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Cerebral cavernous malformations (CCMs) are common vascular anomaly diseases in the central nervous system associated with seizures, cerebral microbleeds, or asymptomatic mostly. CCMs can be classified as sporadic or familial, with familial cerebral cavernous malformations (fCCMs) being the autosomal dominant manner with incomplete penetrance. Germline mutations of KRIT1, CCM2, and PDCD10 are associated with the pathogenesis of fCCMs. Till now, little is known about the fCCMs mutation spectrum in the Han Chinese population. In this study, we enrolled a large, aggregated family, 11/26 of the family members were diagnosed with CCMs by pathological or neuroradiological examination, with a high percentage (5/9) of focal spinal cord involvement. Genomic DNA sequencing verified a novel duplication mutation (c.1119dupT, p.L374Sfs*9) in exon 9 of the Krev interaction trapped 1 (KRIT1) gene. The mutation causes a frameshift and is predicted to generate a truncated KRIT1/CCM1 protein of 381 amino acids. All our findings confirm that c.1119dupT mutation of KRIT1 is associated with fCCMs, which enriched the CCM genes’ mutational spectrum in the Chinese population and will be beneficial for deep insight into the pathogenesis of Chinese fCCMs. Additionally, with a retrospective study, we analyzed the molecular genetic features of Chinese fCCMs, most of the Chinese fCCMs variants are in the KRIT1 gene, and all these variants result in the functional deletion or insufficiency of the C-terminal FERM domain of the KRIT1 protein.
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Introduction

Cerebral cavernous malformations (CCMs) are vascular anomalies histologically characterized by tightly packed and abnormal capillary cavities collections, mainly located in the central nervous system (CNS) (Zafar et al., 2019). The clinical presentation of CCMs may be various, including seizures, recurrence headaches, focal neurological deficits, and hemorrhage (Ricci et al., 2021). However, many patients with CCMs are asymptomatic; hence, the real-world pre-valence of CCMs may be hard to accurately evaluate (Moore et al., 2014). CCMs most often occur sporadically or in familial form. Compared to sporadic CCMs usually present with CNS single lesions, fCCMs are characterized by CNS multiple lesions and autosomal dominant inheritance with incomplete penetrance (Riolo et al., 2021).

The pathogenic alterations of fCCMs have been mapped into three loci: KRIT1/CCM1 (OMIM 604214) (Dubovsky et al., 1995; Gunel et al., 1995), CCM2 (OMIM 607929) (Craig et al., 1998; Liquori et al., 2003), and PDCD10/CCM3 (OMIM 609118) (Bergametti et al., 2005), and are located on chromosomes 7q, 7p, and 3q, respectively. The incidence of fCCMs accounts for about 10−15% of all CCM cases (Zhao et al., 2011), and its incidence rate displays obvious geographical characteristics, with fCCMs incidence rates as high as 50% in Hispanic Americans and 10−40% in Caucasian populations (Rigamonti et al., 1988; Labauge et al., 2007). Epidemiologically, the incidence of fCCMs in Han Chinese has not been reported, systematic studies on Han Chinese fCCMs families are extremely rare, and clinically definite diagnosis of Han Chinese fCCMs is also rare (Yang et al., 2017; Liu et al., 2022). However, some Chinese-specific CCMs gene mutation loci have been found sporadically (Chen et al., 2002; Yang et al., 2017, 2018; Jih et al., 2018; Yang L. et al., 2020). Therefore, it is meaningful to uncover the genetic phenotype of Han Chinese fCCMs by continuously enriching the fCCMs’ genomic alteration spectrum in the Chinese population.

In this study, we report the clinical presentations, neuroradiological features, and genomic defects of a large Chinese fCCMs family. It’s beneficial for us to further characterize the clinical features of CCM patients with KRIT1 mutations and expand the mutational spectrum of this gene. Furthermore, a thorough retrospective study of molecular genetic features in Chinese fCCMs was conducted to gain a deeper insight into the etiology and pathogenic characteristics of Chinese fCCMs.



Materials and methods


Subjects

This study was approved by the ethics committee of the Second Affiliated Hospital of Soochow University. The family includes 26 members, 11/26 family members were diagnosed with the CNS CCMs, and two of them have departed. The clinical features of the 11 fCCMs patients have been shown in Table 1. The index patient (proband; II-1) is a 69-year-old male patient, suffering from progressive bilateral lower limbs dystonia. Over the next 6 years, the members of III-2, III-3, III-5, and IV-6 sequentially received surgeries and were confirmed to suffer the CNS CCMs. A retrospective study revealed that the family member of II-11 received surgery to remove an intracranial lesion due to seizures when he was young. The post-operative pathological diagnosis was “vascular malformation.” Unfortunately, no pathological or imaging sources were available, and without offspring. The family members of II-3, III-4, III-6, and IV-3 were all neuroradiological confirmations of CNS CCMs and were clinically silent.


TABLE 1    Clinical features and genetic data of the fCCMs members.
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Whole-exome sequencing and causative variants filtering

We utilized whole-exome sequencing (WES) to detect potential pathogenic germline mutations within the fCCMs family members. Four fCCMs patient members (II-1, III-2, III-5, and IV-3) and two fCCMs health members (III-1 and III-7) were included in the WES study. The genomic DNA was extracted from each family member’s peripheral blood. DNA libraries were constructed and sequenced to a target depth of 100 × on the Illumina X-TEN platform, as previously reported (Han et al., 2020). Reads were aligned to the reference genome (hg19) using BWA-MEM. Sequencing results for single-nucleotide variations (SNVs) and insertion/deletion (Indels) were analyzed by GATK HaplotypeCaller.

The filtering process of candidate pathogenic variants: (1) Remove the variants with minor allele frequency (MAF) higher than 1% in the normal population database (gnomAD and 1000 Genomes); (2) The variants that occur in healthy Chinese and unaffected members of the family were removed; (3) Preference was given to variants that occur in both affected individuals and that are associated with cavernous malformations in the human genetic variation database ClinVar. Finally, manual identification of possible pathogenic variants, especially in the pathogenic genes KRIT1, CCM2, and PDCD10.



Polymerase chain reaction (PCR) and sanger sequencing

PCR was performed with primers specific to KRIT1 (KRIT1-F: 5′-CCACTGAACTGTACGCCTAAA-3′, KRIT1-R: 5′-AAGTTGAGGCCACTCGCATAT-3′). 10 ng gDNA were used, and the PCR conditions were 95°C 5 min for 1 cycle followed by 35 cycles of 95°C 30 s, 60°C 30 s, and 72°C 1 min. A 424 bp PCR product was generated, which contained the candidate pathogenic mutation of KRIT1. The PCR product was analyzed by gel electrophoresis and directly Sanger sequenced.



Three-dimensional structure analysis of KRIT1 protein

Currently, the most commonly used method for unknown protein structure prediction is based on the known protein structure. However, this method largely relies on homologous templates, which leads to the inability to predict protein structures without homologous templates. In this study, the Alphafold2 algorithm is used, which is based on a deep learning algorithm and can predict protein structures with atomic precision. It can still be predicted in the absence of homologous templates. As previously reported (Liang et al., 2022), using the default parameters of Alphafold2 to predict the structure of KRIT1 wild-type and mutant proteins, the optimal model was selected and obtained the protein data bank (PDB) files of the three-dimensional structure of KRIT1 protein. Meanwhile, to visualize the mutant and wild-type KRIT1 protein structures, the predicted PDB files were imported into Swiss-PDB Viewer (Version 4.0.4) for protein structure drawing.




Results


Clinical features

The pedigree was established with the help of family members (Figure 1). The index patient (proband; II-1) is a 69-year-old male patient. Spinal magnetic resonance imaging (MRI) of the T1-weighted imaging revealed a 1.0 cm diameter inhomogeneous hyperintense lesion in the conus medullaris (Figure 2A), and multiple intracranial mixed signal lesions of variable sizes were observed in the T2-weighted brain MR imaging (Figure 2A). Of the 11 fCCMs patient members, seven individuals were symptomatic, and four individuals were asymptomatic. The clinical presentation included paralysis (n = 2), headache (n = 2), loss of consciousness (n = 2), seizure (n = 1), and hemorrhage (n = 4) (Table 2). Seven patients underwent surgical treatment, and post-operative pathology verified the diagnosis of CCMs (Figures 2B-E). Four individuals neuroradiologically exhibited the CNS CCMs but were clinically asymptomatic (Figure 2F). Multiple lesions were found in 9/9 affected familial individuals (Figure 2). In this family of patients with CCMs, a high percentage (5/9) of patients had lesions involving the spinal cord (Table 2).
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FIGURE 1
Pedigree diagram of the Chinese family with fCCMs. The affected family members were diagnosed with pathology or T2-weighted MRI of the CNS.
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FIGURE 2
The CNS MRI and histopathology findings of patients with the CCM1 variant. (A) T1-weighted MR imaging of the proband (II-1) detected a lesion in the conus medullaris. Post-operative MR imaging revealed residual microfoci in the spinal cord, and the brain of T2-weighted MR imaging show multiple lesions of variable sizes in hemispheres. (B,C) Cerebral and spinal MR imaging showing there are multiple lesions in the CNS of III-3 and III-5, respectively. (D,E) Pathologically, hematoxylin and eosin (H and E, Scale bar = 100 μm) staining revealed vascular malformation associated with dilated vessels and thin-walled capillaries (black arrows), III-3 and III-5, respectively. (F) Multiple lesions were observed in an asymptomatic familial member (IV-3) with the KRIT1/CCM1 gene variant from T2-weighted MR imaging of different levels (Yellow arrows point to the lesions).



TABLE 2    Clinical features and radiological findings in the fCCMs patients.
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Molecular studies

Analysis of the WES data found that four fCCMs individuals shared a common KRIT1/CCM1 (NM_004912) frameshift mutation (c.1119dupT, p.L374Sfs*9), while the candidate variation was exclusive in the two healthy familial individuals. The subsequent Sanger sequencing analysis of 16 familial individuals further confirmed that the candidate mutation of KRIT1/CCM1 was present in all members of the CCMs patients, while this mutation was unobserved in any of the ten healthy family members (Figure 3). This heterozygous duplication mutation (c.1119dupT) in exon 9 leads to a frameshift and is predicted to cause a premature termination codon to generate a truncated CCM1 protein of 381 amino acids. This mutation (c.1119dupT, p.L374Sfs*9) has never been reported in the following publicly available databases: CCM mutation database,1 NCBI single-nucleotide polymorphism (SNP),2 and the National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project Exome Variant Server.3
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FIGURE 3
(A) The gel electrophoresis of PCR products shows KRIT1/CCM1 DNA segment containing the candidate mutant sites, and the PCR products were sequenced by the Sanger sequencing method. (B) A novel heterozygous duplication mutation (c.1119dupT, p.L374Sfs*9) of the KRIT1/CCM1 gene was detected by DNA sequencing in the CCM-affected members. The red arrow indicates a duplication of thymine at that site. (C) Representative sequencing results from the healthy family members indicate the absence of the KRIT1/CCM1 gene variant.


An in silico prediction of the three-dimensional structures of wild-type and mutated KRIT1 proteins were performed based on Alphafold2. A structural comparison of the wild-type and mutated KRIT1 proteins indicated that ankyrin (ANK) repeats domains in the C-terminal were partially disrupted (Figure 4).
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FIGURE 4
Three-dimensional structure prediction of wild-type and mutated KRIT1 proteins. The image compares native (A) and mutated (B) KRIT1 tertiary protein structures. As indicated, the main structural modifications affect ANK repeats domains at the C-terminal with consequent loss of the FERM domain.




Retrospective study

Till now, little is known referring to genetic alterations associated with fCCMs in the Chinese population. A retrieved result from Web of Science, PubMed, and Wanfang Data Knowledge Service Platform databases since 2000, with the terms familial cerebral cavernous malformations, mutation, and Chinese, articles published in English or Chinese with essential information about the mutations were included. We collected 24 pathogenetic alterations of fCCMs first identified in the Chinese population (Chen et al., 2002; Xu et al., 2003; Mao et al., 2005, 2016; Ji et al., 2006; Zhao et al., 2011; Wang et al., 2013, 2017, 2018; Zhu et al., 2014; Yang et al., 2017; Du et al., 2019; Han et al., 2020; Jiang et al., 2020; Yang L. et al., 2020; Yang Q. et al., 2020; Zhang et al., 2020; Liu et al., 2022). As exhibited in Table 3, the majority (18/24) of Chinese fCCMs pathogenetic alterations are in KRIT1/CCM1 gene. The incidence of CCM2 mutations followed, with only one Chinese fCCM carrying the PDCD10/CCM3 mutation (Figure 5A). Frameshift and Nonsense were the most common mutation types (Figure 5B), which always lead to a premature termination codon and cause to generate a truncated protein. In Chinese fCCMs carrying KRIT1/CCM1 variants, all these variants result in the functional deletion or insufficiency of the C-terminal FERM (a band four-point-one, ezrin, radixin, moesin) domain of the KRIT1 protein (Figure 5C). KRIT1 binds to microtubules, and when activated RAP1 binds to the FERM domain, KRIT1 translocates to adherens junctions and binds β-catenin (Francalanci et al., 2009; Nardella et al., 2018). However, as previously reported (Liu et al., 2011), the depletion of KRIT1-RAP1 interaction caused a deleterious decreased endothelial barrier function. CCM2 can interact with CCM1 via conserved NPxY motifs, and act as a bridge-like role in the CCM complex (Zawistowski et al., 2005; Draheim et al., 2015). Unlike Hispanic-American or Italian fCCMs (Ricci et al., 2021), no variants located at the three NPxY motifs were identified in this cohort of KRIT1/CCM1 variants of Chinese fCCMs.


TABLE 3    Summary of identified pathogenetic alterations of CCMs in the Chinese population.
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FIGURE 5
(A) Mutation spectrum of CCM genes in this cohort of Chinese fCCMs patients. (B) Distribution of different types of variants identified by each CCM gene, respectively. (C) Schematic representation of the gene structure and protein domains of KRIT1/CCM1 in the Chinese population. The upper panel represents the genetic structure, and the lower panel represents a corresponding protein product and its specific domain. Each reported KRIT1/CCM1 gene variant is marked in the corresponding genetic and amino acid position, respectively.





Discussion

Since the three pathogenic gene loci (CCM1-3) were mapped, KRIT1/CCM1 mutations were disclosed in more than 40% of familial cases (Yang L. et al., 2020). As the most common pathogenetic mutational gene, more than 250 KRIT1/CCM1 mutations have been identified with a low degree of redundancy (Stenson et al., 2020). Noteworthily, all these mutations lead to premature stop codons that result in truncated proteins. However, pathogenic mutations of fCCMs exhibit remarkable genetic heterogeneity among different races and ethnicities. As a large ethnic population, the incidence of fCCMs is relatively lower among the Chinese population, and novel confirmed pathogenic mutations from the Chinese population are extremely rare. To date, little is known about the genomic alterations associated with fCCMs in the Chinese population. Hence, the identification of this novel CCM1 mutation expanded the mutational spectrum of CCM1 underlining familial CCMs.

In this study, we performed DNA sequencing to analyze a large Chinese family, with years of suffering from CNS cavernous malformations. We identified a novel pathogenic mutation of KRIT1/CCM1 in this family. This novel frameshift mutation of KRIT1 in exon 9 is predicted to cause a premature termination codon to generate a truncated KRIT1 protein of 381 amino acids. The truncated KRIT1 protein is speculated to suffer a severe structural and functional defect, which causes dysregulation of angiogenesis. Intriguingly, a high percentage (5/9) of lesions involving the spinal cord was observed in this family, which was rarely reported in previous studies.

Additionally, to deep insight into the molecular genomic alteration features of the Chinese fCCMs, we compiled the most comprehensive mutational spectrum of Chinese fCCMs to date. Our retrospective study indicated that KRIT1/CCM1 gene mutations were still the most common (18/24) pathogenic variants in the Chinese fCCMs, most of which result in the functional deletion or insufficiency of the C-terminal FERM domain of the KRIT1 protein. PDCD10/CCM3 mutations were extremely rare in this cohort of Chinese fCCMs. Consistent with previous reports, frameshift, and nonsense were the most common mutation types, which always lead to a premature termination codon and cause to generate a truncated protein. However, unlike Hispanic-American or Italian fCCMs, no variants were identified at the three NPxY motifs of KRIT1 protein in this cohort of Chinese fCCMs.

Emerging evidence indicated that fCCMs might exhibit great genetic heterogeneity among different geographic ethnicities. Till now, little is known regarding germline mutations leading to fCCMs in the Chinese population. In this study, we described a novel mutation in KRIT1/CCM1 gene, and retrospectively analyzed the scarcity and sporadic reports of germline mutations of fCCMs in the Chinese population. The population-specific mutational analysis of fCCMs is of a warrant to deep insight into the mutational spectrum of the Chinese population.



Conclusion

We identified a novel germline mutation (c.1119dupT) of KRIT1/CCM1 from a Chinese fCCMs family, which enriches the fCCMs pathogenic mutational spectrum in the Chinese population. The family member carrying this novel CCM1 variant suffered approximately 100% neuroradiological penetrance, which will be beneficial for prenatal guidance and genetic counseling. Moreover, a thorough retrospective study of molecular genetic features in Chinese fCCMs facilitates us to gain a deeper insight into the etiology and pathogenic characteristics of Chinese fCCMs.
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Radiological findings

Multiple lesions 9 5 4
Single lesion 0 0 0
Brain involved 9 5 4
Spinal cord involved 5 5 0
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Loss of consciousness - 2 -
Seizure - 1 -
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References | Gene symbols |Mutation sites (variant) Mutation consequences Protein

1 Chen et al., 2002 KRIT1/CCM1 c.2092C>T Nonsense p-Q698*
2 Xu et al., 2003 KRIT1/CCM1 c.1289C > G Nonsense p-S430*
3 Mao et al., 2005 KRIT1/CCM1 c.1292_1293delAT Frameshift p.Y431Sfs*4
4 Ji et al., 2006 KRIT1/CCM1 ¢.1255-1_1256delGTA Frameshift p-Q401Tfs*10
5 Zhao et al,, 2011 KRIT1/CCM1 c.1197_1200del CAAA Frameshift p-Q401Tfs*10
6 Wang et al., 2013 KRIT1/CCM1 ¢.1396delT Frameshift p.C466V{s*29
7 Zhuetal,, 2014 KRIT1/CCM1 c.1542delT Frameshift p.L516Wfs*11
8 Mao et al.,, 2016 KRIT1/CCM1 c.1159G > T Nonsense p. E387%
9 Yang et al., 2017 KRIT1/CCM1 ¢.1780delG Frameshift p-A594Hfs*67

0 Yang et al., 2017 KRIT1/CCM1 c.1412-1G > A Exon 14 skipping, or frameshift p.S471Nfs*2 or p.S471Tfs*24
11 Wang et al., 2017 KRIT1/CCM1 ¢.1896_1897insT Frameshift p.P633Sfs*22

. Yang et al., 2017 KRIT1/CCM1 c.1864C > T Nonsense p-Q622*
13 Yang et al., 2018 KRIT1/CCM1 €.1919delT Frameshift p.F640Sfs*21

4 Wang et al., 2018 KRIT1/CCM1 ¢.1599_1601TGAdel Inframe p.D533del

5 Wang et al., 2018 MGC4607/CCM2 c.773delA Frameshift p-K258fs*34

6 Duetal,, 2019 MGC4607/CCM2 c.55C>T Nonsense p. R19*

7 Duetal,, 2019 MGC4607/CCM2 cX18G > A Nonsense Unknown?

8 Han et al., 2020 MGC4607/CCM2 c.331G> C Missense p-Al111P

9 Jiang et al., 2020 PDCD10/CCM3 c.165delT Frameshift p-N55fs
20 Yang L. etal, 2020  |MGC4607/CCM2 ¢.755delC Frameshift p-S252fs*40
21 Zhangetal,, 2020  |KRIT1/CCM1 c.1635delA Frameshift p-T545fs*6
22 Yang Q. etal,, 2020 (KRIT1/CCM1 ¢.1307_1308insT Frameshift p.L436Ffs*6
23 Liu et al,, 2022 KRIT1/CCM1 c.1362_1363TCdel Frameshift p-Q455Kfs*23
24 Present KRIT1/CCM1 ¢.1119dupT Frameshift p.L374Sfs*9
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Surgical
treatment

Radiological location

Gene variant
detection

1I-1 Male 69 Leg palsy, dysuria | Yes Conus medullaris and multiple NGS and sanger Alive
intracranial microscopic lesions sequencing
11-2 Male 45 Hemorrhage, Yes = - Dead
conscious
disturbance
1I-3 Male 61 Asymptomatic No Right frontal, temporal and left temporal, NGS and sanger Alive
occipital lobe multiple lesions sequencing
1I-6 Female 16 Hemorrhage, Loss of | Yes - N Dead
consciousness
I11-2 Female 47 Hemiparesis, Yes Pons, C5-6 cervical cord, left frontal lobe, NGS and sanger Alive
headache and cerebellar hemisphere lesions sequencing
II-3 Male 34 Hemorrhage Yes Right frontal lobe, cervical and thoracic |Sanger sequencing | Alive
cord multiple lesions
1-4 Female 38 Asymptomatic No Bilateral frontal lobe and cerebellar Sanger sequencing | Alive
hemisphere lesions
III-5 Female 40 Heemorrhage, Yes Left frontal lobe, T5 thoracic cord and  |Sanger sequencing | Alive
seizure, and aphasia right thalamic lesions
I-6 Male 45 Asymptomatic No Cerebellar hemisphere and left occipital |Sanger sequencing | Alive
lobe lesions
V-3 Male 24 Asymptomatic No Left frontal lobe and caudate, right NGS and sanger Alive
frontal and occipital lobe lesions sequencing
V-6 Female 16 Headache Yes Left frontal lobe, cervical and thoracic ~ |Sanger sequencing | Alive

cord multiple minimal lesions
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