six through nine of CCM3: 

Exon 6 RT Forward 5’- TCCAGGTCTCACACAAGACATC 

Exon 9 RT Reverse 5’- CTTTCTTTTGGTGTTCAAGTGC 

 

Laser Capture Microscopy 

Endothelial cells and interstitial control tissue was isolated from CCM pathology 

slides by laser capture microscopy.  Cellular populations were isolated from five 17 µM 

frozen sections for sample 307-3911, and from three thin paraffin sections for sample 

283-4035 using the infrared laser on a Veritas Microdissection system by Arcturus.  On 
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average, laser settings were as follows: 70 mW Power, pulse time 5500 sec, intensity of 

180 mV, and spot size of 33.6 mM.  Tissue samples were collected on Arcturus CapSure 

Macro LCM Caps, and DNA was prepared using the QIAamp DNA micro Kit (Qiagen).  

Endothelial cell and control interstitial cell populations from each slide were pooled for 

DNA isolation.  Following manufactures protocol for the QIAmp DNA micro Kit, LCM 

DNA was purified and resuspended in 20-µL elution solution.  5 µL of the DNA solution 

was used for subsequent PCR reactions; to amplify CCM2 exon 2 prior to clonal analysis 

for case 3, or CCM3 exon 6 for fragment analysis in case 4.   

 

Multiplex Ligation-dependent Probe Amplification: 

The MLPA CCM test kit (SALSA P130 and P131) was obtained from MRC-

Holland.  The P130 probe mix contains MLPA probes for 8 of the 19 exons of CCM1 and 

for all ten exons of CCM2, with two probes for exon 2 of CCM2 and one probe located 

690 bp proximal to exon 1 of CCM1.  The P131 probe mix contains probes for an 

additional 9 of 19 exons of CCM1 and for eight of the nine exons of CCM3, with two 

probes for eson 1 of CCM3.  There are currently no probes to exons 3 and 6 of CCM1 and 

exon 8 of CCM3. 

MLPA was performed according to the protocol supplied, but use of 100-300 ng 

DNA per sample.  Volumes of all reactions were halved, except in the DNA 

denaturation step, when samples were diluted to 7µL with Tris-EDTA.  Samples were 

run on an ABI PRISM 3730, and the data were analyzed with GeneMapper version .5 

(Applied Biosystems).  Quantification of copy number was performed as recommended 

by MRC-Holland, by use of both visual inspection and normalized peak-area 

calculations.   
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Bisulfite treatment for Methylation Analysis: 

For bisulfite conversion of unmethylated cytosines to thymines, we used the EZ DNA 

Methylation Kit (ZYMO RESEARCH).  Following the manufacturers protocol I 

converted 500ng lesion-derived DNA in M-Dilution buffer using CT conversion reagent 

and incubated at 60° C overnight in the dark.  Converted DNA was purified using the 

Zymo-Spin™ IC Colum and eluted in 10 µL M-Elution Buffer.   2 µL of the eluted DNA 

was used for subsequent PCR amplification; 

 

The CpG island for CCM2 was amplified in four parts using the following primer sets: 

Set 1 Forward: 5’-GGATTTTTTGTGGTAGGGAATGG 

Set 1 Reverse: 5’-AAAACAACTCCAACTTTTTCAATTT 

Set 2 Forward: 5’-TAAATTGAAAAAGTTGGAGTTGTTT 

Set 2 Reverse: 5’-ATCCTCACTTTCAAACCCAAAAA 

Set 3 Forward: 5’-GGATTTTTTTGGGTTTGAAAGTG 

Set 3 Reverse: 5‘-AAAAACCCACCTAACCATTATCC 

Set 4 Forward: 5’-GGGGGTAGTGGGTTAGTTGG 

Set 4 Reverse: 5’-CACTTCCTCTACAACCCCAAATC 

 

The CpG island for CCM3 was amplified using the following primer set: 

 Forward: 5’-TTTATTTAGAGGAGATTTTTTGGAGG 

Reverse:  5’-TTAACTAAAAATATCACCACCCAT 
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3.  

 

Investigation of the Two-Hit Mechanism in 
Genetically Sensitized Mouse Models                   

for Cerebral Cavernous                          
Malformations 

 

 

 The neural predilection for CCM lesions restricts the accessibility of human 

tissue samples to autopsy- or surgically-resected specimens.  Because these are very 

limited resources, and multiple samples from individuals are rarely obtained, the study 

of lesion progression in human patients is limited to non-invasive techniques including 

magnetic resonance imaging (MRI).  Dilated vessels, which we hypothesize are early 

lesions, are rarely, if ever, removed from human patients and consequently this category 

of early precursor lesion is not available for study.  The rationale for creation of a robust 

animal model is to enable investigation of these early stage lesions, follow lesion 

progression, and also provide a tool for future therapeutic studies.  We sought to 

generate a robust mouse model through validation of the model using p53 as the 

sensitizer for our mutant Ccm1 and Ccm2 alleles, and also through the creation of a new 

generation of mouse model using deficiency for the mismatch repair gene, Msh2, as a 

genetic sensitizer.  Using these mice, and MRI technology we are able to identify and 

follow the progression of CCM lesions beginning from the earliest stages of dilated 

precursor vessels.   
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3.1 Introduction/Rationale 

We engineered mutant alleles for the mouse orthologs of both Ccm1 and Ccm2, 

and we have generated mouse lines which carry the mutant alleles in the heterozygous 

state 53; 68.  In the human disease, familial cases of CCM are transmitted in an autosomal 

dominant fashion, thus CCM patients carry one germline mutant allele and no germline 

homozygous mutant patients have been identified.  Therefore the most biologically 

relevant genotype to investigate in mice is that which is heterozygous at the CCM gene 

loci.  Interestingly however, animals that are heterozygous for Ccm1 or Ccm2 are 

phenotypically normal 53; 68.  In one anecdotal case, a CCM lesion was identified in a 

heterozygous Ccm2 mouse.  However, this observation is not representative of Ccm2 

heterozygosity, as a mature lesion was only observed in one out of 21 brains, and was 

reported in a mouse of advanced age and mixed genetic background 53; 68.  In contrast to 

this lack of disease-like phenotype in the heterozygotes, mice with homozygous 

mutation for either Ccm1 or Ccm2 die early in gestation due to severe defects in vascular 

patterning49; 53.   

Prior to our investigation of somatic mutation within human lesions, we 

hypothesized that the two-hit mechanism may account for the observed differences 

between the homozygous and heterozygous mutations in the mouse CCM genes.  To 

test this hypothesis, we sought to generate a model for CCM that would sensitize the 

genome for somatic mutations88; 89.  We chose to use mutation of the p53 as the sensitizer 

to increase genetic and genomic instability, and create a sensitized background for 

somatic mutation90; 91.   

The p53 gene is a classic example of a tumor suppressor gene, and in mouse 

models it is responsible for the development of spontaneous tumors92.  The p53 gene 

product is responsible for surveying the genome to maintain proper cell cycle regulation 
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and to regulate apoptosis of damaged cells 93; 94.  Deficiency for p53 disrupts these 

surveillance processes and allows for the accumulation of somatic mutations in cells 

which otherwise would have been eliminated by apoptosis.  Thus deficiency of p53 

causes an increase in genomic instability and the accumulation of somatic mutations 90; 91.   

Shao and colleagues demonstrated this genetic instability in vivo by generating 

mice that were heterozygous for the adenine phosphoribsyltransferase (Aprt) gene and 

deficient for p53 (Aprt+/- p53-/-).  The Aprt gene is a useful marker and reporter for 

genomic instability because cells that have lost function of both Aprt alleles are resistant 

to 2,6-diaminopurine (DAP) toxicity.  DAP is an adenine analog that is toxic only to cells 

with APRT enzyme activity.  Cells that accumulate somatic mutations resulting in loss of 

heterozygosity, or other loss-of-function mutation can be selected for using a colony 

forming assay to select for cells that grow in media containing DAP.  This assay was 

performed on both fibroblasts and T lymphocytes.  The underlying mutations in DAP 

resistant colonies were determined to be primarily gross chromosomal rearrangements 

due to mitotic recombination, chromosomal loss and reduplication, and interstitial gene 

deletion.  No increase in point mutations was identified90; 91.  Therefore deficiency for p53 

has shown to be a genetic sensitizer for the accumulation of somatic mutations, in 

particular mutational events leading to loss of heterozygosity.   

Prior studies in our lab used this p53 deficient model to test the hypothesis that 

CCM lesion formation is dependent upon loss of heterozygosity at the Ccm1 locus.  To 

test the two-hit hypothesis, heterozygous Ccm1 mice were generated in a p53 null 

mutant background (Ccm1+/- p53-/-)88.   Indeed, CCM lesions were identified in these 

mice.  In a low-throughput manner, the brains were examined by making 2 mm coronal 

sections and visualized under a dissecting microscope.  When autopsied, five out of nine 

(55%) of the double mutant (Ccm1+/- p53-/-) brains examined showed CCM-like 
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vascular lesions 88.  The most developed lesions were composed of dilated vessels 

surrounded by connective tissue, similar to cavernous malformations. No vascular 

lesions were identified in any of 29 brain examined from littermates that were 

heterozygous of Ccm1 and wild-type for p53 and aged eight weeks to 14 months; 

therefore lesion development is dependent upon mutation of Ccm1, and not due to the 

p53 mutation alone 88.  

3.2 Results 

In this study we extended our investigation of the two-hit hypothesis, to 

determine whether loss of heterozygosity at the CCM loci represents a generalized 

mechanism for CCM lesion formation, or if this phenotypic outcome is specific to Ccm1 

mutation.  Therefore, we investigated whether those mice with a targeted mutation in 

Ccm2 and loss of p53 would also develop CCM lesions.   

Additionally we sought to clearly define the scope of the p53-sensitized model by 

determining the lesion burden, size, and stage using a careful analysis with MR imaging.  

In this study we show that the p53 model is robust and that lesions from early and late 

developmental stages are readily identified by MRI in both Ccm1 and Ccm2 

heterozygous mice.  As a further test of the genetic mechanism for lesion genesis, we 

sought to determine the effects of other sensitizers on the development of CCM lesions 

in CCM heterozygous mice.  We have created a second-generation mouse model of 

CCM in which the mice heterozygous for either the Ccm1 or Ccm2 mutation are 

sensitized to lesion formation through mutation in the mismatch repair gene, Msh2.  

Using MRI, we have identified early and late stage lesions in mouse brains from this 

second-generation model. 
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3.2.1 Validation of the Murine Model of CCM Using the p53 Sensitizer 

The initial identification of CCM lesions in the Ccm1+/-, p53-/- model utilized 

gross histology of dissected brains for detection of CCM lesions.  While this low-

throughput method is successful for identification of large lesions (at least 1 mm in 

diameter), smaller lesions are likely to be missed if they are located within any of the 2 

mm sections.  Therefore, in this study we sought to develop a high-throughput and 

sensitive method for lesion detection.    

To generate the mice for this study we completed a breeding strategy including 

two-generations of crosses (Figure 14).  In the first generation, mice heterozygous for 

Ccm153; 88 or Ccm268 were mated to those heterozygous for p53 (obtained from the Jackson 

Labs).  Doubly heterozygous mice were again crossed to mice heterozygous for p53.  

Following PCR-based genotyping, experimental (Ccm1 or Ccm2+/- p53-/-) and control 

(Ccm2+/- p53+/-; Ccm1+/- p53+/-; and Ccm1+/+ p53-/-) littermates were aged at least four 

months prior to MR imaging.  Typically, mice are sacrificed for brain dissection when 

they reach 4 months of age.  This amount of time has shown to be sufficient to allow for 

development of CCM lesions prior to the animals succumb to tumor malignancies from 

the p53 deficiency.   

Analogous to the Ccm1+/- p53-/- mice, those with a germline mutation in Ccm2 

also develop CCM lesions.  For example, a Ccm2+/- p53-/- mouse was observed to be 

particularly lethargic and of poor heath, therefore it was killed at age three months.  

Autopsy revealed a large mount of blood under the surface of the brain presumably as a 

result of a stroke caused by overt hemorrhage of a large CCM lesion (Figure 14).  This 

brain was not fixed for MRI, but was frozen for future analysis of lesion genotype (see 

future directions).   
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Figure 14: Generation of p53 sensitized Ccm2 heterozygous mice.  (A) Breeding 
strategy for generation of the p53 sensitized mouse model. (B) Ccm2+/- p53-/- mice 
develop CCM lesions.  Two small lesions are identified on the brain surface 
(arrowheads).  One large lesion with signs of hemorrhage (arrow) was identified in 
the cerebellum. 

 

 

3.2.1.1 Early and Late Stage Lesions are Identified Using Magnetic Resonance Imaging 

Using MRI, CCM lesions were identified in 5 out of 6 of the Ccm1+/-, p53-/-, and 5 

out of 8 of the Ccm2+/-, p53-/- mutant mice.  Thus showing for the first time that the 

Ccm2 mutant mice are sensitized to lesion formation due to deficiency of the p53 gene, 

analogous to the Ccm1 heterozygous mice.  Histological confirmation of the CCM lesions 

revealed both early-stage dilated capillaries as well as late-stage multicavernous lesions.  

(Table 2) No lesions were observed in any of the 23 control littermates of the following 

genotypes: Ccm2+/- p53+/-; Ccm1+/- p53+/-; and Ccm1+/+ p53-/- (Table 2). 
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Table 2: Prevalence of suspected CCM lesions in mice sensitized by p53 deficiency 

   

The lesions identified by MRI are histologically equivalent to human CCM 

lesions.  After MRI scanning, sections from three Ccm1+/-p53-/- and one Ccm2+/- p53-/- 

mouse brains were stained with hematoxylin and eosin to determine that each identified 

lesion is a CCM, and not a p53-induce brain tumor.  The stained coronal sections reveal 

the hallmarks of CCM lesions; blood-filled dilated caverns surrounded by a single layer 

of endothelium.  Importantly, no CCM lesions were detected on histology that were 

missed on MRI.  MRI and histology images for two Ccm1+/- p53-/- mice are shown 

(Figure 15). 

The phenotype of the sensitized model represents a range of lesion 

developmental stages, with most of them being quite immature.  The mice examined 

had only been aged for a few months, while human lesions often develop for decades 

before they are detected in patients.  Thus, this mouse model has offered insight toward 

understanding lesion progression and growth, as it is feasible to observe and dissect 

lesions at different stages of development.  Sensitization of the Ccm1 and Ccm2 mouse 

model by p53 mutation supports the human data presented above, and provides 

evidence that a subset of cells need to acquire somatic mutations for lesion formation. 
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Figure 15: CCM lesions within the brains of two Ccm1+/- Trp53-/- mice. Three-
dimensional gradient recalled echo (GRE) MRI scan showing a mouse brain in vivo at 
4.7-T (A) and ex vivo at 4.7 (C) and 14.1-T (D). The section was stained with 
hematoxylin and eosin (H&E) (B). The CCM is indicated by arrows (A–D). Enlarged 
images of the lesion from this mouse (E–G) and from another mouse (H–J) include 3-
dimensional reconstructions (E and H) and single slice (F and I) from GRE MRI 
acquired at 14.1-T field strength and corresponding histological sections stained with 
H&E (G and J). Scale bars represent 1 mm (A–D) and 0.5 mm (E–J).  (Figure modified 
from Shenkar R, Venkatasubramanian PN, Wyriwicz AM, Zho J, Shi C, Akers A, 
Marchuk DA, Awad IA.  Advanced Magnetic Resonance Imaging of Cerebral 
Cavernous Malformations: II Imaging of Murine Models.  Neurosurgery.  (2008) 63(4): 
790-797.) 
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3.2.2 Development of a Second Generation Model of CCM Using Msh2 
as the Sensitizer 

We have shown that deficiency of p53 is a robust sensitizer for CCM lesion 

genesis.  We sought independent conformation using another genetic sensitizer. 

In humans, deficiency of the mismatch repair (MMR) system through mutation 

of the MutS Homolog 2 (MSH2) gene results in onset of hereditary non-polyposis colon 

cancer due to the accumulation of somatic mutations95; 96 97.  The MSH2 protein is 

required to repair small nucleotide changes including single base substitutions and 

small insertions or deletions. Additionally, MSH2 is responsible for stimulating 

apoptosis in response to genetic damage98.  Analogous to the p53 model, without 

functional MSH2, mutations arise and are maintained in the genome because of a failure 

of the MMR system to repair the genetic lesions.  Mice deficient for Msh2 similarly show 

a molecular mutator phenotype by tissues accumulating somatic replication errors96; 99. 

Many genes work in coordination to create a functional mismatch repair system, 

including Pms2, Msh1, Msh2, Msh3, and Msh6.  Of these, mutations of Msh2 and Mlh1 

have been shown to generate the highest load of somatic mutations100.  In particular, 

Msh2 deficiency causes at least a 25 fold increase in small indel mutations over wild-type 

mice100.  Msh2 deficiency has been used as a genetic sensitizer for adenomatous 

polyposis coli101.  Inactivation of the adenomatous polyposis coli (Apc) gene by loss of 

heterozygosity is a prerequisite for development of tumors in human patients and also 

in Apc heterozygous mice98; 102.  In a study similar to ours, mice of the genotype Apc+/- 

Msh2-/- were generated, and these mice developed intestinal polyps.  These polyps were 

analyzed for somatic mutations, and interestingly no loss of heterozygosity was 

observed at Apc locus.  Instead, more than 80% of the tumors harbored truncating 

mutations of the Apc gene.  The mutational affect of the Msh2 sensitizer was strong, with 

up to 10 mutations being identified per polyp, more than 80% of which were deletions of 
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a single nucletide101.  To determine whether the affect of Msh2 deficiency was specific to 

the Apc locus, or is a more widespread effect of hypermutability, the p53 locus was also 

analyzed for somatic mutations.  Somatic p53 mutations were observed in five of 11 

adenomas 101. 

Given the strength of this sensitizer, and the observation that Msh2 deficiency 

causes primarily single nucleotide deletions, we have chosen to use this sensitizer for 

our second-generation mouse model for Cerebral Cavernous Malformations.  The 

sensitization of Ccm1 and Ccm2 heterozygous mice to lesion development while on a p53 

deficient background provides genetic evidence for the two-hit hypothesis as a mode of 

pathogenesis for CCM.  However, molecular evidence from these mice fail to support 

the model, as no loss of heterozygosity (LOH) at the Ccm1 locus was found in the 

Ccm1+/- p53-/- mice that developed lesions 88.   

Mutations induced by the p53 knockout include mitotic recombination and large 

deletions, though neither of these types of mutations could be detected at the Ccm1 locus 

within the lesion tissue.  The tissue samples used to search for LOH were from micro-

dissected lesions, and laser-capture to isolate endothelial cells 88.  This apparent lack of 

LOH may be an artifact of the DNA preparation procedure, to conserve on tissue, DNA 

is only made from a portion of the lesion.  Because we know from our human data that 

not every cell, nor every endothelial cell within the lesion harbors a somatic mutation, it 

is possible that LOH analysis was preformed only on cells not harboring the somatic 

mutation.  Furthermore, we have shown that the somatic mutation may be present in as 

little as 10% of the lesion tissue.  If a somatic LOH mutation were present at this low 

frequency in a background of normal heterozygosity, the mutation would be 

undetectable.  Thus, in addition to providing added support for a genetic model of the 
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two-hit mechanism for CCM, using the Msh2 sensitizer will likely generate somatic 

mutations that are readily identifiable using our somatic mutation analysis strategy.    

Generation of mice with the genotype Ccm1 or Ccm2+/- Msh-/- was a three-

generation cross.  We acquired a conditional knockout line of Msh2 mutant mice from 

Raju Kucherlapati at Harvard that was engineered to contain flox recombination sites 

around exon 12.  Recombination at the flox loci results in excision of exon 12 and loss of 

function of the Msh2 allele.  To begin our breeding strategy we crossed the Msh2-Flox 

mice to a mouse line purchased from the Jackson laboratories expressing the Cre 

recombinase in the germline by using the eIIa promoter for germline expression.  Using 

a PCR-based genotyping strategy are able to differentiate between offspring that showed 

mosaic expression of both the floxed and knockout alleles for Msh2, or those that only 

carried the floxed allele to select offspring that were heterozygous for the knockout 

mutation (Msh2+/-).   

We then crossed the Msh2+/- mice to Ccm1+/- and Ccm2+/- to generate double 

heterozygous offspring (Figure 16).  In a final generation cross, these double 

heterozygous mice were crossed to Msh2+/- and offspring with the appropriate 

genotype were aged 3-4 months before they were killed for ex vivo MRI analysis.  We 

also aged littermates of the genotype Ccm1 or Ccm2+/+ Msh2-/- as a control for affects of 

the Msh2 mutation.  Homozygous Msh2 mutant mice are known to develop lymphomas 

and other tumors and will die from these effect beginning around six months 103-105.   
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Figure 16: Breeding strategy for development of the Msh2 mouse model for Cerebral 
Cavernous Malformations. 

3.2.2.1 Early and Late Stage Lesions are identified using MRI 

In a pilot study to determine the effect of Msh2 deficiency on the sensitization of 

the CCM mutant mice to lesion genesis, we blindly imaged the brains of seven mice.  

Five of the mice were genotype Ccm1+/- Msh2-/-, and two mice with genotype Ccm1+/+ 

Msh1-/- were controls for affects of Msh2 knockout.  In order to allow for the 

development of mature CCM lesions, the mice were aged as least four months with the 

oldest at five months of age.  We chose to initially perform ex vivo imaging at four 

months of age because others have shown that 50%o f Msh2 knockout mice die by 6 

months of age due to a cancer phenotype103-105.  Additionally, four months was sufficient 

for lesions to develop in the p53-sensitized model.  MR imaging revealed that four of the 

five Ccm1+/- Msh2-/- mice had CCM lesions (Figure 17).   

Each MRI identified lesion was confirmed by histology.  Mouse 78 showed one 

large multicavernous stage two lesion, and mouse 79 also showed one large complex 

lesion which had at least 10 individual caverns.  Mouse 81 contained two large lesions 

and many additional small lesions.  Lastly, mouse 71 showed one small punctate lesion, 
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which upon histological analysis revealed as three dilated capillaries, presumably a 

stage one lesion (Figure 17).  Of the two control mice, no CCM lesions were identified.  

The MRI detected punctate regions in each, which were later confirmed by histology to 

be artifacts of the imaging.     

 

 

 

Figure 17: Msh2 deficiency sensitizes Ccm1 Heterozygous mice to CCM lesion genesis. 
(A) A double mutant mouse with a large, multicavernous lesion, with 4x and 10x 
inserts.  (B) A double mutant mouse with a stage-2 lesion comprised of multiple 
dilated capillaries.  (C) Multiple lesions identified in a double mutant brain.  (D) No 
lesions identified in Msh2 deficient mice in the absence of Ccm1 heterozygosity.  
Dilated regions identified by MRI, confirmed by histology as artifacts.   
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3.3 Summary and Discussion 

We have shown that CCM lesions occur in murine models using both p53 and 

Msh2 mutations as sensitizers.  In the current work we expanded upon the published 

work of Plummer and colleagues, which reported the identification of CCM lesions in 

Ccm1 heterozygous mice sensitized to lesion formation by knockout of the p53 gene.  We 

have shown that the p53 sensitizer creates a robust model for CCM when it is knocked-

out in conjunction with heterozygosity for targeted mutations in Ccm1 or Ccm2.  We 

have also shown that MRI is a sensitive screening method that allows us to identify 

lesions in a high-throughput manner.  Importantly, in vivo imaging allows us to follow 

the progression of lesions through time, and also to identify lesions at the earliest stages 

of lesion development. 

The p53 sensitized model was originally created to test the two-hit hypothesis, 

because knockout of p53 had been shown in mouse fibroblasts to cause an increased rate 

of somatic mutation including deletions, mitotic recombination, and chromosome loss91.  

We hypothesized that this increased rate of genomic instability would lead to 

accumulation of somatic mutations throughout the genome, including the CCM genes.  

The two-hit model is supported by our data because the CCM phenoyype is only 

recapitulated in the presence of the sensitizer.  However, an alternative hypothesis is 

that the p53 gene interacts directly in the CCM pathway, and perhaps is another CCM 

disease-causing gene.  This hypothesis is not favorable, as we have shown that none of 

the p53 knockout mice with two wild-type copies of the CCM genes develop CCM 

lesions106. 

The Msh2 model was developed as further validation of the two-hit mechanism. 

Mutation of either p53 or Msh2 leads to and increase in the rate of somatic mutation 

through independent mechanisms; thus providing support that lesion genesis in these 
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animals is a result of somatic mutations following the tow-hit mechanism, and not as a 

result of a direct interaction of p53 or Msh2 in the CCM signaling pathways.   Based on 

our initial MRI studies, the Msh2 sensitized model appears to be stronger than the p53 

model; these mice develop more lesions and no brain tumors have been identified in the 

Msh2 mice.  With the p53 sensitizer, particular care must be taken to be sure that any 

potential lesion identified by MRI as two lesions detected by MRI in Ccm1+/- p53-/- and 

Ccm2+/- p53-/- mice proved to be tumors on histological analysis 106.   

I hypothesize that the genomic location of the Ccm1 and Ccm2 genes is 

responsible for the effects of the two sensitizers.   Most of the mechanisms underlying 

p53 sensitization rely on recombination events which are inhibited in genes located close 

to the centromere.  Ccm1 and Ccm2 are acrocentric genes, located only 3.8 MB, and 6.4 

MB respectively away from the centromere.  While, clearly, it is possible for LOH events 

to occur in these acrocentric genes, the frequency of occurrence is likely lower than the 

somatic mutational frequency cause by Msh2 deficiency.  

Deficiency of p53 causes genome wide loss of heterozygosity, while Msh2 

mutations results in microsatellite instability—more likely to affect genes with simple 

repeat elements 107-109.  In the APC study, the majority of somatic mutations occurred at 

simple sequence repeats of simple two to five mononucleotide and dinucleotide 

repeated sequences101.   In the roughly 2 KB region of the Apc gene examined for somatic 

mutations, five mononucleotide and 55 dinucleotide repeats are present.  The Ccm1 and 

Ccm2 genes show a similar level of repeat elements.  In the 2 KB Ccm1 gene, there are 

five single nucleotide and 31 dinucleotide repeats, while in the 1.3 KB Ccm2 gene, there 

are one mononucleotide and 28 dinucleotide repeats.  Any of these repeat elements are 

possible mutation sites for somatic mutation due to Msh2 deficiency.   
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Through creation of these mouse models for CCM, we are able to address 

questions that otherwise could not be answered through sole reliance of human lesion 

tissue.  These questions are addressed below.   

3.4 Future Directions 

3.4.1 Molecular Characterization of Murine Lesions 

While we have created a robust model for CCM using the p53 senstizer, we have 

yet to fully characterize the underlying mutational events within the lesion tissue.  An 

important question remains; do mouse lesions harbor second-site somatic mutations? 

Earlier attempts to identify somatic mutations with mouse lesion tissue have 

been largely unsuccessful.  The insensitivity of the strategy used to look for somatic 

mutations, combined with the type of mutations that would be expected, likely inhibited 

mutation detection.  As mentioned previously, loss of heterozygosity events are the 

most likely causes of somatic mutations seeded by the loss of p5391.   

Because the mutant Ccm1 allele was created in the 129 mouse background while 

the remainder of the genome originates from the B6 strain, heterozygous microsatellite 

markers near the Ccm1 locus were used to test for loss of heterozyosity.  Radio-labeled 

amplicons for one such marker were separated on a polyacrylamide gel, and no 

apparent loss of heterozygosity (LOH) was observed88.  Given our human data, which 

suggest that mutations are only present in a fraction of the lesional cells, it is not 

surprising that somatic mutations were not identified.  A small 10-20 percent reduction 

of one of the allelic products would not be readily detected by this method.   

We have recently developed a modified strategy to identify LOH using the 

quantitative power of fluorescently labeled single nucleotide extension assay.  Using the 

SNaPshot platform, we are able to interrogate SNP markers known to be heterozygous 
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between the 129 and B6 mouse strains.  We are then able to quantitatively measure the 

relative frequencies of each allele to identify loci that indicate allelic imbalance.    

We used this strategy on a lesion sample from a mouse with genotype Ccm2+/- 

p53-/- to interrogate seven SNPs in and around the Ccm2 locus.  The data provides 

evidence for a large deletion of the wild-type copy of the Ccm2 gene which spans from 

exon five, through exon eight (Figure 18).  Any and all deletions identified through this 

strategy should be confirmed by design of an allele-specific PCR assay to amplify across 

the deleted region.  Additionally, DNA from this lesion sample was screened for 

sequence-identifiable mutations using the exonic cloning strategy described for the 

human samples.  

The strategy for detection of somatic mutations in the Msh2 sensitized mice will 

be analogous to that described for the human samples.  We will be able to use the exonic 

cloning strategy because mutation of the Msh2 mismatch repair specifically result in 

simple nucleotide substitutions and small insertions or deletions; mutations that are 

readily identifiable by sequencing.   

 

Figure 18: Putative somatic deletion identified in murine lesion sample 514.  (A) 
Surface lesion analyzed for somatic mutation.  (B) The Ccm2 mutant allele on a 129 
background, and the wild-type allele is on a B6 background.  (C) Allelic imbalance 
identified across the Ccm2 gene, showing loss of the wild-type allele.  
Reperesentative data shown.  (D) The region of allelic imbalance is flanked by 
heterozygosity, extending the putative deletion from 10-35 KB. [Dave McDonald] 
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 3.4.1.1 Mutation Analysis of Early Stage Precursor and Multicavernous Lesions 

Generation of the mouse models will allow us to address questions that 

previously relied on the acquisition of human lesion tissue.  While human tissue 

represents the most relevant material for investigation of the disease, it is also of limited 

quantity, limited availability, and often is preserved in a manner destructive to nucleic 

acids.  Our human data provided correlative evidence for biallelic somatic mutations to 

act as the instigator of CCM lesion genesis.  To further investigate this hypothesis, we 

intend to determine the mutational status of early stage precursor lesions.   

Brain tissue isolated from mouse models shows an example of the different 

stages of CCM lesions as they develop over time.  Lesions appear to develop and 

progress from dilated capillaries to multicavernous complexes.  Typical capillaries are 

large enough for a single red blood cell (RBC) to pass through, while dilated capillaries 

support multiple RBCs and/or clotted blood.  The most developed and mature lesions 

share multiple caverns at various stages of bleeding and/or clotting.  Early and late 

stage lesions are readily identifiable in the mouse using MRI, and by isolation of the 

endothelial cells from early stage lesions, we intend to determine if somatic mutations 

are present in this early stage of lesion development.   

Late stage mouse lesions can address another question about lesion formation; 

that is, do multiple caverns within a single lesion show the same somatic mutation?  Our 

data has shown that not every endothelial cell within human lesions harbors the somatic 

mutation110; while the work of others31; 49 has shown that the CCM2 gene product acts in 

a cell autonomous manner to direct endothelial cell processes.  Taken together, these 

data suggest that biallelic somatic mutations seed the formation of the first cavern, and 

then I hypothesize that other caverns develop due to inflammatory and or 

hemodynamic factors associated with vascular leakage.  To address this hypothesis, we 
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will use the somatic mutation detection strategies outlined previously to identify 

somatic mutations within late stage multicavernous lesion.  Subsequently, we will use 

laser capture microscopy to individually dissect endothelial cells from distinct caverns 

and interrogate DNA from each cavern for presence of the somatic mutation. 

Lastly, an important prediction of the two-hit hypothesis is that individual 

lesions will arise as a result of distinct somatic mutation.  That is, we would expect to see 

no two lesions harboring the same somatic mutation under this model.  I attempted to 

address this hypothesis in one case from a human patient where two different lesion 

samples were available from one patient though no bona fide nonsense or indel mutation 

was detected in either sample.  However, in the mouse we have already collected 

multiple brains that contain more than one lesion.  Each of these lesions will be 

investigated for the presence of somatic mutations.    

3.4.2 Investigation of Cell Type Specificity for Lesion Genesis 

While the CCM phenotype is vascular in nature, the expression of the CCM 

genes is wide ranging, and is particularly strong in neuronal lineages.  Using our mouse 

models, we will be able to investigate whether the acquisition of a biallelic somatic 

mutation is both necessary and sufficient for lesion genesis.   

3.4.2.1 Temporal Knockout of Ccm1 and Ccm2 

The null phenotype of Ccm1 or Ccm2 in mice is embryonic lethality due to 

vascular deficiencies.  In two recent studies, conditional knockouts were used with the 

Ccm2 mouse to demonstrate that in the heterozygous condition, if the remaining wild-

type copy of the Ccm2 gene is knocked out specifically in endothelial cells, embryonic 

lethality results analogous to that of the full knockout.  However, when Ccm2 is knocked 

out in either astrocytic or neural cell lineages, other cell types shown to express high 

levels of the CCM genes, these mice develop normally49; 111.  These data lend support to 
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the two-hit model and endothelial requirement for expression of the CCM genes.  

However, the studies focused on the early embryonic lethality phenotype of mice 

completely deficient for the Ccm2 gene.  The adult phenotype for the conditional 

knockout in neural cells remains unknown. Following the two-hit model, in human 

patients complete inactivation of the CCM genes does not occur until later in life, as 

evidenced by onset of clinical symptoms often occurring in adulthood.  To recreate this 

condition in the mouse, we may also develop temporal knockouts of the Ccm alleles 

using the tet-off system to specifically turn off the wild-type allele at various stages in 

development.  I hypothesize that these temporal knockouts will develop CCM lesions 

due to loss of expression in the endothelium.  However, in addition, we may uncover a 

currently unknown role for the CCM genes in the neurons if we are able to assess 

behavioral and/or cognitive responses.  

3.4.3 Pharmacological Rescue of CCM Phenotype 

The focus of much CCM disease research is on elucidating the mechanistic 

pathways and biological phenomena leading to disruption of the blood-brain barrier, 

lesion genesis, and ultimately hemorrhagic stroke.  This basic science approach aims to 

gain further insight to the etiology of this disease such that more effective clinical 

treatments may be available in the future.  Recently, an inhibitor of the GTPase Rho 

Kinase has been shown to reverse in vitro and in vivo effects of decreased Ccm2 

expression.  In vitro, knockdown of CCM2 by siRNA induces the formation of actin 

stress fibers, and in vivo, when treated with VEGF heterozygous Ccm2 mice display 

leaky vasculature.  Both of these effects are reduced with treatment of a Rho Kinase 

inhibitor.  I hypothesize that Rho Kinase inhibitors will also attenuate the lesion 

phenotype of the CCM mouse models.  This hypothesis may be investigated by 
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treatment of either the p53 or Msh2 sensitized mice with the drug inhibitor in 

conjunction MR imaging to assess both lesion size and number. 

3.5 Materials and Methods 

Mice were bred and maintained at Duke University following approved 

Institutional Animal Care & Use Committee (IACUC) protocols.  

Ccm1 mutant mice were developed by our lab and described previously53.  

Briefly, a targeted construct was designed to delete the first ankryn repeat of Ccm1 by 

replacing most of coding exon six and all of coding exon seven with an internal 

ribosomal entry site and the E. coli LacZ gene.  Mouse genotypes were determined by 

PCR using allele-specific primers: 

Wild-type: 5’-TGCTCAGACTGGTTACGTACTACC 

Common: 5’-TTGACTTTGGTTTCAAAAGACATC 

Knockout Specific: 5’-AGACAAACGCACACCGGCCTTAT 

The Ccm2 mutant mice were developed by our lab from a genetrap construct 

obtained from BayGenomics and have been described previously68.  The mutant allele 

contains the insertion of a βgeo cassette inserted into exon six of the Ccm2 gene which 

results in a mutant transcript which encode a CCM2-βgeo fusion protein.  PCR-based 

genotyping uses the following primers: 

Exon 6, Forward: GAAGAGTTGTGATCCCTGCT 

Intron 6, Reverse: CATCCCGTCTGGGAACCTA 

En2 (of the βgeo cassette) intron, Reverse: TCTAGGACAGAGGGCGAGA 

 

B6.129S2-Trp53tm1Tyj mice were obtained from the Jackson Laboratory and are 

referred in this document as p53.  Primers for genotyping the p53 mutation are: 

Intron 6, Forward: TGACTCCAGCCTAGACTGATGTTG 
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PGK-polyA, Forward: CCTGTCTACTTTGTTAAGAAGG 

Exon 7, Reverse: GTGATGATGGTAAGGATAGGTCG 

PCR-Based Genotyping for Msh2 

Using primers: 

184F: 5’-TACTGATGCGGGTTGAAGG a forward primer in intron 11 

184R: 5’-AACCAGAGCCTCAACTAGC a reverse primer in intron 11 

165R: 5’-GGCAAACTCCTCAAATCACG a reverse primer in intron 12 

The knockout Msh2 allele in which exon 12 is deleted is detected as a 340 bp 

product using primers 184F and 165R.  If exon 12 were not deleted, the amplification 

product would be too large to amplify with a 40 second extension (3,389 bp).  The wild-

type allele is detected as a 210 bp product with primers 184F and 184R.  Using these 

same primers, thee floxed allele is detected as a 405 bp product.   

MRI was preformed at Northwestern University by our collaborators in the lab 

of Dr. Issam Awad, MD.  All protocols were approved by the Animal Review 

Committee of the Evanston Northwestern Healthcare Research Institute.  Prior to in vivo 

imaging animals were anesthetized by intraperitoneal injection of Nembutal sodium 

solution, and their eyes were treated to prevent dryness by application of erythromycin 

ointment.  For ex vivo imaging mice were killed by an approved protocol of either 

Nembutal overdose (Northwestern) or CO2 asphyxiation followed by decapitation 

(Duke).  Following dissection from the skull casing, the brain was preserved in formalin.   

MRI scanning was conducted in vivo or ex vivo using a 14.1-T Bruker Avance (600MHz) 

imagine spectrometer with 30-mm birdcage coils.  Suspected lesions were identified 

independently by two investigators and were adjudicated by a third observer.  
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4.  
 

Summary and Conclusions 
 

 

Classically, vascular anomalies are divided into two distinct categories: tumors 

or malformations.  Vascular tumors are rapidly growing and display high rates of 

endothelial cell turnover and an increased number of mast cells.  Conversely, 

malformations are typically present at birth and grow proportionally with the host 

individual, without endothelial cell proliferation or increases in mast cell count.  The 

primary biological difference between these types of lesions is the growth or 

proliferative capabilities of the lesional endothelial cells 112.  

In contrast to these distinct categories, CCM lesions display characteristics of 

both types of vascular anomalies.  Historically, CCM lesions were described largely as 

stagnant entities present at birth and increasing in size commensurately with body size 

or with the lesions appearing larger with time due to bleeding resulting in an increase in 

the surrounding hemosiderin ring 58; 59.  However, advances in magnetic resonance 

imaging technology have shown that CCM lesions are dynamic in nature, exhibiting 

proliferative capabilities of the endothelial cells, formation of new lesions, and 

increasing lesion size with increasing patient age 57; 86; 113.  The dual nature of the CCM 
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lesion is borne out in historic and diverse nomenclature for these lesions.  Some 

investigators refer to the lesions as cavernous malformations, emphasizing the 

malformation-like qualities of the lesions, and others as cavernous angiomas, 

emphasizing the tumor-like characteristics.  This inconsistency is reflective of the 

combined phenotype of these lesions that grow both by remodeling and through 

endothelial cell proliferation 58; 59; 85; 87; 114.  Consistent with the tumor-like qualities of 

CCM lesions, we have shown that the molecular mechanism underlying disease 

pathogenesis for Cerebral Cavernous Malformations follows a Knudsonian two-hit 

model.  This work has helped to create a more complete model of CCM pathogenesis, as 

discussed below. 

4.1 Current Model for CCM Disease Pathogenesis 

This investigation of the two-hit mechanism for CCM disease pathogenesis 

sought to address the genetic mechanism and cell type specificity for CCM lesion 

genesis.  We have concluded that two biallelic loss-of-function mutations specific to 

lesional endothelial cells are required for the onset of lesion genesis.  Prior to our 

investigation, haploinsufficiency for one of the CCM gene products was believed to be 

sufficient for lesion genesis.  However, through our investigation, we have shown that 

the complete loss of one of the gene products is required within a subset of endothelium. 

Investigation on the biochemical properties of the CCM gene products show that all 

three CCM genes function in coordination through multiple pathways to maintain a 

balance between endothelial cell proliferation, angiogenesis, and maintenance of cell 

junction stability and the blood-brain barrier.  Under our model loss of any component 

of the CCM signaling system results in deregulation of cellular junctions, lesion genesis 

and multicavernization and growth through endothelial cell proliferation. 
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While the biochemical properties of the CCM gene products have not been the 

focus of my research, it is important to review their functions to understand the impact 

of loosing one arm of the signaling cascade.  Emerging biochemical data have shown 

that while KRIT1 is involved in integrin and Rap1 signaling, malcavernin acts as a 

scaffold for MAP kinase signaling, and PDCD10 is involved in apoptosis; these three 

CCM gene products interact with one another as part of multiple signaling complexes23; 

30; 34; 35 (Figure 19).  These three proteins function in a coordinated manner to maintain the 

integrity of the blood-brain barrier.  This redundancy allows for compensation in the 

heterozygous state for any of CCM genes, however complete loss of one component in a 

subset of the endothelial cells results in CCM lesion genesis.   

KRIT1 was initially identified as a RAP1 binding partner, however further 

studies failed to reproduce this interaction 22; 24 until recently when it was shown that 

KRIT1 binds to RAP1 only when it is in the activated, GTP bound, state.  The function of 

Rap1 is to regulate endothelial and epithelial cell junctions 115-117, and it localizes with 

both KRIT1 and β-catenin at endothelial cell junctions 26.  The requirement of KRIT1 in 

endothelial cells is exemplified by Si-RNA knockdown of KRIT1; resulting in disruption 

of β-catenin localization, the induction of actin stress fibers, and endothelial cell 

permeability 26.  KRIT1 is further associated to maintenance of the blood-brain barrier 

through its interaction with β-catenin which shuttles into and out of the nucleus.  While 

in the nucleus, β-catenin acts as a transcription factor to turn on the transcription to 

junctional proteins to stimulate and induce blood-brain barrier formation 118.  Mutations 

in β-catenin and RAP1 have not been identified in CCM patients, however their roles in 

the maintenance of endothelial cell function through KRIT1 interaction are essential for 

normal vessel development. 
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The CCM2 gene has been implicated in pathways regulating stress response, 

angiogenesis, as well as endothelial junctional stability.  The murine ortholog of CCM2 

was identified because of its role in the stress response for osmotic shock.  Other stress 

response pathways include activation of the Rho GTPases and MAP Kinases.  Indeed, 

malcavernin has been shown to be involved with each of these signaling cascades.  It is a 

scaffold protein, required for p38 phosphorylation in the MAP kinase cascade28, and 

malcavernin is regulated by the Rho GTPases49.  In vitro assay for knockdown of CCM2 

in endothelial cell culture, show that the cells fail to form lumens, and also show 

deregulation of actin organization and the development of stress fibers, like those seen 

in KRIT1 deficient cells.  The 80-90% reduction of CCM2 results in Rho Activation 

leading to the endothelial phenotype of increase permeability due to decreased barrier 

function.  Treatment with a Rho inhibitor restores normal barrier function and blocks the 

formation of stress fibers in the CCM2 deficient cells49.    

Signaling through Rho GTPases is emerging as a theme in CCM biology.  

Malcavernin directly interacts with Rho, and ICAP, a binding partner of KRIT1, can act as 

a guanine dissociation inhibitor to block the conversion of GDP to GTP for the Rho 

family GTPase, CDC42119.  Rho GTPases control endothelial cell junctions via the actin 

cytoskeleton120.  Additionally, integrin signaling, which the binding of ICAP regulates, 

can also trigger the activation of Rho GTPases.  Therefore the Rho GTPases may have 

wide reaching effects on multiple pathways associated with CCM signaling and 

regulation of cellular junctions. 

Much less is known about the function of the CCM3 protein, PDCD10.  As of yet, 

there are no mouse or zebrafish models to show the null phenotype for this gene.  

However, in vitro, cell culture experiments have shown that overexpression of CCM3 

result in the induction of apoptosis121.  Therefore CCM3 may function like a classical 
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tumor suppressor gene in which loss of function leads to unregulated cell cycle 

progression and CCM lesion genesis (Figure 19). 

 

 

Figure 19: Biochemical model of CCM pathogenesis 

 

In general, CCM lesions resulting from germline mutation in CCM1, CCM2, or 

CCM3, show overwhelming phenotypic similarity.  Each type of lesion is comprised of 

vascular sinusoids lined by a single layer of endothelium, show no intervening neural 

parenchyma, and lack structural support for the lesion vasculature.  Regardless of the 

similarities in lesion structure, genotype-phenotype correlations have been reported for 

the clinical severity of patients carrying germline mutations in the different genes.   
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In a comparison of CCM1 mutation carriers and non-CCM1 carriers (those 

patients carrying CCM2 or CCM3 mutations), the CCM1 group was shown to be the least 

severe.  That is, patients of the non-CCM1 group tend to hemorrhage more often than 

patients with CCM1 mutations122. Patients with mutations in CCM3 show the most 

debilitating disease progression.  More often than others CCM3 mutation carriers 

present with hemorrhage as the first sign of disease, suggesting that CCM3 mutation 

carriers are more prone to hemorrhage than other genotypes123.  In another study of 163 

CCM families, CCM3 germline mutations were shown to result in the most aggressive 

form of CCM with presentation of clinical symptoms during childhood increasing from 

less that 20% in CCM1 and CCM2 germline mutation carriers to 50% for those carrying a 

CCM3 germline mutation123.  It is possible that the functional differences between the 

CCM proteins affects the disease severity and that the role of PDCD10 in apoptosis may 

have stronger effects lesion phenotype than disruption of the endothelial cell junctions.   

Interestingly, in contrast to these defined genotype-phenotype correlations, in a 

group of 22 patients, each carrying the Common Hispanic mutation, disease severity 

was quite variable with seven asymptomatic carriers and seven carriers requiring 

surgery, the youngest of whom was six years old at the time of surgery122.  This clinical 

variability suggests that disease severity is not solely dependent upon the germline 

mutation status but also on external non-genetic factors and/or modifier gene effects.   

A genome-wide association study will be performed in order to identify genes 

that modify the severity the disease phenotype.  Our lab is involved in collaboration 

with the Rare Disease Consortium to begin a genome wide association study to address 

this question.  Because of the phenotypic and genotypic variability of familial CCM 

cases, we have chosen to focus the investigation on inherited cases, specifically with 

carriers of the Common Hispanic mutation.  Focusing on this group of patients offers 
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many advantages.  First, it controls for genotypic variability.  Not only will all of the 

participants harbor germline mutations in the CCM1 gene, but also the mutation will be 

identical in each person.  Secondly, population effects are controlled for because all of 

the study participants will be of Mexican-American decent.  And lastly, the center for 

this study is in New Mexico, a geographic region with a high frequency of Mexican-

Americans, and those carrying the Common Hispanic Mutation.   

The design of the study will be to perform yearly MRIs on each of 1000 

participants for five consecutive years.  This will allow us to monitor progression of the 

disease in terms of lesion number, size and bleeding.  We will use these quantitative 

traits to map candidate modifier genes.  A study such as this has not been possible prior 

to now because of variability in MR technology and imaging frequency between patients 

receiving care from different doctors.  Using the same screening method for each 

participant will control for technical variability, and assure that all variation in lesion 

phenotype is contributed by genetic and environmental variation. 

What types of genes might we expect to identify as candidates for modifiers of 

the CCM disease severity phenotype?  I would expect potential modifiers to exacerbate 

the phenotype by influencing lesion progression to create larger, multicavernous lesions 

and/or to instigate the formation of new lesions.   

Some of the genes that may possibly affect CCM phenotype are those which alter 

CCM signaling.  This would include binding partners of the CCM genes products such 

as, Integrin, Rap1, β-Catenin, and the Rho GTPase.  Other candidates include genes that 

encode proteins associated with endothelial cell junctions, such as the occludins and 

cadherins.  Single amino acid substitutions, which may only slightly alter the function of 

these proteins, may be enough to modify the phenotype if they contribute to leakiness, 

inflammation and/or growth.  Genes that regulate the stability of the genome are also 
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candidates for modifier genes.  Among others, variation in genes such as p53 and Msh2, 

which have shown to be sensitizers for CCM lesion genesis in mouse models, may also 

affect lesion genesis in human patient by creating an environment that is less effective in 

repairing somatic mutations.     

However, prior to this line of investigation, two strong biological candidates for 

modifier genes include Integrin Cytoplasmic Domain Associated protein (ICAP) and 

Heart of Glass (HEG).  While HEG is not formally a CCM gene, because no mutations 

have been identified in human patients, the zebrafish big-heart phenotype for HEG 

knockout is analogous to that of the zebrafish knockout for CCM1 or CCM2.  HEG is a 

type I transmembrane receptor which couples to the CCM proteins via KRIT1 and also 

functions to regulate endothelial cell junctions 31.  In the mouse model for Heg knockout, 

permeability of the junctions was shown ultrastructurally with electron microscopy 

revealing gaps between neighboring endothelia 31.  Also, similar to CCM1 and CCM2, 

HEG is highly expressed in neural and endothelial cell lineages.  In the mouse, full 

knockout of HEG results in a cardiovascular phenotype, which does not resemble either 

Ccm1 or Ccm2 full knockout.  However, when a mouse is heterozygous for Ccm2 and 

homozygous knockout for HEG, the result is embryonic lethality due to vasculature 

defects.  Therefore, knockout of HEG is able to modulate the phenotype of Ccm2 

heterozygousity to recapitulate the phenotype of the Ccm2 knockout.  I hypothesize that 

while CCM-causing germline mutations in HEG have not been identified in human 

patients, that possible somatic mutations for HEG may modulate the CCM lesion 

phenotype. 

Another biological candidate for a CCM modifier gene is that gene encoding 

ICAP.  The expression level of ICAP varies widely, and is dependent upons a strong cis-

acting element that regulates the variability124.  We hypothesized that the variable 
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expression of ICAP may affect the KRIT1/ICAP interaction and modulate KRIT1-

mediated Integrin signaling and subsequent lesion development.  In vitro studies show 

that ICAP over expression causes an increase in the proliferation rate, while a decrease 

in experession results in a lower proliferation rate.  The proliferation rate change is likely 

due to the nuclear shuttling of ICAP which either directly, or indirectly turns on the c-

myc gene to stimulate proliferation125 and may instigate growth of the CCM lesion. 

The mechanisms underlying lesion progression remain unclear.  However, 

combining our data on the two-hit mechanism with recent biochemical data from other 

labs, I propose a model in which mature multicavernous CCM lesions develop from 

dilated vessels as a result of at least three genetic and/or environmental hits (Figure 20). 
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Figure 20: Model for CCM lesion progression 

 

For familial cases, the first hit is the germline CCM gene mutation, and the 

second hit causes lesion genesis through biallelic inactivation of one of the CCM genes.   

The second-hit mutation leads to complete inactivation of CCM1, CCM2, or CCM3 

within a subset of endothelial cells and causes the initial vessel dilation. Given the recent 

evidence, the genetic inactivation of CCM1, CCM2, or CCM3 likely results in an increase 

of proliferation, onset of angiogenesis, and the deregulation of endothelial cell junctions. 

The endothelial component of the lesion shows increased proliferative capabilities 

compared to other endothelial cells87; 114; 126.  Additionally, angiogenic vessels are present 
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in both early and late stage human lesions.  Staining for the vascular endothelial growth 

factor receptors, which mediate proliferation, migration, adhesion and tube formation, 

shows an increased expression within lesion endothelial cells, as compared to non-

lesional brain regions85.  Endothelial cells are among the longest lived and most 

quiescent in the body127; 128, therefore alterations to the previously mentioned processes 

will cause dramatic effects to the surrounding environment. 

Subsequent to the onset of lesion genesis, CCM lesions grow in size and mature 

lesions develop a multicavernous phenotype.  The third hit, or hits, may be genetic or 

environmental and, I propose, are responsible for progression to a multicavernous 

lesion.  Genetically, I propose that the deregulation of the cell cycle will allow for the 

accumulation of additional somatic mutations in previously unaffected endothelial cells.  

As more endothelial cells within and around the dilated vessels continue to acquire 

somatic mutations, more vessels will become dilated and lead to formation of additional 

caverns within the lesion.  Deregulation of the unknown function of the CCM gene 

products in neural cells may also compromise normal signaling and contribute to lesion 

progression.   

Multiple caverns may also be added to the lesion because of the endothelial cell 

response to local environmental factors.  In addition to seeding the formation of the 

CCM lesion, loss of function of one of the CCM genes will ultimately result in loss of 

integrity for the blood brain barrier and result in gaps between neighboring endothelial 

cells3; 15.  As a consequence of these cellular gaps, it is common to observe persistent 

leakage of blood into the space surrounding the CCM lesions.  The way in which CCM 

lesions repeatedly and continuously bleed in the absence of major hemorrhage is a 

characteristic of CCM and differs from other vascular lesions59; 129; 130.  As a result, 
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hemosiderin deposits are often associated with CCM lesions and, in combination with 

vascular leakage, may trigger an immune response to be mounted around the lesion.  

Recent evidence shows that B-cells are recruited to lesion sites and an oligoclonal 

immune response is initiated129.  Additionally, macrophage inflammatory cells move to 

CCM lesions in reaction to bleeding88; 131. 

Inflammation has long been associated with cancer and tumor progression 132; 133.  

In a cancer model, immune cells regulate the microenvironment and are able to express 

pro-angiogenic factors leading to tumor progression.  Inflammatory cytokines recruit 

macrophages capable of expressing VEGF and stimulating angiogenesis (reviewed in 

Noonan et al, 2008 134).  In vitro studies of the effects of inflammation on angiogenesis 

demonstrate that the immune cells are able to create tunnels within the extracellular 

matrix, and then secrete angiogenic factors to recruit and activate endothelial cells and 

form new vessels135.  Angiogenesis in tumors is required to keep the cells within large 

tumors alive.  Whereas in CCM lesions, I propose that inflammation-induced 

angiogenesis is a major component of lesion progression.  Through stimulation of the 

endothelial cells to sprout new branches, new caverns can be created and the CCM 

lesion will grow in size. This inflammation response likely functions in combination 

with the deregulation of associated CCM signaling complexes which trigger unbalanced 

proliferation and apoptosis, resulting in growth of the lesion 

Even in the absence of multiple mutations, inflammation from leaky vessels 

likely contributes to the CCM phenotype.  Recent evidence suggests that even in the 

heterozygous state, if stressed, adult vessels display a leaky phenotype49.  In the mouse 

model, heterozygous mutation of Ccm2 causes vessel permeability in response to VEGF 

stimulation, exemplified by leaky Evans blue Staining49. This leakage phenotype is 

intriguing because it suggests that germline heterozygosity for one of the CCM genes is 
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not fully compensated for by the other gene products.  In addition, commonly in 

sporadic cases, the CCM lesion appears near the site of a Developmental Venous 

Anomaly (DVA)136; 137.  Taken together, it appears that vascular leakage surrounding 

DVAs in sporadic cases may be functionally equivalent to inheritance of a germline 

mutation.  This suggests that in the absence of a germline mutation, the disruption of the 

blood-brain barrier and bleeding resulting from the DVA, may act as a surrogate for the 

first-hit mutation.  I would hypothesize that in some sporadic cases, only one somatic 

mutation will be identified, and in some inherited cases no second genetic hit will be 

required if sufficient leakage stresses are present and capable of inducing cavern 

formation.   

In addition to lesion progression through growth and addition of caverns, some 

lesions if not fully resected during surgery, the remaining part will often re-grow.  This 

re-growth pattern is indicative of particularly aggressive lesions, requiring multiple 

surgeries for full removal.  I propose that additional somatic mutations within the 

lesional endothelium may also contribute to re-growth of resected lesions.  In our study 

of one such lesion, we showed that the original lesion contained a somatic mutation 

biallelic to the germline mutation.  In the re-grown lesion, that somatic mutation was 

identified, but at a greatly reduced frequency compared to the original lesion.  Therefore 

the mutational composition of the two parts of the lesion is different.  This suggests that 

the causative somatic mutation in the first lesion is not entirely responsible for the 

growing of the new part of the lesion.  Instead, a new, or multiple new, somatic 

mutations may have arisen to instigate further growth.  While we have identified only 

one somatic mutation per lesion thus far, the low frequency of any given somatic 

mutation within the entire pool of cellular genotypes, allows for the possibility that 

other somatic mutations are present and have gone undetected by our methods. 
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I propose that the process by which multiple lesions form in familial cases is 

analogous to the process of multi-cavernization.  The underlying germline mutation is 

present in all of the endothelial cells; therefore all that is required is a second-site 

somatic mutation.  These additional mutations, in combination with inflammation 

effects will result in lesion formation elsewhere in the brain.  We have recently acquired 

two independent lesions from two separate patients, one who carries the Common 

Hispanic Mutation, and the other with a large deletion in CCM2.  Investigation of these 

samples will allow us to test our hypothesis that independent somatic mutations are 

responsible for initiation of independent lesions. 

Interestingly, we have shown that the second-hit somatic mutations are specific 

to endothelial cells, yet the CCM genes are expressed in multiple tissues, with strong 

expression in neuronal cells.  Given this expression data, one might ask why lesions do 

not form in other vascularized tissues.  I hypothesize that the development of CCM 

lesions is linked to disruption of neuronal signaling, in a yet to be determined manner.  

While it has been shown that the function of CCM2 is cell autonomous and specific to 

endothelial cells 31; 49, the roles of neuronal CCM gene products have yet to be identified.  

Indeed, there are two other locations where CCM lesions occur: in the retina and on the 

skin.  These types of lesions both are physically linked to neurons; retinal lesions 

through the retinal nerve and skin lesions tend to be painful due to their association 

with receptor neurons.  Future mouse studies will be able to address the association of 

CCM lesion genesis with neuronal signaling.  Future studies should include the use of 

conditional knockouts for CCM genes in the neuronal lineages in conjunction with our 

sensitizer strains to investigate the effects of neuronal signaling on lesion genesis.   

In summary, I propose a model in which multiple genetic and environmental 

factors contribute to the multicavernous and multiple lesion phenotype observed in 
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CCM patients.  These factors include blood vessel leakage, inflammation, B-cell immune 

response, and/or additional somatic mutations in other pools of endothelial cells.  

Future work with our robust mouse models will allow for full investigation of 

mechanisms for lesion genesis.  Using in vivo MR imaging we will be able to track the 

progression of individual lesions, and to work towards development of a treatment 

which may involve blocking the immune response, inflammation and/or 

pharmacologically modifying the CCM protein levels.   
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