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Abstract

Cerebral cavernous malformations (CCMs) are intracranial vascular lesions associated with risk of haemorrhages and seizures. While
the majority are sporadic and often associated with somatic variants in PIK3CA and MAP3K3, around 20% are familial with germline
variants in one of three CCM genes—KRIT1/CCM1, CCM2 and PDCD10/CCM3. We performed comprehensive phenotyping and genetic
analysis of nine multiplex families and ten sporadic individuals with CCM. In the familial cases, initial standard analyses had a low
yield, we therefore searched for small copy number changes and deep intronic variants. Subsequently, pathogenic germline variants in
KRIT1/CCM1 or CCM2 were identified in all 9 multiplex families. Single or multiple exon deletions or splice site variants in KRIT1/CCM1
were found in 3/9 families. Where cavernous malformation tissue was available, second hit somatic PIK3CA variants were identified
in 4/7 individuals. These 4 individuals were from separate families with germline KRIT1/CCM1 variants. In 8/10 sporadic cases, we
detected recurrent pathogenic somatic PIK3CA, MAP3K3 or CCM2 variants. All familial cases had multiple CCMs, whereas the sporadic
cases had a single lesion only, which was in the temporal lobe in 9/10 individuals. Our comprehensive approach interrogating deep
intronic variants combined with detection of small copy number variants warrants implementation in standard clinical genetic testing
pipelines to increase diagnostic yield. We also build on the established second hit germline and somatic variant mechanism in some
CCM lesions. Genetic diagnosis has clinical implications such as reproductive counselling and provides potential eligibility for precision
medicine therapies to treat rapidly growing CCMs.
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Introduction

Cerebral cavernous malformations (CCMs) are vascular anoma-
lies characterised by clusters of thin-walled capillaries. The struc-
tural irregularities of these capillary clusters can alter the blood
flow in the brain and disrupt normal brain function, leading to
neurological manifestations such as haemorrhages and seizures.
CCMs are estimated to occur in ~0.5% of the population and
approximately 80% are single brain lesions in individuals with no
family history of CCM (sporadic cases) [1-3]. In individuals with
familial CCM, multiple vascular brain lesions occur in affected
family members. Due to the occurrence of multiple lesions, famil-
ial CCMs are generally associated with more severe symptoms [4].

Familial CCM follows an autosomal dominant inheritance
pattern and is linked to germline loss-of-function pathogenic vari-
ants in three primary CCM genes that encode proteins involved
in capillary development: KRIT1/CCM1 [HGNC: 6380, MIM:
604214], CCM2 [HGNC: 1745, MIM: 607929], and PDCD10/CCM3
[HGNC: 8767, MIM: 603285] [5-9]. In contrast, sporadic CCMs are
commonly associated with somatic gain-of-function variants in
PIK3CA [HGNC: 8977, MIM: 171834] or MAP3K3 [HGNC: 6881, MIM:
602539] that encode proteins in the growth signalling mTOR and
Ras/Raf/MAPK pathways, respectively. [10-12] Several studies of
mosaicism in CCM tissue have identified second or even third
‘hit’ somatic pathogenic variants in a subset of both familial
and sporadic cases indicating these benign vascular lesions can
accumulate mutations in a similar fashion to malignant tumours
[13-15]. In both the proposed second and third hit models, familial
CCM lesions arise from a germline loss-of-function variant in any
of the 3 CCM genes (KRIT1, CCM2 or PDCD10), and can accumulate
a mosaic loss-of-function variant in a CCM gene, and/or a
gain-of-function PIK3CA or MAP3K3 somatic pathogenic variant
that promotes growth of the lesion.

While recent work has uncovered links between specific geno-
types and certain clinical and radiological features of CCMs [10,
16], the observed clinical heterogeneity remains incompletely
understood. Variability in disease severity and progression among
affected individuals, even within families, underscores the need
for comprehensive genetic characterization and phenotypic cor-
relation. Here, we performed comprehensive phenotyping and
genetic analysis of a cohort of patients with familial and sporadic
CCM cases including interrogation of small indels and intronic
variants to increase diagnostic yield and correlate with clinical
manifestations.

Results

Phenotyping

Clinical data was reviewed for 16 familial (from nine families)
and 10 sporadic cases (Tables 1 and 2). The familial cases all had
multiple CCMs with most having more than 10 supra- and infra-
tentorial lesions. The sporadic cases all had a single lesion only,
located in the temporal lobe in 9/10 cases, and the cingulate
gyrus in one. All the sporadic cases and 15/16 familial cases
had focal epilepsy. The predilection for lesions in sporadic cases
to be localised to the temporal lobe and the high frequency of
epilepsy in our patients is likely due to ascertainment bias as our
cohort was recruited through epilepsy programs. The mean age
of seizure onset was similar in the familial cases (18 years; range
1-55 years) and the sporadic cases (21.7 years; range 10-40 years).
Symptomatic intracerebral haemorrhages (ICH) occurred in 8/16
familial cases (including in 7/12 with a KRIT1/CCM1 variant and in
1/4 with CCM2 pathogenic variants) but did not occur in any of the
sporadic cases. All 10 sporadic cases underwent epilepsy surgery
with 7/10 achieving Engel class I outcomes (free of disabling
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Figure 1. (a) Shows a heterozygous deep intronic variant in KRIT1 (c.262 + 112A > G) in family ] identified on whole exome sequencing and confirmed via
sanger sequencing. (b) Shows the aberrant splicing event predicted to create an acceptor site 112 base pairs upstream of exon 5 by SpliceAl (c) Shows
a sashimi plot of RNA-sequencing reads. Splicing from the 3" end of exon S to the 5" end of the predicted pseudoexon (arrow) observed in both siblings

with the variant (top 2 plots) but not in controls (bottom 3 plots).

seizures) and 3/10 achieving Engel class II-IV (mean follow up
11.9 years; range 2.5-29 years; Table 2). In the familial group, 2
individuals had surgery to resect haemorrhagic lesions and 6 had
epilepsy surgery with 4/6 individuals achieving Engel class I and
2/6 Engel class II-IV (mean follow up 11.5 years; range 4-19 years).

Genetic analysis
Loss-of-function pathogenic germline variants in familial
cases

We identified pathogenic germline variants in all nine fami-
lies with CCM. In four families, pathogenic single nucleotide
or small indel variants were detected on standard clinical or
research testing (Table 1). These comprised a KRIT1 frameshift
variant (c.1524_1528delAAGAA) in family A that was confirmed
on research exome sequencing, an inframe deletion in KRIT1
(c.136_139delAAA) in family B, an insertion across exon 16/17 in
family C (Fig. 2b), and a CCM2 splice site variant (c.205-2A > G) in
family D (Table 1).

Of the remaining five families, three (E, F and G) were negative
on prior clinical testing. The negative results from the previ-
ous clinical testing in Family E was due to the proband hav-
ing an epilepsy gene panel with 302 epilepsy genes that did
not include KRIT1. In Family F, the proband had clinical test-
ing of KRIT1, CCM2 & PCDC10 with both sequencing and Multi-
plex Ligation-dependent Probe Amplification but neither method
detected any variants. Upon re-analysis of available sequencing
data from Family E, we identified a recurrent frameshift dele-
tion variant in KRIT1 (c.1362_1363del). In Family F, we subse-
quently performed whole genome sequencing on both affected
individuals and detected a recurrent frameshift deletion in CCM2
(c.683_686del) (Table 1 and Supplementary Fig. 1). Both variants
have previously been reported as pathogenic variants in familial
CCM [17, 18]. The proband in Family G previously had clinical
testing of KRIT1 with denaturing high-performance liquid chro-
matography (dHPLC), which would not have been able to detect a
deletion of an entire exon.

We performed research exome sequencing on Families G, H
and J. No pathogenic variants were identified on initial analysis

of CCM genes in Families G and H. However, subsequent inter-
rogation for potential copy number variants in the sequencing
data from these families revealed decreased read depth in two
regions of KRIT1. A heterozygous deletion of KRIT1 exon 18 in
family G (Supplementary Fig. 2) and KRIT1 exons 15, 16 and 17
in family H (Supplementary Fig. 3) were independently confirmed
by chromosomal microarray and droplet digital PCR. In family J,
a heterozygous deep intronic variant in KRIT1 (c.262+ 112A > G)
was identified, which was predicted to create an acceptor site
112 base pairs upstream of exon 5 by SpliceAl, which would
lead to aberrant splicing and the introduction of a pseudoexon.
Subsequent RNA sequencing of blood-derived RNA from the two
affected individuals in this family confirmed the expression of
transcripts containing the predicted pseudoexon. (Table 1 and
Fig. 1la—c).

Recurrent gain-of-function somatic pathogenic variants in
familial cases

Droplet digital PCR (ddPCR) analysis of resected CCM tissue avail-
able from seven individuals in six families with CCM revealed the
presence of recurrent somatic variants in PIK3CA in four indi-
viduals from unrelated families. These included: p.E545K in two
(family H:I1.6 and family C:II1.1, Table 1 and Fig. 2a), the p.H1047R
inindividual I1.4 from family B, and p.E542K in individual IV.4 from
family A; all were at low variant allele fractions of < 6% (Table 1).

Recurrent gain-of-function somatic pathogenic
variants in sporadic cases

We identified recurrent somatic pathogenic gain-of-function vari-
ants in MAP3K3 or PIK3CA in 8/10 sporadic cases tested using
droplet digital PCR (ddPCR). The MAP3K3 (p.[441M) variant was
observed in 4/10 sporadic cases (3, 4, 6 and 8; Table 2) with
VAFs ranging from 2.4% to 8%. Three PIK3CA variants (p.H1047R,
p.E545K and p.E542K) were detected in 5 sporadic cases (1, 2, 3, 6
and 7; Table 2). Among the 8 sporadic cases with at least one gain-
of-function variant, three individuals harboured multiple somatic
variants in different genes, including cases 1 and 6 with two
somatic variants and case 3 with three somatic variants (Table 2).
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Figure 2. (a). Droplet-digital PCR results identified a recurrent PIK3CA (p.E545K) gain-of-function variant identified at a variant allele frequency (VAF) ~ 3%
in the resected CCM tissue from individual III.1 from family C, but the variant was not detected in the resected CCM tissue from her brother, I1I1.2 (top
row). The variant was also detected in CCM tissue from individual II.6 from family H at a VAF ~ 3% but was not detected on testing of their peripheral
blood sample (bottom row). (b). Pedigree showing inherited germline KRIT1 variant present only in affected members. The recurrent gain-of-function
somatic variant in PIK3CA (p.E545K) was only present in one of the affected siblings (III.1).

Discussion

There have been significant advances in understanding the
genetic aetiology of CCMs over the past decade. [11-13, 19, 20] Our
study highlights the importance of interrogating deep intronic
regions for splice site variants and searching for small copy
number variants in sequencing data to increase the diagnostic
yield. In our cohort, one third of families initially genetically
unsolved were subsequently found to have a causative deep
intronic or copy number variant upon re-analysis. Standard
testing methods lack the sensitivity to detect all types of causative
variants. For example, families G and H had heterozygous single
or multiple exon deletions of KRIT1 that would not have been
detected on a standard clinical gene panel or clinical exome
optimised for single nucleotide variant detection. In family J,
we identified a deep intronic variant 112 base pairs upstream
from exon 5 of KRIT1 that would have been outside of the region
interrogated on a clinical gene panel or clinical exome.

Our study also builds on the recently observed phenomenon
of second-hit somatic variants in CCM lesions of familial cases.
Somatic gain-of-function pathogenic PIK3CA variants were
detected in addition to a germline KRIT1 variant in 4/7 familial
cases where CCM tissue was available. We also identified three
sporadic cases with at least two somatic variants. Two studies
have shown that KRIT1, CCM2 or PDCD10 loss-of-function variants
and the recurrent MAP3K3 gain-of-function variant all increase
Ras/Raf/MAPK pathway signalling [10, 19, 21], whereas recurrent
PIK3CA variants increase PI3K-mTOR pathway signalling. [13]
Hyperactivation of either, or both, of these signalling pathways
likely drives overgrowth of CCMs contributing to clinical sequelae.
A better understanding of these molecular mechanisms could
lead to improved treatment options, for example the drug
inhibitor, alpelisib, that specifically targets PIK3CA or other
inhibitors that target the Ras (e.g. trametinib) or mTOR (e.g.

sirolimus) signalling pathways could be repurposed to treat drug-
resistant epilepsy due to CCMs.

Clinical phenotyping showed the sporadic cases all had a single
CCM, whereas the familial cases all had multiple CCMs, consistent
with the typical pattern seen in individuals with germline KRIT1,
CCM2 or PDCD10 variants. All except one individual had epilepsy,
reflecting their recruitment through epilepsy programs. Interest-
ingly, the familial and sporadic cases had a similar mean age of
seizure onset and comparable outcomes from epilepsy surgery.
Symptomatic ICH occurred in 50% of familial cases but did not
occur in any of the sporadic cases despite follow up for an average
of 11.9 years (range 2.5-29 years).

There were several limitations of this study. First, the lack of
resected CCM tissue from all familial cases to search for second
hit variants. Second, screening for only recurrent somatic variants
in PIK3CA and MAP3K3 in CCM tissue of familial and sporadic
cases precluded discovery of somatic variants in novel genes.
Overall, our findings highlight the phenotypic and genetic hetero-
geneity of familial and sporadic CCMs and support more compre-
hensive clinical testing approaches incorporating deep coverage
to discover somatic variants and interrogation of intronic regions
to increase genetic diagnostic yield.

Materials and methods
Cohort and sample collection

Our CCM cohort consists of nine families with 16 affected individ-
uals and ten sporadic cases. We collected blood and/or saliva sam-
ples from all family members and sporadic individuals. Lesional
tissue was available for seven familial and all ten sporadic cases
who underwent CCM resection through an epilepsy surgery pro-
gram. Written informed consent (Austin HREC H2007/02961) was
obtained from all cases.
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Genetic testing

Two familial CCM cases underwent clinical gene panel testing
(family A: IV.4 and family E: I1.1). The individual II.1 from family
E underwent commercial clinical genetic testing via Invitae using
a gene panel consisting of 302 epilepsy genes. The individual IV.4
from family A had a cerebral vascular malformations gene panel
that included KRIT1, CCM2, PDCD10 and 14 other vascular mal-
formations genes (ACTA2, ACVRL1, ANGPYL6, CBL, COL3A1, ENG,
GUCY1A3, PDGFRB, RASA1, RNF213, SAMHD1, SCL2A10, SMAD4
& YY1AP1) at an average read depth ~ 50x. Affected individuals
from family C, individual 1.4 from family B, II.8 from family D,
I1.2 from family F, and II.2 from family G underwent research-
based genetic testing for SNPs and small indels via denaturing
High-Performance Liquid Chromatography (dHPLC) and Single-
Strand Conformation Polymorphism techniques. dHPLC was only
performed to screen variants in KRIT1. Additionally, individual II1.8
from family D was screened for pathogenic variants via targeted
sequencing of CCM2 and PDCD10 (CCM3). Finally, individual III.1
from family F underwent screening for copy number variants in
the 3 CCM genes (KRIT1, CCM2 and PDCD10) via Multiplex Ligation-
dependent Probe Amplification.

High depth sequencing

Next-Generation Sequencing (NGS) data was obtained from DNA
derived from blood samples of individuals who did not have previ-
ous positive findings on clinical testing. Whole exome sequencing
(WES) data was obtained from seven samples (family A: V4,
family D: I1.1, family E: I1.1, family F: IIl.1, family G: I1.1, family
H: I1.6 and family J I.2 from Table 1), achieving a target coverage
of 50x. NGS data was processed following GATK Best Practices
[13]. Paired reads were aligned to the hg38 reference genome
using BWA-MEMv0.7.17-r1188. GATK (v4.1.9) was used to mark
duplicates from the mapped reads and for base quality score
recalibration. GATK HaplotypeCaller was used to call germline
SNPs and indels and GATK Mutect2 v4.2.5.0 was used to search
for mosaic variants from the aligned data. Germline and mosaic
variants were annotated using VEP [14] and filtered for variants
in CCM genes (KRIT1, CCM2, PCDC10, MAP3K3 and PIK3CA) that
are ultra-rare (allele count <5 in gnomAD v.4.0.0). We searched
for loss-of-function variants based on the following criteria: vari-
ants resulting in frameshift, splice acceptor or donor site alter-
ations, stop or start codon losses or gains, with a CADD Phred
score of >20 or a SpliceAl score > 0.5. Variants in the canoni-
cal transcripts of CCM-related genes KRIT1 (NM_194454.3), CCM2
(NM_031443.4), PDCD10 (NM_007217.4), PIK3CA (NM_006218.5),
and MAP3K3 (NM_002401.5) were analysed to identify those asso-
ciated with cerebral cavernous malformations of the affected
individuals.

Sanger sequencing was used to validate variants identified
via NGS data and in affected individuals without any available
sequencing data (family E: 1.2, family F: I1.2 and family J: II.1 from
Table 1).

Coverage analysis

In familial cases with no pathogenic small variants (SNVs/indels)
identified from sequencing data, we assessed read depth across
the 3 CCM genes to identify potential copy number variants
(CNVs). We calculated read depth across the exons of KRIT1, CCM2,
and PDCD10 for our cases and compared it against the read depth
across these exons in control samples from individuals without a
diagnosis of CCM sequenced in the same batch as our cases. Cov-
erage across these exons was visually compared, identifying CCM

individuals with regions of comparatively lower depth indicative
of exonic deletions. Chromosomal microarray analysis (CMA) and
droplet-digital PCR (ddPCR) was used to confirm heterozygous
exon deletions in these regions.

Chromosomal microarray analysis (CMA)

CMA was conducted on cases from family G (Table 1). Blood-
derived DNA was processed using the Illumina (San Diego, Cali-
fornia) Infinium workflow on the Global Screening Array (GSA)-
24v1 or v2 (650 k SNP probes) BeadChips, as previously described
[22]. The mean probe spacing was 6kb and was validated for
the detection of deletions and duplications to 200kb and/or 20
probes. The minimum 20 probe threshold for CNV calling allowed
for detection of CNVs to 1kb in size. Sensitivity for mosaicism
was validated to detect CNVs (whole chromosome, segmental
chromosome (>10Mb) and smaller CNVs (<10Mb)) at 5%-10%
mean variant allele fraction or greater. Copy number analysis was
performed using the Illumina Karyostudio v1.4 or BioDiscovery
NxClinical v6.0.

Droplet digital PCR (ddPCR)

Droplet-digital PCR (ddPCR) was used to validate small copy num-
ber variants detected via CMA and coverage analysis. We also
ran assays to confirm specific variants using droplet-digital PCR
(ddPCR) assays on DNA derived from formalin-fixed paraffin-
embedded (FFPE) lesion tissues of 10 sporadic cases and 4 familial
cases. TagMan SNP Genotyping Assays from Thermo Fisher Sci-
entific Inc were used to detect and quantify recurrent variants
(Supplementary Table 1). Droplet generation, PCR cycling, and
droplet reading were performed according to the manufacturer’s
recommendations (Bio-Rad).

RNA sequencing

RNA was extracted from 2.5 ml whole-blood collected in
PAXgene RNA tubes using the PAXgene blood RNA kit as per
the manufacturer’s instructions (PreAnalytix PAXgene Blood
RNA Kit Handbook). Libraries for two siblings with the KRIT1
€.262 +112A > G intronic variant predicted to create to a pseu-
doexon, and other individuals without the variant were prepared
from blood-derived RNA using the Illumina Stranded Total RNA
Prep with Ribo-Zero Plus kit and sequenced on the NovaSeq
platform. Paired-end, 151 base pair reads were processed with
the nf-core/rnaseq pipeline (v3.15.0) [24] using STAR (v2.7.10a)
[25] to align reads to the GRCh38 reference genome (Ensembl
release 113). Sashimi plots were generated using ggsashimi [26]
to visualize RNA-sequencing reads that support the presence
of the predicted pseudoexon comparing the MANE Select KRIT1
transcript (ENST00000394505) with the predicted pseudoexon
(chr7:92240748-92 240 880) added manually.

Supplementary data

Supplementary data is available at HMG Journal online.
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