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Cerebral cavernous malformations (CCMs) are vascular anomalies of the central nervous system, comprising
dilated blood-filled capillaries lacking structural support. The lesions are prone to rupture, resulting in sei-
zures or hemorrhagic stroke. CCM can occur sporadically, manifesting as solitary lesions, but also in
families, where multiple lesions generally occur. Familial cases follow autosomal-dominant inheritance
due to mutations in one of three genes, CCM1/KRIT1, CCM2/malcavernin or CCM3/PDCD10. The difference
in lesion burden between familial and sporadic CCM, combined with limited molecular data, suggests that
CCM pathogenesis may follow a two-hit molecular mechanism, similar to that seen for tumor suppressor
genes. In this study, we investigate the two-hit hypothesis for CCM pathogenesis. Through repeated
cycles of amplification, subcloning and sequencing of multiple clones per amplicon, we identify somatic
mutations that are otherwise invisible by direct sequencing of the bulk amplicon. Biallelic germline and
somatic mutations were identified in CCM lesions from all three forms of inherited CCMs. The somatic
mutations are found only in a subset of the endothelial cells lining the cavernous vessels and not in intersti-
tial lesion cells. These data suggest that CCM lesion genesis requires complete loss of function for one of the
CCM genes. Although widely expressed in the different cell types of the brain, these data also suggest a
unique role for the CCM proteins in endothelial cell biology.

INTRODUCTION

Cerebral cavernous malformations (CCMs) are vascular
anomalies of the central nervous system, comprising grossly
dilated blood-filled capillaries (1). The vessels within the
CCM lesions are devoid of structural support and intervening
neural tissue. Consequently, CCM lesions are prone to hemor-
rhage, often resulting in seizures, hemorrhagic stroke and
death (2,3). The onset of CCM may occur either sporadically
or in an inherited autosomal-dominant form due to mutations
in one of the three genes: CCM1/KRIT1 (4,5), CCM2/malca-
vernin (6,7) or CCM3/PDCD10 (8). The function of each of
these proteins is just beginning to be elucidated. Recent data

suggests that the three CCM proteins interact with one
another to participate in several signaling complexes. The
KRIT1 protein is involved in Rap1 and integrin-mediated
signaling, whereas malcavernin acts as a scaffolding protein
as part of the p38 MAP kinase signaling cascade (9–16).
Disruption of one or more components of this signaling mech-
anism likely results in the onset of CCM.

Prior to the discovery of the CCM genes, sporadic cases of
CCMs could be distinguished from inherited cases by lesion
burden. In general, solitary lesions are seen in sporadic
cases, whereas inherited cases usually display multiple
lesions (1). Since the discovery of the CCM genes, molecular
data have confirmed this trend. Indeed, many individuals
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displaying multiple lesions, but lacking a clear family history,
have been shown to harbor a de novo germline mutation
(6,8,17,18). Additionally, familial cases of CCMs also show
a more aggressive phenotype, with an increased risk of hemor-
rhage and seizure as well as an earlier age of onset (19–21).
These clinical observations are generally analogous to those
seen for the inherited cancer disorder, retinoblastoma.
Similar epidemiological observations for patients with retino-
blastoma were used by Knudson (22) to devise the two-hit
hypothesis that requires both alleles of a tumor suppressor
gene to be inactivated to result in tumor formation.

We and others have hypothesized that CCM lesions might
also follow a similar two-hit molecular mechanism for patho-
genesis, requiring loss of both copies of one of the CCM
genes for lesion genesis. Two earlier attempts to identify
somatic mutations (23) or loss of heterozygosity (LOH)
(24) in support of the two-hit hypothesis for CCMs have
been limited and largely unsuccessful. These earlier studies
used detection strategies, which relied on direct sequence
analysis of bulk lesion-derived DNA. Consequently, these
studies may have lacked an appropriate level of sensitivity
to detect somatic mutations, which might be present in only
a minor fraction of the cells comprising the bulk lesion
tissue. Another study (25) has provided some supportive
evidence for the two-hit mechanism, such that two distinct
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 con-
sists 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 (25).

Mouse models of CCMs lend some support to the two-hit
hypothesis. We and others have generated knockout alleles
for both murine Ccm1 and Ccm2 (26,27). With few excep-
tions, the heterozygous animals do not develop CCM
lesions. However, when these mutant alleles are crossed on
background of p53 knockout, the animals develop lesions,
showing all the hallmarks of CCMs (28,29). The p53 null
background was chosen to increase genetic and genomic
instability and create a sensitized background for somatic
mutation. This sensitized animal model for CCM further sup-
ports the two-hit mechanism of pathogenesis. However, to
date, somatic mutations have not been identified in lesions
from the murine models of CCM.

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 (30). It is unclear whether this
mechanism is general for all CCM1 cases and whether this
mechanism applies to the other inherited forms of CCMs.
In the present study we have used a robust, staged, DNA
sequence-based strategy to identify biallelic somatic
mutations in all forms of inherited CCMs, and we have
attempted to identify the cellular component harboring the
somatic mutation.

RESULTS

Somatic mutation detection strategy

We have attempted to identify biallelic somatic mutations
within surgically excised CCM lesion tissue with inherited
cases of CCM. Once the germline mutation had been estab-
lished, we faced the more difficult task of uncovering
somatic mutations that might be present in only a subpopu-
lation of the cells isolated from the bulk lesion. Any somatic
mutation present in only one cell type and only a subset of
that cell type will represent substantially ,50% of the
sequenced alleles. Because of this, a somatic point mutation
cannot be identified as a heterozygous change in a direct
sequence tracing of bulk lesion-derived DNA. To identify
mutations potentially present at a frequency of ,50% of the
alleles, we have developed a rigorous four-stage approach to
identify somatic mutations that are biallelic to the germline
mutations.

In the first stage, each amplified exon for the gene of interest
is cloned into a plasmid, and 48 individual clones are
sequenced. By sequencing multiple individual clones for
each exon, we also create the potential to observe rare,
PCR-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
present in the tissue. We often observe sequence changes that
are found in only one of the 48 clones, which we term single-
tons. In contrast, we only rarely identify a sequence change
that 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. Significantly, in the second
round of sequencing, any previously identified singletons are
not observed, although instead new singletons are sometimes
seen. Because these changes are not reproducible, we consider
these singly observed changes to be PCR-induced errors.

In contrast to PCR-induced errors, 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 stages involve 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
mutations and is described for each case below.

Biallelic somatic mutations are identified in CCM1

Case 1: sample 2049. Germline mutation: The lesion sample
for the first case is part of the cohort of de-identified archived
CCM lesion samples for which matched blood was not avail-
able. Sequence analysis of lesion-derived DNA for exon 10 of
CCM1 reveals that this patient carries the common Hispanic
germline mutation (5), a premature stop codon in the CCM1
gene c.1363C.T, Q455X. As a constitutional mutation, the
patient DNA is heterozygous for this change in all tissues,
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including the lesion. Thus, the germline mutation is readily
apparent as a heterozygous change when the amplified
product is directly sequenced (Fig. 1A).

Somatic mutation: Using our somatic mutation detection
strategy, we identified a second-site somatic mutation also in
exon 10 of CCM1. The somatic mutation is a 4 bp deletion,
c.1270_1273delTATA, resulting in a frameshift and leading
to a premature stop codon. This somatic mutation is readily
apparent on sequence tracings of individual clones (Fig. 1B)
and was identified in multiple clones in each of the three sep-
arate amplification/cloning stages, in �20% (12/47, 11/53 and
9/51) of the total clones analyzed (Fig. 1C). By fragment
analysis, 11% of the total amplicons display the somatic
mutation (Fig. 1E). 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
(Fig. 1B). The 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.
These data illustrate the sensitivity required for somatic
mutation analysis for CCM vascular lesions.

The presence of the somatic and germline mutations in the
same exon of the CCM1 gene allowed the allelic relationship
of the mutations to be determined at the genomic DNA level.
Further analysis of sequence derived from the clones used to
identify the somatic mutation yielded three categories, each
representing different haplotypes present in the lesion DNA.
The first category represents the germline mutant allele.
These show the germline mutation, but significantly never

show with the somatic mutant allele, consistent with the
two-hit hypothesis. The second category represents the wild-
type allele. These clones lack both the germline and the
somatic mutations and represent wild-type alleles that have
not been somatically mutated. The third category represents
the somatic mutation. These are always wild-type for the
germline mutation, but also harbor the somatic mutation
(Fig. 1D). Consistent with the two-hit hypothesis, only wild-
type germline alleles show the somatic mutation. The
somatic mutation is therefore biallelic to the germline
mutation. Only a fraction (�20%) of the wild-type alleles
harbors the somatic mutation, suggesting that only a subset
of the cells within the lesion contains the somatic mutation.

Case 2: sample 2009. Germline mutation: case 2 is that of a
CCM lesion resected from another patient of the de-identified
archived tissue cohort described earlier. Direct sequence
analysis of amplified exons from lesion-derived DNA
reveals that this sample also harbors the common Hispanic
germline mutation, CCM1 c.1363C.T, Q455X (Fig. 2A).

Somatic mutation: a second-site somatic mutation was
identified in exon 8 of the CCM1 gene, c.1003G.T,
E335X, resulting in premature termination. Once again,
direct sequencing of the amplified product for exon 8 does
not reveal the somatic mutation (Fig. 2B). However, the
somatic mutation is identified when individual clones were
sequenced for each exon. This somatic mutation is present
in �4% (3/50, 2/50, 2/54) of the total clones analyzed for
this exon (Fig. 2C). As this somatic mutation was identified
near the edge of our threshold for detection (two or more of
48 clones sequenced), we sought an independent method to
validate the presence of the mutation. We used a SNaPshot
assay (Applied Biosystems) to determine the sequence of

Figure 1. A biallelic somatic mutation identified in CCM1 sample 2049. (A) Direct sequence analysis of bulk lesion tissue identified the germline mutation as the
common Hispanic mutation, c.1363C.T, Q455X in exon 10 of CCM1. (B) 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. (C) The somatic mutation was identified in the lesion tissue multiple times in each of three rounds of PCR, cloning and sequencing. Replicates 1 and 2
used HiFi Platinum Taq Polymerase (Invitrogen) and replicate 3 used HotStar Polymerase (Qiagen). (D) 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. (E) Fragment analysis validates the somatic mutation in the lesion.
Normal control DNA shows 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.
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thousands of PCR amplicons in a single reaction (Fig. 2D).
This primer extension assay interrogates the sequence at a
specified variant site, with each allele identified with a differ-
ent fluorescent tag. 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. This assay
confirms that the somatic mutation is present only in the
CCM tissue and not in control blood DNA (Fig. 2D). By
SNaPshot, the mutation is found in �6% of the amplification
products from the lesion-derived DNA. Isolation of high-
quality RNA for cDNA analysis was possible for this lesion
sample because it was cryopreserved following surgery.
Using cDNA as a PCR template, the presence of the somatic
mutation is also confirmed by SNapShot, and amplicons
with the somatic mutation represent 24% of the total popu-
lation (Fig. 2D). From the total lesion tissue, only cells expres-
sing the CCM1 transcript would contribute to the clones, thus
increasing the percentage of amplicons showing the 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 c.1003G.T, E335X (exon 8)
mutation is biallelic to the germline c.1363C.T, Q455X
(exon 10) mutation, we performed reverse transcriptase
(RT)–polymerase chain reaction (PCR) to amplify the
region of CCM1 from the cDNA that would encompass both
mutation loci. The sequence analysis of individually cloned

amplicons reveals three categories of clones: those with the
germline mutation, those that are fully wild-type and those
that are wild-type at the germline mutation, but showing 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
(Fig. 2E).

Biallelic somatic mutation identified in CCM2

Case 3: family 307 sample 3911. Germline mutation: the
lesion sample for case 3 is a CCM lesion resected from the
proband of family 307 (31). The germline mutation inherited
within this family is a large deletion of the CCM2 gene,
encompassing nine of the ten coding exons (Fig. 3A). This
germline common deletion has been repeatedly identified in
our North American CCM cohort and is readily screened for
by a PCR reaction spanning the deletion (31,32).

Somatic mutation: we identified a somatic nonsense
mutation c.55C.T, R19X in exon 2 of CCM2 in DNA iso-
lated from the lesion of sample 3911. 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 (Fig. 3C). 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 (Fig. 3D). The analysis
of 48 clones of CCM2 exon 2, from the blood-derived DNA,
resulted in all clones, showing wild-type sequence at the

Figure 2. A biallelic somatic mutation identified in CCM1 sample 2009. (A) Direct sequence analysis of bulk lesion-derived DNA identified the germline
mutation as the common Hispanic mutation, CCM1 exon 10 c.1363C.T, Q455X. (B) Somatic mutation analysis identified a somatic mutation in CCM1
exon 8, c1003G.T, E335X. Direct sequence of lesion DNA shows only wild-type sequence. Sequence of individual clones reveals sequence for both wild-type
clones and clones with the somatic mutation. (C) 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). (D) The somatic mutation is validated using the SNapShot Assay.
The wild-type allele in blue (arrow) is present in all samples, whereas the somatic mutation in green (asterisk) is only present in the lesion-derived DNA or cDNA
products and orange peaks are the size standard. Somatic mutant alleles represent �6% of the DNA-derived fragments and 24% of the cDNA-derived fragments
analyzed. (E) 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.
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somatic mutation site, supporting the hypothesis that somatic
mutations in CCM patients are specific to the lesion tissue.

The germline deletion in this sample encompasses nine of
the 10 exons of CCM2, removing nearly the entire gene of
the mutant allele. Any sequence generated from these
deleted exons is, by definition, derived from the wild-type
CCM2 allele. Because exon 2 is deleted in the mutant germ-
line allele, the somatic mutation identified within exon 2 of
CCM2 is biallelic to the germline deletion.

This frozen lesion sample was of sufficient structural quality
to enable histological examination. Using laser capture
microscopy, we have further defined the scope of somatic
mutations in CCM lesions. We isolated two populations of
cells: cavernous endothelial cells and non-endothelial intersti-
tial tissue located between neighboring caverns within the
lesion (Fig. 3F–I). Endothelial and non-endothelial tissue iso-
lated from five serial section histology sides was pooled
according to the cell type, and the resulting DNA was used
for somatic mutation analysis. The analysis of exon 2 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 (Fig. 3E).
Using the SNaPshot assay to quantify the fraction of mutant
amplicons, the somatic mutation is present in 5–10% 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 (Fig. 3J). This
suggests that the somatic mutation occurs within a subset of
the endothelial cells lining the caverns within this late-stage
CCM lesion.

Somatic mutation identified in CCM3

Case 4: family 283 sample 4035. Germline mutation: the
sample for the fourth case is a member of a family harboring
a known splice altering germline mutation in CCM3, exon 8,
c.474þ1G.A (17). As expected, the direct sequence analysis
of bulk blood-derived DNA for the coding exons of CCM3
revealed this patient to also harbor the CCM3 germline
mutation (Fig. 4A).

Somatic mutation: we have identified a somatic mutation in
exon 6 of CCM3 that is an insertion of a single adenosine,
c.205-211insA, resulting in a frameshift mutation and prema-
ture termination. The sequence of individual clones readily
identifies the presence of this somatic mutation, whereas it is
undetectable by direct sequence of bulk lesion-derived PCR
products (Fig. 4B). This somatic mutation was observed mul-
tiple 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 (Fig. 4C). This mutation is an
insertion of an adenosine in a string of seven adenosines.

Figure 3. A biallelic somatic mutation is identified in CCM2 sample 3911. (A) The germline mutation is identified as a large deletion of the CCM2 gene encom-
passing 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. The intermediate size band results from a PCR, which spans the 77 kb deletion (32), 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 deletion product band (32). (C) Somatic mutation analysis
reveals a somatic mutation, c.55C.T, R19X in exon 2 of the CCM2 gene. The somatic mutation is not readily apparent on a sequence tracing from bulk
lesion. Sequence from multiple clones containing exon 2 inserts reveal 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. (E) Laser capture microscopy was preformed to isolate endothelial cells surrounding the caverns as well as
interstitial (non-endothelial) lesion tissue. The somatic mutation was identified using endothelial cell-derived DNA as template. The interstitial tissue-derived
DNA clones were entirely wild-type. (F–H) Laser capture microscopy to isolate inter-cavernous control cells [(F) before LCM with targeted tissue outlined
in black and (G) after isolation] and endothelial cells surrounding blood-filled caverns [(H) before LCM with targeted EC’s outlined in black and (I) after
LCM]. (J) The somatic mutation is validated using the SNapShot assay. The somatic mutation is present in bulk lesion and laser-captured endothelial cell-
derived DNA (green peak with asterisks). The wild-type allele (blue) is present in all samples.
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Repeat units such as this can be prone to mutation by polymer-
ase error, both in vitro and in vivo. To confirm that this
sequence alteration was present within the lesion tissue and
not created during amplification by polymerase error, we
again chose to use a fragment size-based assay to analyze
thousands of amplicons in a single reaction. Using a high fide-
lity enzyme (PHusionTM), we generated amplified products for
exon 6 of CCM3 from lesion DNA and controls. The wild-type
sequence for this amplicon will result in a 74 bp fragment, and
the somatic mutation insertion will increase the product size to

75 bp. Only the DNA isolated from the CCM lesion displays
amplicons of 75 bp. Thus, only lesion 4035 harbors this
somatic mutation (Fig. 4D, middle panel). A matched blood
DNA control does not display the somatic mutant 75 bp frag-
ment. In order to determine whether the mutation was a poly-
merase error induced by poor DNA quality of lesion-derived
DNA, we used DNA isolated from another lesion sample of
similar quality (also formalin-fixed and paraffin-embedded).
This sample showed only the 74 bp wild-type allele. Thus,
the somatic mutation is not due to PCR error or poor quality

Figure 4. A CCM3 somatic mutation identified in sample 283-4035. (A) The germline mutation identified by sequence analysis of leukocyte-derived DNA is a
splicing mutation in CCM3 exon 8, c.474þ1 G.A. (B) Somatic mutation identified as an insertion of A in exon 6 of CCM3, c.205-211insA. The somatic
mutation is not readily identifiable from the direct sequence of bulk lesion-derived DNA. Clonal analysis reveals both wild-type and somatic mutant clones.
(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 bp 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 long (Positive Ctrl). The lesion-derived sample yields two products, both wild-type
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) In a different fragment analysis assay,
normal WT length fragments are 117 bp, and those with the somatic mutation (asterisk) are 118 bp long. From the laser-captured tissue, only the endothelial cells
and not the interstitial tissue harbor the somatic mutation. Thirteen percent of the endothelial cell-derived amplicons carry the somatic mutation. (F) The somatic
mutation is biallelic to the germline mutation. Fragment analysis of a phusion-derived PCR product from lesion cDNA spanning exons 6 to 9 of CCM3. The
somatic mutation (asterisk) is only present in the RT–PCR product from 4035 lesion cDNA, not from a control CCM lesion.
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DNA, but is a bona fide somatic mutation in CCM sample
4035.

Analogous to case 3, laser capture microscopy was per-
formed 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, and the interstitial
tissue yielded products of only wild-type size (Fig. 4E).

We determined the allelic nature of this mutation using
RNA (cDNA) isolated from 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. We amplified RT–
PCR products from the lesion-derived cDNA to contain both
mutation sites in an amplicon spanning from exons 6 to
9. Using these PCR products as a template for the fragment
analysis assay, the somatic mutation is observed in only full-
length spliced transcripts containing exon 8, indicating that
it arose on the wild-type allele. Furthermore, it was found
only in RT–PCR products from the lesion 4035 and not a
different CCM lesion (Fig. 4F).

Additional samples analyzed

In addition to these previously described cases, we employed
our somatic mutation detection strategy on four additional
CCM2 cases and two additional CCM3 cases. In these cases,
we were unable to identify a somatic mutation using our strat-
egy. We discuss the meaning of this below.

DISCUSSION

The heterogeneous cellular nature of the CCM lesions may
have inhibited previous attempts to detect somatic mutations
within the vascular tissue. Direct sequencing of an amplified
product effectively identifies heterozygous germline
mutations. However, if a somatic mutation is present in sub-
stantially ,50% of the alleles, it may not be easily detected.
Our strategy for somatic mutation analysis involving sequen-
cing of individual PCR amplicons provided the sensitivity to
detect mutations that are not present in an entire cellular popu-
lation and that might otherwise remain undetected by direct
sequencing of the amplified product. The overall sensitivity
of our approach is approximately similar to that used by
Gault et al. for the same purpose (30). Denaturing high-
pressure liquid chromatography also enabled screening of all
the CCM1 exons, such that a biallelic somatic mutation
could be identified in a CCM lesion despite its presence in
only a fraction of the cells.

We have shown that somatic mutations are present in all
forms of inherited CCMs, although we were unable to detect
somatic mutations in each sample examined. We suggest
that the architecture and microanatomy of the CCM lesions
can affect the ability to detect somatic mutations. Tissue het-
erogeneity can cause problems with somatic mutation detec-
tion for solid tumors (33) and also pose similar problems
with the CCM lesion, which comprised multiple cell and
tissue types. In addition to vascular components, the bulk
lesion contains intervening connective tissue. Additionally,

as 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 tissues, fewer caverns, more blood
or a part of the lesion consisting primarily of feeding or drain-
ing vessels. This problem is especially relevant for cases in
which histology slides are the only source of tissue available,
as the slides represent a single slice through the lesion. In
support of this contention, we have observed that different
DNA preparations isolated from different regions of the
same CCM lesion result in an apparent difference in the fre-
quency 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 as 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, the
power to detect a mutation decreases markedly as the
number of alleles harboring the mutation falls below the
20% level. Although in one case we have identified a
somatic mutation that was present in only 6% of the alleles
sampled, it is more likely that we would miss mutations
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. In contrast, formalin-fixed
paraffin-embedded tissue samples contained DNA that was
more difficult to amplify and usually showed a higher fre-
quency of random nucleotide changes. Both singletons and
even multiple clone changes were detected in formalin-fixed
tissue, none of which was 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.

Finally, our somatic mutation identification strategy was
specifically designed to identify mutations that are readily
apparent by DNA sequencing: single nucleotide changes and
small insertions or deletions. Our approach would miss
altogether other types of second hits. A classic mechanism
for a second genetic hit is LOH, resulting from large deletions,
unbalanced translocations or mitotic recombination. The
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 homogeneous lesion sample, the loss
of one allele is readily apparent, either as complete loss of
one allele (LOH) or, more commonly, as a statistically signifi-
cant 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 (33).
Given the complex microanatomy and mixed cellular compo-
sition of CCM lesions, LOH would be very difficult if not
impossible to detect. Epigenetic effects such as promoter
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methylation may also represent a mechanism by which the
wild-type allele may be silenced. Again, these types of
mutations are not readily identifiable by our strategy.
Samples that did not exhibit somatic mutations as simple
sequence changes might be explained by any of the previously
described technical caveats or by different classes of second
hit mutations.

Another potential two-hit mechanism would be the develop-
ment of a somatic mutation in a gene other than that which
harbors the germline mutation. For CCMs, one of the other
CCM genes might make attractive candidates for a second
hit in samples, 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 (PKD). 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 (34,35). The cysts
sometimes instead show trans-heterozygous germline and
somatic mutations, one in each of the two PKD genes
(34,35). However, our mouse models of CCM argue against
trans-heterozygosity. We have crossed the Ccm1 and Ccm2
lines to create mice that are doubly heterozygous for both
germline mutations. 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
CCMs.

The two-hit mechanism for disease pathogenesis was orig-
inally 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. PKD is a clear example of a non-
malignant phenotype that follows the two-hit mechanism
(34,35). The two-hit genetic mechanism has been implicated
as the underlying mechanism for the development of venous
and glomuvenous malformations (36,37). Somatic mutations
have been identified in a population of non-proliferating T
cells in autoimmune lymphoproliferative syndrome (ALPS).
This rare population of cells is believed to promote the pro-
liferation of non-mutated lymphocytes and to indirectly
cause the onset of ALPS (38). 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 immu-
nohistochemical studies to be expressed in a variety of cell
types within the brain, including neurons, astrocytes and vas-
cular endothelium. Although these studies have shown some
inconsistencies in the expression pattern, all agree that all
three CCM transcripts/proteins are robustly expressed in the
neurons (26,39–44). 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 the CCM tissue are present only in the endo-
thelial 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. A critical role for the CCM proteins in the
vascular endothelium is also supported by biochemical
studies, which demonstrate that KRIT1 is localized to endo-
thelial cell junctions and is responsible for maintenance and
stabilization of the integrity of tight junctions (14). Addition-
ally, 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 (CCM1) (27) and zebrafish
(santa and valentine, CCM1 and CCM2, respectively)
(45,46), which exhibit primarily vascular (or cardiovascular)
phenotypes.

Our data also support existing clinical and histological data,
showing that CCM lesions exhibit characteristics of both vas-
cular tumors and vascular malformations. These lesions appear
to grow as a result of both remodeling of the existing vascula-
ture 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 EC com-
ponent (47–49). However, loss of both copies also appears to
initiate other pathogenic mechanisms, including vascular
remodeling (20,21) and changes in vascular permeability due
to loss of tight junctions (3,50). 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.

MATERIALS AND METHODS

Study subjects and germline mutation analysis

This study used the genetic material of 10 distinct CCM lesion
tissues from 10 individual patients (Supplementary Material,
Table S1).

CCM lesion samples with germline mutation in CCM1. From a
cohort of 52 de-identified archived lesion samples, we pre-
pared DNA from each lesion. Using standard direct sequen-
cing techniques to sequence amplified exon products for
CCM1 exon 10, 30 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, and 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 2 through 10. Thus, mutation is
readily identified with a PCR reaction to amplify across the
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deleted region (32). Sample 307-3911 is also a frozen lesion
sample that 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 (31).

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 (17) and 283-4035, whereas sample
162-4309 (17) 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.474þ1G.A and for 162-4309 is
CCM3 c.474þ5G.A.

Somatic mutation analysis

Because two of the 10 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. Some germline mutations
will be present in any tissue in the appropriate Mendelian fre-
quency for autosomal-dominant disease, e.g. 50% of the total
alleles.

Following identification of the germline mutation, we
looked for somatic mutations in the CCM gene that harbors
the germline mutation. In accordance with the two-hit hypoth-
esis we sought to identify somatic mutations that are biallelic
to the germline mutation (for primer sequences, see Sup-
plementary Material, Table S1). For cases of CCM1 and
CCM3, we looked for somatic mutations in each coding
exon. For CCM2, we looked for somatic mutations in exons
2 through 10 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 defi-
nition, be derived from the wild-type allele. The strategy
used standard sequencing techniques modified by an inter-
mediate cloning step. 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 manufacturer’s protocol,
overnight at 48C. 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 poly-
merase to control for polymerase-specific errors. Amplifica-
tion 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 6, we amplified using
PhusionTM 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 min incubation with 10 mM dATP,
1� PCR buffer and 5 U Taq polymerase.

Ligated plasmids were transformed into competent DH5a
Escherichia coli and plated overnight on Luria–Bertani
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
amplicon and to be used as a template in a colony PCR. For
the colony PCR, we used vector-specific primers SP6
50-ATTTAGGTGACACTATAG and T7 50-TAATACGACT
CACTATAGGG. Again, a high fidelity polymerase, Platinum
Taq HiFidelity (Invitrogen), was used and each PCR product
was sequenced using BigDyew Terminator v1.1 cycle sequen-
cing kit (Applied Biosystems) and an ABI 3730 DNA Sequen-
cer. 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
number of sequenced clones was less than 48. When this
number was substantially less than 48, 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, which was observed in
more than one clone. In the second round of amplification,
we used the same polymerase as the first round, and if the
sequence change was observed again in multiple clones, we
proceed to a third round of amplification, which used a differ-
ent high fidelity polymerase. This change of polymerase was
performed to validate that 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 SNaP-
shot Assay (Applied Biosystems). For sample 2009, we ampli-
fied exon 8 of CCM1 from the lesion DNA and exons 7 to 11
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 fol-
lowing the SNaPshot reaction, which included the treated
PCR product, 2.5 ml of the pre-mix from the ABI PRISMw
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SNaPshotw Multiplex Kit, 2 mM primer 50-TAACAATATG
CGAGTGGCCT (sample 2009) or 50-CTCTTTTCACCT
TTTAGGAATACTC (sample 307-3911), 1� PCR buffer,
0.5 mM MgCl2. Cycling conditions were as follows: 40
cycles of 958C for 10 s, 508C for 5 s and 608C for 30 s.
These products were phosphatase-treated again with 1 U of
SAP, prior to running on an ABI 3130 sequencer and analysis
using GeneMapperw Software Version 4.0.

Fragment analysis

The presence of the 4 bp deletion somatic mutation in sample
2049 was validated by a fragment analysis assay. Using
primers 50-6FAM-TTCGTTACGTAAGTTATCGTTTCTTG
and 50-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 a single base insertion somatic mutation in
sample 4035 was validated by a fragment analysis assay. For
the fragment analysis, PCR products for exon 6 of CCM3
were amplified using one fluorescently labeled primer
6-FAM-CTCACACAAGACATCATTATG and one unlabeled
primer 50-CCATACGAAGAAGGGACTCC or 50-AAACAA
GGTTCTTCTGTCCGTTA. The resulting PhusionTM PCR
products were resuspended in formamide (Applied Biosys-
tems) with Rox 350 size standards (Applied Biosystems) and
were characterized on an ABI 3130 Sequencer. Subsequent
analysis of fragment sizes was performed using GeneMap-
perw Software Version 4.0. Positive and negative controls
were colony PCR products from clones, with the 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 TRIzolw reagent (Invitrogen) and manufac-
turer’s protocol. From formalin-fixed paraffin-embedded
tissues, the total RNA was isolated using the PureLinkTM

FFPE Total RNA Isolation Kit (Invitrogen) and manufac-
turer’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 7 to 11 was generated with
the following primers: exon 7 RT forward 50-CAGAATTAC-
TAAGCCGTCTTCTCA and exon 11 RT reverse
50-GGATCCAGATTAGTCAATTCAGC.

The following primers were used to amplify exons 6 to 9 of
CCM3: exon 6 RT forward 50-TCCAGGTCTCACACAA
GACATC and exon 9 RT reverse 50-CTTTCTTTTGGTGT
TCAAGTGC.

Laser capture microscopy

Endothelial cells and interstitial control tissue were isolated
from CCM pathology slides by laser capture microscopy.
Cellular populations were isolated from five 17 mM 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 average,
laser settings were as follows: 70 mW power, pulse time
5500 s, intensity 180 mV and spot size 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 iso-
lation. Following manufacturer’s protocol for the QIAmp
DNA Micro Kit, LCM DNA was purified and resuspended
in 20 ml elution solution. An aliquot of 5 ml 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.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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