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ARTICLE INFO ABSTRACT

Keywords: Objective: To analyze the clinical features and genetic etiology of a patient with developmental
CACNAIE gene and epileptic encephalopathy.

Epilepsy Methods: The clinical information and peripheral blood of the patient and their family members

Developmental and epileptic encephalopathy
Neurodevelopmental disorders
Whole exome sequencing

were collected before the whole exome sequencing analysis was performed and Sanger
sequencing was employed to verify the potential variant.

Results: The patient presented with epilepsy and cerebral palsy with his parents, brother, and
sister being all healthy. Whole exome sequencing analysis revealed that the child carried the
paternal c.823del (p. R275Gfs*31) heterozygous variant and the maternal c.2456del (p.
V819Gfs*190) heterozygous variant of the CACNA1B gene. Pedigree verification found that the
elder brother and amniotic fluid of fetus in womb carried the paternal c.823del heterozygous
variant, and the elder sister carried the maternal c.2456del heterozygous variant, which con-
formed to the law of autosomal recessive inheritance. Neither of these two variants has been
reported in the literature and has not been included in the Genomic Mutation Frequency Database
(gnomAD); according to the American Academy of Medical Genetics and Genomics Variation
Grading Guidelines (ACMG), both variants are classified as pathogenic variants (PVS1+PM2-
Supporting + PM3).

Conclusion: This study reported the first case of a child with neurodevelopmental disorder and
epilepsy caused by a new compound heterozygous variant of the CACNAIB gene in China,
clarified its genetic etiology, enriched the mutation spectrum and disease spectrum of CACNAIB
gene, and provided a basis for prenatal diagnosis of the family.

1. Introduction

Developmental and epileptic encephalopathy (DEEs) are a group of severe early-onset epilepsy characterized by intractable sei-
zures, developmental delays, or developmental regression associated with persistent epileptic activity, usually with early childhood
onset and a poor prognosis that places a heavy burden on families and society. According to statistics, the prevalence of epilepsy in
children under 2 years of age is nearly 70/100,000, and hereditary epilepsy accounts for more than 0.4 % of the general population and
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30 % of all epilepsy patients [1]. Rapid advances in genetic testing technology have elucidated the genetic etiology of many DEEs and
exhibited high phenotypic and genetic heterogeneity [2,3]. More than 150 single genes have been reported to be associated with DEEs,
despite analysis using comprehensive genetic tests, 50 % of patients remain genetically undiagnosed [4,5].

In recent years, with increased disease awareness and the widespread clinical use of genetic testing technologies, genes and diseases
related to DEEs have been continuously discovered, many of which are components of the gene-encoded neuronal ion channels that
cause epilepsy and play a central role in the occurrence and remission [6,7]. Among these genes associated with DEEs, the most
common genetic variants are sequence alterations (30-40 %) and chromosomal deletions or duplications (5-10 %) [8]. CACNAIB
(OMIM:601012), encoding an N-type voltage-gated calcium channel (Cav2.2), which are essential for neurotransmitter release from
cerebral neurons [9-11]. Common variants in CACNA1B were the newly reported gene associated with DEE with only 6 patients being
reported worldwide, from Pakistani and European ancestry, and all carrying loss-of-function type variants of the CACNA1B double
allele, including two frameshift variants p.Leul222Argfs*29 and p.Gly1192Cysfs*5, a nonsense mutation p.Arg383* and a shear
variant ¢.4857p1G > C. No related cases and variant loci have been reported in the Chinese population.

This study described a consanguineous family from northwest China, with a pre-documented individual presenting with neuro-
developmental disorder, epilepsy, and cerebral palsy. The purpose of this study was to identify the genetic etiology through whole-
exome sequencing analysis of the family, to provide a molecular basis for clinical diagnosis and precise treatment of the affected
child, and to provide timely genetic counseling for prenatal diagnosis of the next child in the family line to prevent birth defects.

2. Methods
2.1. Patient and sample collection

The present work was based on a 5 years old male children patient who has epileptic encephalopathy, cerebral palsy, severe
neurodevelopmental delay (often accompanied by degeneration) and hyperkinetic movement disorder. His sleep electroencephalo-
gram was showed in (Fig. 1). His family members were including parents, older brother, and older sister who were all healthy, and the
mother was pregnant with her 4th child. 3 mL of peripheral blood was collected from the patient and his family members. The mother
of the child underwent amniocentesis at 20 weeks of gestation to extract fetal DNA for preservation. Berry Genomics was commis-
sioned to conduct a whole-exome sequencing analysis of the family. This study was approved by the Ethics Committee of the General
Hospital of Ningxia Medical University with the informed consent of the child’s guardian (2020-664).

2.2. Whole exome sequencing

Genomic DNA was extractd from 200 pL of peripheral blood, 1 pg was of which was taken to interrupt and construct a whole
genome library using PCR-free technology with a whole exon capture kit (NanoWES Human Exome, Berry Genomics). After capture,
sequencing was performed on an Illumina NovaSeq 6000 high-throughput sequencer with an average sequencing depth of 80X and
aligned with the human reference genome (hg38/GRCh38). The data were analyzed using the Verita Trekker® Variant Site Detection
System and Enliven® Variant Site Annotation Interpretation System to remove 1000G, EXAC, gnomAD, dbSNP and variant sites with
mutation frequencies greater than 0.5 % in the internal database, remove non-functional variant sites (synonymous mutations, non-
coding region mutations, etc.), and retain potentially Synonymous mutations that may affect shearing and known variants included in
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Fig. 1. Sleep EEG analysis: persistent, diffuse moderate-to-high amplitude 2-3 Hz delta waves and 4-7 Hz theta waves in each lead on both sides,
with obvious NREM-REM periodic changes. The former is greater than the latter in time, and Symmetrical apex waves can be seen in the anterior
head, slightly lower to medium amplitude 12-14 Hz spindle wave, and a small amount of low to medium amplitude 14-28 Hz beta wave rhythm,
bilateral amplitude and frequency symmetry.
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HGMD and ClinVar databases; SIFT, Polyphen2, CADD and other software were used to predict the pathogenicity of variant loci.

2.3. Pathogenicity rating of variant loci

The pathogenicity rating of variant loci was in accordance with the American College of Medical Genetics and Genomics (ACMG)
guidelines and the ClinGen Sequence Variation Interpretation Panel of Experts on Recommendations for the Application of Guidelines
Standards and Changes in Ratings. The ACMG ratings are categorized into five levels: “Pathogenic”, “Possibly Pathogenic”, “Of Un-
certain Significance”, “Possibly Benign” and “benign”. Criteria for pathogenic variants can be classified as very strong (PVS1), strong
(PS1~4); moderate (PM1~6), or supporting (PP1~5). Criteria for benign variants can be classified as stand-alone (BAl), strong

(BS1~4), or supporting (BP1~6).

2.4. Sanger sequencing

Sanger sequencing was used for lineage verification of the suspected variant loci, and the following two pairs of primer sequences
were used for the two variant loci: CACNA1B-1F: CGCCATTACTCCATTGCTG; CACNAIB-1R: CCTCTGCTCGGTCCTGGT.
CACNA1B-2F: CTCGGGGTCAGCAAGAGG; CACNA1B-2R: GCCAAGACGCCACTCACAT. Gradient PCR was used, and the reaction
conditions were: 95 °C for 5 min; 95 °C for 30 s, 62 °C for 30 s, 72 °C for 1 min, a total of 14 cycles; 95 °C for 30 s, 55 °C for 30's, 72 °C
for 1 min, 25 cycles; 72 °C extension for 5 min. PCR amplification products were detected by 1 % agarose gel electrophoresis and then
sequenced on an ABI 3500DX sequencer.

3. Results
3.1. Whole exome sequencing analysis

The patient was found to carry two compound heterozygous variants of the CACNA1B gene, c.823del (p.R275Gfs*31) in the
paternal source and c.2456del (p.V819Gfs*190) in the maternal source, respectively, as detected by whole exome sequencing (Trio-
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Fig. 2. Whole exome sequencing analysis. A: Pedigrees and genetic analysis in the present family. The pedigree chart typically uses squares to
represent male family members and circles to represent female family members. The black-filled symbols indicate individuals who are affected by
the condition, while the half-filled symbols show carriers of the mutation. B: The Sanger sequencing of ¢.823delC(p.R275Gfs*31) and c.2456delT(p.
V819Gfs*190) variant of CACNA1B in this family. The electropherograms are the graphical outputs from an automated DNA sequencing machine,
where each peak represents one of the four nucleobases (adenine, thymine, cytosine, guanine) that make up the DNA sequence. The colors in the
electropherogram correspond to the nucleotide bases: adenine (green), thymine (red), cytosine (blue), and guanine (black). C: A schematic diagram
of the distribution of CACNA1B mutant loci in different domains. The different colored boxes represent various functional domains of the protein
encoded by the CACNA1B gene. The red fonts indicate reported variant in the present study.
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WES) of the family. Sanger sequencing verification results were consistent with Trio-WES. Both the older brother and the amniotic
fluid cells carried the c.823del (p.R275Gfs*31) heterozygous variant, and the older sister carried the c.2456del (p.V819Gfs*190)
heterozygous variant of maternal origin (Fig. 2A-C), which was in line with the law of autosomal recessive inheritance.

3.2. Pathogenicity analysis of variant loci

CACNA1B gene c.823del and c.2456 del variants have not been reported in the literature and have not been included in the human
exon database (ExAC), reference population thousand genomes (1000 G), and population genome mutation frequency database
(gnomAD); Both variants caused changes in the gene’s open reading frame, resulting in altered protein function; both variants
constitute compound heterozygosity in this family; both variants were classified as pathogenic according to ACMG guidelines
(PVS1+PM2+ PM3).

4. Discussion

This study reported the first patient with developmental and epileptic encephalopathy caused by biallelic loss-of-function variants
in CACNA1B in the Chinese population, which provides a strong molecular basis for the clinical diagnosis of patients and prenatal
diagnosis of the next child in the family. The findings also contribute to strengthening our in-depth understanding of the molecular
genetics of developmental epileptic encephalopathy and laying the foundation for the study of the molecular mechanism of the disease
and the study of genotype-phenotype correlation.

CACNA1B gene is the latest reported gene reported by Gorman et al., which associated with DEEs with a biallelic loss-of-function
mutation linked to progressive epileptic dyskinesia [4]. They described 6 cases from 3 unrelated families with similar neuro-
developmental disorders. 3 of the 6 patients had normal early development and were able to sit and talk before the age of 1 year, while
the other child had a slightly delayed development, and the remaining two patients never sat or spoke independently. All patients
developed refractory focal, generalized, or myoclonic seizures, consistent with epileptic encephalopathy between 9 and 30 months of
age, after which all showed developmental decline. Electroencephalography revealed cardiac arrhythmias in some patients. All pa-
tients also presented with non-epileptic hyperkinetic movements, including myoclonic dystonia, dyskinesia, oral dyskinesia, and
choreoathetosis. Other features included axial hypotonia, peripheral hypertonia with hyperactive reflexes, postnatal microcephaly,
tube feeding, strabismus, nystagmus, poor visual annotation or cortical visual disturbances, and recurrent respiratory infections. A
minority of patients had mild, nonspecific deformity features such as anteversion of the nostrils, pointed feet, hip dislocation, and/or
small testes. Brain imaging showed cerebral atrophy in three patients, normal in one, and no imaging in one patient. The clinical
manifestations of the patients in this study family were similar to those reported in the literature, including postnatal microcephaly,
seizures, hypotonia, developmental regression, small testis.

Voltage-gated calcium channels (VGCCs) are the main mediators of depolarization-induced calcium entry into neurons, which can
initiate action potentials, neurotransmission, excitation-contraction coupling, and other physiological processes [12,13], thereby
causing various related channelopathies. Currently, 10 VGCC family members have been identified in mammals and can be divided
into two categories: high-voltage-activated (HVA) channels and low-voltage-activated (LVA) channels. HVA channels are heteroge-
neous protein complexes formed by the co-assembly of the pore-forming Caval subunit plus auxiliary Cavb and Cava2d subunits,
whereas LVA channels lack these auxiliary subunits [14]. The Caval subunit is a key determinant of calcium channel subtypes and
contains three major subunits (called Cavl, Cav2, and Cav3), each of which is composed of several members [15,16]. Presynaptic
neuron Cav2 channel family, including 3 isoforms of Cav2.1, Cav2.2, and Cav2.3 (respectively called P/Q-type, n-type and r-type
calcium channels), is encoded by the CACNAIA, CACNAI1B, and CACNAIE. In the Lennox-Gastaut syndrome spectrum, both
gain-of-function and loss-of-function de novo variants in the CACNA1A gene lead to severe developmental epileptic encephalopathy
[17]. De novo pathogenic variants in CACNAIE cause developmental and epileptic encephalopathy with spasticity, macrocephaly, and
dyskinesia [18]. For the CACNA1B gene, a 2015 study reported that its missense mutation was associated with the myoclonus-dystonia
syndrome [19], but this conclusion was not consistently replicated in subsequent studies [20]. In addition, CACNA1B plays an
important role in spinal pain signaling and has emerged as an important drug target for chronic pain treatment [21]. Until recently,
Gorman et al. found that biallelic loss-of-function variants in CACNA1B were associated with neurodevelopmental disorders of epi-
lepsy and non-epileptic hyperkinetic movements [4].

CACNAI1B is widely expressed throughout the central nervous system, including the cerebral cortex and white matter, hippo-
campus, basal ganglia, and cerebellum [22]. It is mainly located at presynaptic terminals and mediates Ca2+ influx, triggering the
rapid synaptic release of neurotransmitters [4]. CACNA1B is an evolutionarily conserved transmembrane protein with a full length of
2339 residues (Uniprot Q00975) consisting of four homologous repeats (DI-DIV), each repeat containing five hydrophobic trans-
membrane a-helices (S1, S2, S3, S5, S6), a positively charged transmembrane a-helix (S4), and a P-loop between S5 and S6, where the
S1 to S4 segments form a voltage-sensitive region (VSD) and the four VSDs (VSDI-VSDIV) surround the central pore formed by the S5
and S6 helices of the four regions [23]. In addition, the N- and C-termini and intracellular linkers between domains I and II and II and
III play important roles in channel expression and gating and protein interactions [24,25]. The CACNA1B gene p.R275Gfs*31 variant
carried by this patient was located in the DI domain and the p.V819Gfs*190 variant in the junction region of DI and DIII. Both variants
are predicted to trigger nonsense-mediated mRNA degradation (NMD), resulting in loss of protein function, which may have an impact
on the generation and coordinated transmission of action potentials throughout the nervous system. Further functional studies will
contribute to the molecular mechanism of the disease. and genotype-phenotype severity correlation analysis.

There are some limitations in this study. Firstly, we did not check if the patient carried risk alleles in other DEE risk genes in WES.
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Secondly, this study lack the experimental validation for these newly discovered variants and the exploration into genotype-phenotype
correlations. Thirdly, there was no direct evidence to establish the causal relationship between the two variants and DEE, further
functional validation of the two variants is needed. Future study would offer a more comprehensive description and exploration of the
functional aspects within the genomic region where these variants are situated.

In conclusion, combined with the clinical information and genetic variation analysis results of the patient and his family members,
this study identified two new loss-of-function variants in the CACNA1B gene as the genetic etiology of the patient, and at the same time
helped the prenatal diagnosis of the next child in this family to prevent birth defects. It enriched the mutation spectrum and phenotype
spectrum of the disease and laid a foundation for subsequent research on the molecular mechanism of the disease. Second, individuals
with developmental and epileptic encephalopathy (DEE) may benefit from precision therapy in comparison to those with develop-
mental encephalopathy since patients with epilepsy can get advantages from strong antiepileptic medicines [26]. In order to properly
diagnose and treat individuals with DEEs and improve their prognosis, early genetic testing will help to lower the overall burden of
epilepsy.
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