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Editorial on the Research Topic
 Sub-molecular mechanism of genetic epilepsy




Proteins are the essential functional molecule in living organisms. A protein is featured by finely structured domains, which are encoded by genetic sequences. Variants in a gene potentially result in functional alteration of the protein and thus cause diseases. From the perspective of molecular structure, the different domains of a protein play distinct roles. Variants of different locations are thus potentially associated with various damaging effects and subsequently lead to phenotypical variation. Similarly, the bio-physical feature of the substituted amino acids caused by variants is also a determinant of the damaging effect. Such submolecular implication would be a critical factor in determining the pathogenicity of variants.

More than 4,000 genes have been associated with human diseases (https://omim.org/). A gene could be associated with a distinct phenotype, but in the majority of circumstances, it is associated with a spectrum of phenotypes that are varied in severity or other aspects, for which the underlying mechanism is mostly unknown. Previously, sub-molecular implications have been demonstrated to be a determinant of phenotypical variation in several molecules, such as sodium channel Nav1.1 (SCN1A) (Meng et al., 2015; Tang et al., 2020), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein gamma (YWHAG) (Ye et al., 2021), and disheveled Egl-10 and pleckstrin domain-containing protein 5 (DEPDC5) (Liu et al., 2020).

The present Research Topic is dedicated to exploring the Sub-molecular Mechanism of Genetic Epilepsy and providing novel perspectives to understanding of the mechanisms underlying the phenotypical variation of genetic diseases. The sub-molecular implications of genetic variants are disclosed in terms of six aspects in this collection.


Functional domain and sub-molecular implication

Shu et al. identified four de novo missense MAST3 variants from four patients with heterotypic neurodevelopmental disorders (NDD), including two with intellectual disability (ID) and epilepsy and two with ID and autism spectrum disorders (ASD). They created a mast3a/b knockout zebrafish model and observed abnormal morphology of the central nervous system. The results support the possibility that MAST3 is a novel gene associated with NDD. Additionally, ASD-related missense variants presented higher frequencies in the DUF domain, while epilepsy-related variants exhibited higher frequencies in the STK domain, suggesting a sub-regional effect.

Bian et al. identified six hemizygous missense SHROOM4 variants from six cases with epilepsy without ID. The SHROOM4 gene was previously reported in patients with the Stocco dos Santos type X-linked syndromic intellectual developmental disorder (SDSX) (Hagens et al., 2006). The SDSX-related variants reported were mostly destructive or duplicative variants, while the epilepsy-related variants were all missense variants located around the N-terminal PDZ domain and the C-terminal ASD2 domain, indicating a molecular sub-regional effect.

Zou et al. identified five hemizygous missense AFF2 mutations from five males with partial epilepsy and antecedent febrile seizures without intellectual disability or other developmental abnormalities. The AFF2 gene is previously reported to be associated with X-linked intellectual developmental disorder 109 and ASD (Stettner et al., 2011). The ID-associated AFF2 mutations were mostly genomic rearrangements and CCG repeats expansion mutations that caused gene silencing, whereas the mutations associated with epilepsy or ASD were all missense, suggesting the correlation between the phenotype and variant type. Furthermore, epilepsy-relative AFF2 variants fell into the regions from N-terminal to the nuclear localization signal 1 (NLS1), while ASD-associated missense mutations were located in the regions from NLS1 to C-terminal, suggesting a sub-region effect.

Li et al. identified 12 CACNA1A variants and analyzed the correlation between genotype and phenotype. This study suggested that CACNA1A mutations were potentially associated with a spectrum of epileptic phenotypes, ranging from mild absence epilepsy to severe developmental and epileptic encephalopathy (DEE). Further analysis revealed that: 1) episodic ataxia type 2 had a tendency of higher frequency of null variants than epilepsies; 2) the missense variants in severe epileptic phenotypes were more frequently located in the pore region than those in milder epileptic phenotypes; and 3) de novo variants in epilepsy were more frequently associated with ID.

A functional molecular unit may be a single molecule encoded by a gene or a molecular complex consisting of several proteins encoded by different genes. Previously, the A subunit of the V1 domain of V-ATPase encoded by ATP6V1A was associated with DEE-93 (Fassio et al., 2018). The ATP6V0C gene encoded the C subunit of the V0 domain of V-ATPase. Tian Y. et al. identified ATP6V0C as a novel causative gene for febrile seizures (FS) and epilepsy with febrile seizures plus (EFS+), providing a novel perspective of the functional domain and sub-molecular implication.



Substituted amino acid and sub-molecular implication

Su et al. focus on the relationship between the nature of substituted amino acids and functional alteration. They identified a novel missense SCN1A variant (c.4868A>C/p.E1613A) in the extracellular S3-S4 loop of Nav1.1 from two cases with epilepsy. Functional studies were conducted on six mutants with all possible substitutions in the residue E1623. This study suggested the critical role of the S3–S4 loop in sodium channel function. Analysis of the correlation between the residue properties and electrophysiological alterations demonstrated that hydrophilicity of the side-chain at E1623 was potentially a crucial contributor to voltage-dependent kinetics, whereas the contributor to the channel conductance, which is closely associated with epileptogenesis, remains undetermined.



Isoforms and sub-molecular implication

Zhou et al. identified 12 ADGRV1 variants in nine unrelated cases with FS or EFS+. Previously, the ADGRV1 gene was reported to be associated with Usher syndrome (Weston et al., 2004). The authors reviewed all ADGRV1 variants and analyzed the genotype-phenotype correlations of the ADGRV1 variants in epilepsy and audio-visual disorders. This study showed that the epilepsy-related variants were monoallelic, missense, and mainly located at the CalX-β domain. Furthermore, the epilepsy-related variants mostly affected isoforms VLGR1b/1c, while the audio-visual-related variants were mainly affected isoforms VLGR1a, suggesting a potential role of isoform in phenotype variation.



Monoallelic and biallelic variants

Wang et al. identified eight pairs of compound heterozygous missense PKD1 variants in eight patients with FS or EFS+. Dominant PKD1 variants were reported to be associated with polycystic kidney disease (Roelfsema et al., 1997). Further analysis suggested that monoallelic mutations with haploinsufficiency of PKD1 were potentially associated with kidney disease, compound heterozygotes with superimposed effects of two missense mutations were associated with epilepsy; whereas the homozygotes with complete loss of PKD1 would be embryonically lethal, suggesting monoallelic variant/biallelic variant was potentially a factor in determining phenotypical variation.



Locations of the two variants in a pair of compound heterozygous variant

Luo et al. identified six pairs of compound heterozygous missense LAMA5 variants in six unrelated infants with partial epilepsy and spasms. This article identified LAMA5 as a novel potential epilepsy gene. Interestingly, among the biallelic variants in cases with mild phenotype, two variants of each pair were located in different structural domains or domains/links, whereas in the cases with spasms (the severer phenotype), the biallelic variants were constituted by two variants in the identical functional domains, potentially suggesting a novel perspective on sub-molecular mechanisms.



Specific genotype and sub-molecular implication

Wang et al. identified six in-frame deletion variants in SCN1A and performed further functional analysis. The experiments showed the complete loss of function caused by the six in-frame deletion variants, emphasizing the damaging effect of in-frame deletion variants.

Truncated C-terminal region MN1 variants caused MN1 C-terminal truncation (MCTT) syndrome (Mak et al., 2020). Tian Q. et al. reported a novel C-terminal null MN1 variant (p.L1245fs) in a patient with mild developmental delay without structural brain abnormalities, expanding the clinical and genetic spectrum of MCTT.

In conclusion, this Research Topic provides novel perspectives on the mechanisms underlying phenotypical variation. Phenotypical heterogeneity is common in genetic disorders. We advocate further studies on the submolecular mechanism of genetic diseases beyond epilepsy, toward setting a submolecular stage of medicine.
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Background: MN1 C-terminal truncation (MCTT) syndrome is caused by variants in the C-terminal region of MN1, which were first described in 2020. The clinical features of MCTT syndrome includes severe neurodevelopmental and brain abnormalities. We reported on a patient who carried the MN1 variant in the C-terminal region with mild developmental delay and normal brain magnetic resonance image (MRI).

Methods: Detailed clinical information was collected in the pedigree. Whole-exome sequencing (WES) accompanied with Sanger sequencing validation were performed. A functional study based on HEK239T cells was performed.

Results: A de novo heterozygous c.3734delT: p.L1245fs variant was detected. HEK239T cells transinfected with the de novo variant showed decreased proliferation, enhanced apoptotic rate, and MN1 nuclear aggregation.

Conclusion: Our study expended the clinical and genetic spectrum of MCTT which contributes to the genetic counseling of the MN1 gene.

Keywords: MN1, MN1 C-terminal truncation (MCTT) syndrome, neurodevelopmental outcome, developmental delay, whole-exome sequencing


INTRODUCTION

MN1 (MIM 156100) gene was initially reported to be a tumor suppressor gene associated with meningioma and myeloproliferative diseases. Mak et al. (2020) first described the MN1 C-terminal truncation (MCTT) syndrome as causing craniofacial symptoms and severe neurodevelopmental abnormalities and brain abnormalities (Buijs et al., 1995; Lekanne Deprez et al., 1995). Another research group in the same year reported three probands with MN1 C-terminal variants who showed consistent clinical features (Vegas et al., 2021).

There is growing evidence of genotype–phenotype correlations of MN1-related clinical syndrome. Different from MN1 C-terminal variants, MN1 N-terminal variants were reported to cause less severe clinical syndromes. Patients with variants located in the N-terminal region of MN1 showed speech defects without significant intellectual disability, mild conductive hearing loss, and non-specific facial features (Shu et al., 2021).

Till now, atypical clinical presentations of MN1-related clinical syndrome caused by variants in C-terminal region have never been described. In our study, we first presented a MN1 C-terminal frameshift deletion variant that caused mild global developmental delay, cleft palate, and dysmorphic facial features but with no hearing loss or brain magnetic resonance image (MRI) abnormalities.



MATERIALS AND METHODS


Genetic Investigation

Genomic DNA from peripheral blood leukocytes of the trio were extracted by Qiagen DNA Blood Midi/Mini Kit (Qiagen GmbH, Hilden, Germany). Data were processed preliminarily according to the protocols of whole-exome sequencing (WES) (Ulintz et al., 2019). In detail, DNA was sheared by sonication (Biorupter UCD-200, Diagenode) to approximately 200 bp. DNA fragments were repaired at the end. The sequencing adaptors were used to collect DNA fragments and the fragments (approximately 320 bp) were collected by XP beads. After amplification, the DNA fragments were captured by IDT’s xGen Exome Research Panel (Integrated DNA Technologies, San Diego, CA, United States) according to the protocol. The products were eluted and collected. DNA was then amplified and purified by PCR. The enrichment of libraries was tested by qPCR, and size distribution and concentration were determined by Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, United States). To sequence the genomic DNA of the family, WES was performed on the Illumina HiSeq 2500 system with an average coverage depth of 100× of the variants. Raw image files were processed using CASAVA v1.82 for base calling and raw data generating (Markus et al., 2020). Variants were then annotated using ANNOVAR (Wang et al., 2010).

The variants were initially filtered following HGMD and ACMG guidelines. Disease-causing mutations (DMs) and probable/possible pathological mutation (DM) in the HGMD database (Prof. version 2019.1), and pathogenic (P) and likely pathogenic (LP) variants were interpreted by ACMG guidelines. The variants were then filtered according to allele frequency, variant type, and mode of inheritance. Variants with minor allele frequencies (MAFs) <0.1%, variant depth of coverage ≥20, and alteration base depth of coverage ≥4 were chosen for further analyses. The remaining variants were further filtered according to variant type and inheritance model of the associated disease. Sanger sequencing was performed on the DNA of the proband’s parents to validate the mutation found in WES.



MN1 Subcellular Localization and Aggregation in HEK293T Cells

To create N-terminal GFP-fused human MN1 expression vector, the MN1 (GenBank: NM_002430.3) open-reading frame (ORF) was incorporated into DEST53 via the Gateway cloning system (Thermo Fisher). The mutant ORF and MN1 was amplified with a human cDNA library (Clontech). The mutant MN1 (M-MN1) was created by a KOD-plus-Mutagenesis Kit (TOYOBO). ViaFect Transfection Reagent (Promega) was used to transfect construct (500 ng each) into HEK239T cells. After 48 h of transfection, the cells were fixed with 2% paraformaldehyde, washed with PBS, stained with DAPI (Vector Laboratories), and then mounted onto slides. The sub-cellular localization and aggregation of MN1/M-MN1 were observed under confocal microscopy.



Cell Proliferation and Apoptosis Assay

Cell Proliferation Assay was carried out with Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer’s protocol (Vegas et al., 2021). Cell Apoptosis Assay Kit (Solarbio, CA1020) was used to detect apoptotic rate (Xiao et al., 2019).




RESULTS


Case Description

Our patient was the first child born to the non-consanguineous Chinese parents. The proband was a 3 year and 5-month-old male born at full term from a normal pregnancy. The birth weight was 2800 g and Apgar score was 9/10. The patient presented difficulties in breast feeding. He lifted his head at 7 months old and could sit with support at the age of 8 months. He stared to walk when he was 1 year and 7 months old. He had no seizures and language development delay was observed. Physical examination showed that he had facial dysmorphism, hypertelorism, auricle deformation, upper palate cleft, plagiocephaly, protruding occipital bone, and hypotonia (Figure 1A). Behavioral observation audiometry and auditory brainstem response were normal. The brain MRI was normal (Figure 1B). The developmental milestones were presented in weight/length-for-age percentiles (Supplementary Figure 1). A de novo MN1 gene frameshift variant NM_002430.2: c.3734delT: p.L1245fs (chr22:28192798-28192798) was identified and proved by sanger sequencing in the pedigree (Figures 1C,D). The table showing the follow-up timeline is available in Supplementary Table 1.


[image: image]

FIGURE 1. (A) Facial features of the proband. The arrows point to the cleft palate. (B) MRI indicating the normal brain tissue and the protruding occipital bone (image on the left is axial T1-weighted; image on the right is axial T2-weighted) of the proband at 18-months-old. (C) Pedigree with MN1 variant. Individuals with heterozygous variants are indicated by plus/minus (+/–) symbols and individuals without the variant are labeled as minus/minus (–/–) symbols. (D) Sanger sequencing results of MN1 frameshift variant in family members is presented on the right.




Functional Study for MN1 Variant in HEK239T Cells

GFP-fused wild-type and mutated-MN1 proteins were expressed in HEK239T cells. Both wild-type MN1 and M-MN1 were found to be aggregated and localized in the nuclear of HEK239T cells (Figure 2A). Intensity of M-MN1 aggregates were significantly higher than the wild-type MN1 (t-test, p = 0.017) (Figure 2B). Cell apoptotic rate were statistically higher in M-MN1 group compared with HEK239T and wild-type group (t-test, p = 0.009, 0.004, respectively) (Figure 2C).
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FIGURE 2. (A) Immunofluorescence of GFP-fused MN1 and M-MN1 showing the subcellular localization and aggregation of MN1 proteins in HEK239T cells. The arrows pointed out the represented MN1 fluorescence. Scale bars represent 50 mm. (B) Cell proliferation at 0, 24, 48, and 72 h after transinfection. The cell numbers indicated by the absorbance at 450 nm were significantly lower in transinfected groups (t-test, p = 0.017). And the M-MN1 group had the lowest absorbance reading across all time points; at 48 and 72 h the readings of M-MN1 group were significantly lower compared to MN1 group (t-test, p = 0.009, 0.004, respectively). (C) Cell apoptotic rate was significantly higher in M-MN1 group compared with HEK239T and MN1 group. *p ≤ 0.05.





DISCUSSION

The clinical characteristics of MCTT syndrome included craniofacial features, hearing loss, severe neurodevelopmental abnormalities, and abnormal brain MRI (Vegas et al., 2021). In our study, we identified a de novo frameshift deletion variant located in C-terminal of MN1 gene in a pedigree. Our proband presented a few atypical clinical manifestations different from the reported ones (Mak et al., 2020; Miyake et al., 2020). Our patients did not show cranial shape defects, hearing loss, or brain MRI abnormalities (Table 1). Our patient provided evidence for MN1 MCTT syndrome and the different clinical features of our patient may help to refine the clinical spectrum of MN1 C-terminal variants’ related syndromes.


TABLE 1. The clinical comparison of our patient and the patients reported previously.
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MN1 C-terminal heterozygous variants exert a dominant-negative or gain-of-function effect on the MN1 protein (Mak et al., 2020). The variant led to increased protein MN1 stability and enhanced MN1 nuclear aggregation, which were related to the MCTT syndrome (Miyake et al., 2020). In our study, the variant was tested by functional study and the abnormal cellular functions were detected in M-MN1 group. Combining the functional studies with the genetic findings, we proved that our MN1 variant was the cause of the diseases. Further research on how different MN1 variants lead to various clinical manifestations is needed.

Some research has revealed the molecular functions of MN1 protein. MN1 encodes a developmentally expressed transcriptional co-regulator (Liu et al., 2008). MN1 protein may act as a transcriptional cofactor and the mutant protein could impair downstream binding transcription factors, such as Cbf-β and Runx2 (Meester-Smoor et al., 2005; Miyake et al., 2020). The clinical heterogeneities of MN1 C-terminal variants may be due to the regulation of various corresponding downstream target genes (Lai et al., 2014). Our present study contributes to expanding the genetic and clinical spectrum of MN1 and aid in precise genetic counseling in the future.
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Objective: An overwhelming majority of the genetic variants associated with genetic disorders are missense. The association between the nature of substitution and the functional alteration, which is critical in determining the pathogenicity of variants, remains largely unknown. With a novel missense variant (E1623A) identified from two epileptic cases, which occurs in the extracellular S3-S4 loop of Nav1.1, we studied functional changes of all latent mutations at residue E1623, aiming to understand the relationship between substitution nature and functional alteration.

Methods: Six latent mutants with amino acid substitutions at E1623 were generated, followed by measurements of their electrophysiological alterations. Different computational analyses were used to parameterize the residue alterations.

Results: Structural modeling indicated that the E1623 was located in the peripheral region far from the central pore, and contributed to the tight turn of the S3-S4 loop. The E1623 residue exhibited low functional tolerance to the substitutions with the most remarkable loss-of-function found in E1623A, including reduced current density, less steady-state availability of activation and inactivation, and slower recovery from fast inactivation. Correlation analysis between electrophysiological parameters and the parameterized physicochemical properties of different residues suggested that hydrophilicity of side-chain at E1623 might be a crucial contributor for voltage-dependent kinetics. However, none of the established algorithms on the physicochemical variations of residues could well predict changes in the channel conductance property indicated by peak current density.

Significance: The results established the important role of the extracellular S3-S4 loop in Nav1.1 channel gating and proposed a possible effect of local conformational loop flexibility on channel conductance and kinetics. Site-specific knowledge of protein will be a fundamental task for future bioinformatics.

Keywords: missense, sodium channel, SCN1A, epilepsy, prediction


INTRODUCTION

The distinct function of a protein depends on the well-organized composition of the amino acids and intricate folding of the molecule. Gene mutations result in either gross protein malformation (referred to destructive variants), that mostly led to haploinsufficiency, such as truncation and splice-site (He et al., 2019), or residue substitution (missense). A part of genetic defects may translate into functional alterations and subsequently lead to human diseases. Advances in genetic sequencing technology have enabled the detection of numerous sequence variants in human beings. An overwhelming majority of the variants are missense (gnomAD, HGMD), which result in the substitution of the amino acid (AA) at residues. In contrast to destructive mutations that result in remarkably damaging effects on protein composition, the functional consequence of missense mutations is far more unpredictable. Our previous study demonstrated that the molecular sub-regional location of the variant plays a critical in determining the damaging effect of the mutations (Tang et al., 2020). However, the pathogenicity or functional impact of a missense mutation depends not only on its location but also potentially on the nature of amino acid substituted, such as molecular mass, polarity, and acidity. The association between the nature of substitution and the functional alteration, which remains largely unknown, is a critical aspect in exploring the molecular mechanism underlying the pathogenicity of variants.

Genetic defects in voltage-gated sodium channel (Nav1.1) α subunit encoded by SCN1A are a major cause of epilepsy. To date, more than 1,700 SCN1A variants have been reported to be associated with epilepsy and other episodic disorders1 (Meng et al., 2015). The SCN1A associated epilepsies compose a wide spectrum of phenotype ranging from milder febrile seizures to severe epileptic conditions, typically Dravet syndrome (DS; Claes et al., 2003; Nabbout et al., 2003; Ceulemans et al., 2004; Mulley et al., 2005; Harkin et al., 2007; Gambardella and Marini, 2009; Dravet and Oguni, 2013; Kasperaviciute et al., 2013; Gataullina and Dulac, 2017). Previous studies have demonstrated that DS or severe epilepsies are associated with destructive variants such as nonsense and frameshift variants, or missense in the pore-region that caused loss-of-function of Nav1.1. Although missense variants in other regions of Nav1.1 have also been reported (Meng et al., 2015), their functional relevance has not been well studied. Factors that determine the pathogenicity of SCN1A missense variants remain unclear.

In this study, we identified a novel distinct missense SCN1A variant (c.4868A>C/E1613A) in two cases with epilepsy and febrile seizures. The substitution occurs at the putative extracellular loop linking S3 and S4 in DIV. The functional role of the extracellular S3-S4 loop remains largely unknown, except that a few studies identified toxin binding sites within the loops (Rogers et al., 1996; Bosmans et al., 2008; Wang et al., 2011). To dig deep into the functional role of E1623 and the factors that influence the pathogenicity of missense variants, six E1623 mutants with all possible substitutions caused by single nucleotide variations (SNV) were artificially created using site-directed mutagenesis. We determined the electrophysiological properties of these mutants and analyzed the correlations between the residue properties and electrophysiological alterations.



MATERIALS AND METHODS


Patient and Genetic Analysis

Diagnoses and treatments of the patients were conducted in the epilepsy center of the second affiliated hospital of Guangzhou Medical University. Clinical data including medical records, standardized questionnaires, and EEG recordings were collected. The probands and relevant familial members were assessed for genetic variations using a standardized protocol after providing written informed consent. This study was approved by the Research Ethics Board of the Hospital. Genomic DNAs were prepared from ethylene diaminetetraacetic acid-treated whole blood samples. The SCN1A mutation was identified by direct SCN1A screening as in our previous report (Liao et al., 2010). The SCN1A mutations were described according to the nomenclature established (den Dunnen and Antonarakis, 2000), and numbering was started from the initiating ATG codon.



Bioinformatics

Nav channel nucleotide sequences were derived from the NCBI database2. The NCBI database was queried with amino acid sequences of human Nav1.1 to obtain the corresponding information of DNA locus and related functional regions. To determine whether other amino acid substitutions occur in the vicinity of the mutation site, information of SNPs and mutations were queried from the SNP database of the NCBI and our SCN1A mutation database1. All amino acid sequences of the Nav families were retrieved from GenBank and saved as individual FASTA formatted files. The sequences including the S3-S4 region of DIV were subjected to multiple sequence alignment analysis by Clustal Omega with a few modifications in the color grouping. The sequence ranges of specific S3-S4 regions are in accord with that is annotated for human Nav1.1 isoform1 in the NCBI database.

The high resolution cryogenic electron microscopy structure of human Nav1.1 (PDB ID: 7DTD, 3.3 Å taken from the protein data bank3) was used as a template for subsequent modeling (Pan et al., 2021). Three-dimensional (3D) modeling of the human wild-type (WT) and mutant Nav1.1 was performed using SWISS-MODEL, an automated homology modeling program4.

The predicted effects of all latent amino acid substitutions at E1623 were scored by different established predictive tools based on different substitution score systems, including SIFT, Mutationassessor, PolyPhen, PROVEAN, I-MUTANT suite, SNAP2, and STRUM (Tang et al., 2020).



Mutagenesis and Heterologous Expression

Plasmids containing WT full-length sequence of human Nav1.1 alpha subunit (pCMV-SCN1A) and beta subunit 2 (pGFP-IRES-SCN2B) was kindly provided by professor Alfred L Jr George (Lossin et al., 2003). A full-length sequence of beta subunit 1 was constructed into a vector driving the bicistronic expression of red fluorescent protein (pDsred-IRES-SCN1B) in our lab. Site-directed mutagenesis at E1623 was performed using the Quick Change XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer’s protocols. All mutations were confirmed by DNA sequencing of the region surrounding the mutation. HEK 293T cells were grown in 1:1 Ham’s F-12 and Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, and 100 μg/ml streptomycin. The cells were maintained in a humidified incubator at 37°C with 5% CO2. Cells were then co-transfected with pCMV-SCN1A, and pDsred-IRES-SCN1B and pGFP-IRES-SCN2B plasmids (5 μg each) using Lipofectamine 3000 reagent Kit from Thermo Fisher Scientific. After incubation for 12–15 h, cells were replated in 35-mm culture dishes.



Electrophysiological Recordings and Analysis

Electrophysiological studies were performed 20–48 h after transfection, according to our previous report (Chen et al., 2015). Channel activity was recorded by using the conventional patch clamp technique in the whole-cell configuration with an Axopatch 200B patch-clamp amplifier (Axon Instruments). The extracellular control solution contained: 140 mM NaCl, 3 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 5 mM glucose, adjusted to pH 7.4, 310 ± 6 mOsm. The whole-cell pipette solution contained: 140 mM CsF, 1 mM EGTA, 10 mM HEPES, and 10 mM NaCl, pH 7.4, adjusted with CsOH, 310 ± 6 mOsm. Cell capacitance was calculated by integrating the area under an uncompensated capacity transient elicited by a 10-mV hyperpolarizing test pulse from a holding potential of −80 mV. Series resistance was compensated by at least 70% in all recordings. Leakage currents were subtracted by the P/N method. The pCLAMP 10.2 software (Axon Instruments) was used for the acquisition and analysis of currents. Current amplitude in response to each test pulse was normalized to the maximum. The voltage dependence of activation and inactivation was determined using standard protocols. The conductance (G) was calculated according to: G = Ipeak/(Vtest − Vrev), where Vrev is the Na+ reversal potential, Vtest is the command potential, and Ipeak is the peak current amplitude. G/Gmax was then fitted with the following Boltzmann equation: G/Gmax = (1 + exp((Vm − V1/2)/k))−1, where Gmax is the maximal conductance, V1/2 is the half-activation potential, Vm is the test voltage, and k is the slope factor. From this equation, we derived parameters of the midpoint (V1/2) and slope factor of steady-state activation and inactivation curves. Parameters for recovery of channels from fast inactivation were determined using a double pulse protocol. Channels were inactivated with −10 mV conditioning pulse for 100 ms, followed by command hyperpolarization for varying durations as a recovery period (1 ms to 1 s), and subsequent test pulse to −10 mV (for 10 ms). The normalized recovery curve was fit with a double-exponential function to obtain tau for recovery: I/Imax = A1×(1 − exp(−t/τ-fast)) + A2×(1 − exp(−t/τ-slow)), where I is the current amplitude at the time point t after the onset of the voltage command, Imax is the maximal recovery current amplitude, and A is the amplitude contribution of the different recovery time constants. Time constants of recovery τ-fast and τ-slow were extracted from the equation as recovery parameters.



Statistical Analysis

Data reported throughout the text and figures are presented as means ± SEM. Statistical analyses were conducted in SPSS 19.0, using Student’s t-test when comparisons were made between two groups or by one-way ANOVA with a post hoc Tukey HSD test for comparing data from multiple groups. Significance was assigned at P < 0.05.




RESULTS


Epilepsy-Associated Variant E1623A and the Extracellular Loop

An SCN1A variant c.4868A>C/p.E1623A was identified from two cases of epilepsy, including a case with de novo variant and a familial case with three individuals affected (Figures 1A–C). Case 1 was a 17.5-year-old boy with Dravet syndrome. The proband of case 2 was diagnosed as epilepsy with febrile seizure plus. The proband’s mother and elder sister had several febrile seizures before 6 years old (clinical information refers to Supplementary Data). The variant occurs in exon 26 of SCN1A and leads to the substitution of glutamic acid by alanine at E1623 that locates in the extracellular loop linking S3-S4 in DIV of Nav1.1 (Figures 1D,E). The E1623A is a novel missense variant despite several disease-associated or low-frequency variants flanking the site of E1623. The 3D structural modeling showed that E1623 residue and its correlated loop were located on the top of the lateral voltage-sensor domain (VSD, S4; Figures 1F,G).
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FIGURE 1. The pedigrees, DNA chromatograms, EEG, and bioinformatical annotations of the E1623A variant of SCN1A gene identified from two cases of epilepsy. (A) Pedigrees of two cases. Case 1 was a 17.5-year-old boy with Dravet syndrome. The proband of case 2 was diagnosed as epilepsy with febrile seizure plus. His mother and elder sister had several febrile seizures before 6 years old. A/E indicates heterozygous E1623A carrier, while E/E indicates wildtype. (B) Sanger sequencing verification. (C) Representative EEG of the case 1 proband showing the generalized high amplitude sharp and slow waves (left), along with focal sharp and slow waves in the left frontal and temporal regions (right). (D) Collection of reference sequences and human variants within the S3-S4 extracellular loop of DIV where the E1623A occurred. The position at E1623 has not been reported with any variant according to human databases. The collected missense variants with epilepsy or non-clinical implications are indicated by red or green bars with their substituted AA abbreviations. Available minor allele frequency (f value) is under the reference SNP IDs. (E) Structure-function map of Nav1.1 indicating the location of E1623A. (F) A top view of 3D structural modeling of the Nav1.1 alpha unit shows that the S3-S4 loop and E1623 were at a distance from the central pore region. (G) A side view of the arrangement of the VSD highlights the extracellular S3-S4 loop and the location of E1623. The S4 helices are depicted in pink, while other helices are in green. The S3-S4 loop is highlighted in red.



Sequence alignments for conservation showed that the amino acid sequence of the S3–S4 loop in DIV of Nav1.1 is highly conserved across species. It is noteworthy that a potential motif constituted by two residues at positions E1623 and E1626 remains evolutionarily conserved in their negative charged property (Figure 2A). Residues from E1623 to E1626 form a tight turn of the loop on the top of the lateral VSD (Figure 1G). Among different alpha subunits of Nav family that contribute to different Nav properties, the sequence is slightly variable, but conserved with two alternative acidic residues, glutamate or aspartate, at the equivalent position as E1623 in Nav1.1 (Figure 2B). The other three asymmetric domains (DI-III) of human Nav1.1 also showed conservation of the glutamate residue, even though they have the much shorter S3-S4 loop (Figures 2C,D).


[image: image]

FIGURE 2. Multiple sequence alignments of the S3-S4 extracellular loop of DIV. (A) Cross-species alignments show high conservation of amino acid sequence within the region. (B) Sequence alignments among Nav family members indicate high conservation of two acidic residues E1623 and E1626. (C) Differences in sequence length and residues of the S3-S4 loop among different domains of human Nav1.1 alpha unit. (D) Color indications. Residues are grouped by their physicochemical properties and indicated by different colors. The symbols of conservation significance are in keeping with the Clustal Omega from the NCBI website. * fully conserved; : conservation with strongly similar properties; . conservation with weakly similar properties; blank space indicates not conserved. The potentially important acidic residues are highlighted with frames.





Consequences of Substitutions at E1623

To understand the role of this potentially important glutamate residue on channel function and the link between residue property and functional alteration, we generated all the latent substitutions at residue E1623 caused by SNVs. The substitutions included alanine (A), aspartic acid (D), glycine (G), lysine (K), glutamine (Q), and valine (V). These residues together with glutamate happen to show a spectrum of residues with different properties, such as molecular mass, polarity, and charge properties (Figure 3).
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FIGURE 3. Schematic diagram of site-directed mutagenesis at E1623. (A) All latent variants by single nucleotide variation at c.4867–4869. (B) Residue grouping according to their basic physiochemical properties, including molecular weight (circles), polar (colored squares), and charge (little colored squares). §, wild-type; *, the identified mutation.



The WT and diverse mutant alpha-subunits, which were produced by site-directed mutagenesis, were expressed transiently in HEK293T cells. We first examined the plasma membrane expression of these mutants by Western blot and did not find any significant difference among the mutants (Supplementary Data). Subsequently, the mutants were subjected to examine their functional effects by using whole-cell voltage clamp recording. These mutants manifested many different amplitudes of Na+ currents (Figure 4A). The peak current density of the epilepsy-associated mutant E1623A was significantly decreased (P < 0.05; Figures 4B–D), while the mutant E1623Q was slightly increased when compared with that of WT, but did not reach statistical significance (P > 0.05). It was noted that E1623K and E1623V also resulted in a significant decrease in current density (P < 0.05).
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FIGURE 4. Current densities of E1623 mutants. All variants were expressed in HEK293T cells via transfection. (A) Representative current traces elicited with 20-ms depolarizations ranging from −80 mV to +60 mV in +10 mV steps. Intervals between pulses were 10 s. The mutants were arrayed by their residue similarity to WT according to Grantham’s distance. Currents are noticeably reduced in the E1623A variant. (B) Plots of current densities and membrane potentials. (C) Group data of peak current densities elicited at −10 mV. (D) Statistical output of homogenous subsets shows significant differences at the 0.05 level among the variants, via one-way ANOVA and post hoc Tukey HSD tests.



The normalized conductance-voltage (G-V, activation) curve of the E1623A showed a slight right shift compared with the WT, with a slower voltage-dependent rising. This is evident as a statistically significant difference in the parameter of the slope of steady-state activation between E1623A and WT (Figure 5A). The depolarized voltage dependence of activation may reduce the availability of the E1623A mutant channels to operate as amplifiers of subthreshold depolarization. The mutant E1623V showed similar alteration, and the other mutants caused slight alterations of activation parameters without statistical significance. Different from a continuity of variations in the steady-state activation curves, the variants were presented as two distinct groups in fast inactivation property (Figure 5B). The steady-state inactivation curves of the mutants E1623A, E1623K, E1623Q, and E1623V were almost overlapped and significantly shifted in the hyperpolarizing direction, whereas the mutants E1623D and E1623G did not differ from the WT. Statistical analysis evidenced that there were two significant subsets on the potential of half-inactivation, but without difference in the slope.
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FIGURE 5. Voltage dependence and recovery kinetics of the E1623 mutants. (A) Activation curves of all E1623 mutants. (B) Steady-state inactivation curves. For testing voltage dependent channel availability in fast inactivation, a two-pulse protocol was used. Na+ currents were evoked by a 20-ms test pulse to −10 mV after 100-ms conditioning prepulses between −150 and 0 mV in 10-mV increments. Peak currents evoked by test pulses were measured, normalized, and plotted against the conditioning prepulse potentials. Parameters of activation and fast inactivation were estimated by fitting current-voltage relationships with the Boltzmann function. Estimated parameters including half-activation potential (V1/2) and slope factor, were derived from the Boltzmann fits. Group data of the V1/2 and slope are shown at the right panels. (C) Recovery from fast inactivation in paired stimulus experiments. Paired stimuli were applied at various inter-stimulation intervals. The recovery fractions were plotted to the intervals. The normalized recovery plots were fit with a double-exponential function to obtain parameters of τ-fast and τ-slow (shown in right panels). Statistical outputs of homogenous subsets (shown below the plots; those within the same circle are α > 0.05) indicate significant differences among the mutants.



Recovery from inactivation was assessed by using a standard two-pulse protocol. All examined mutants recovered fully within 1 s in this experiment. The fractional recoveries of Nav1.1 peak current were plotted against the intervals on a logarithmic time scale. The WT and mutant channels exhibited significantly different kinetics (Figure 5C). Statistical analysis of the time constants (τ-fast and τ-slow) revealed that the E1623A mutant channel recovered from inactivation at the slowest rate among the mutants and was exclusively different from the WT. The E1623A mutant also differed significantly from the E1623D, E1623Q, E1623K, and E1623G mutants in τ-fast.

Taken together, the epilepsy-associated mutant E1623A had significant alterations in all of the four aspects of electrophysiological channel properties and presented the most apparent alteration in three of the four aspects when compared with the other potential mutants. E1623V most closely resembled E1623A, with a reduction in channel conductance and availability during activation and inactivation. E1623Q and E1623K had significant hyperdepolarization shifts only in the voltage-dependent inactivation. No significant alteration was found in either E1623D or E1623G.



Relationship Between Residue Properties and Electrophysiological Parameters

We analyzed the correlation between amino acid properties and functional alterations of Nav1.1 channel (Table 1). The physicochemical properties including molecular size, charge, and polarity were parameterized by their mass, isoelectric point, and hydrophobicity scale, respectively (Supplementary Data); and the ensemble molecular difference was assessed by the established matrices. As shown in Table 1, the hydrophilicity scale was significantly correlated with the channel voltage-dependent activation (slope of activation, r = 0.770, P < 0.05) and the recovery (slow recovery, r = 0.870, P < 0.05) parameters. We did not find any significant contributor to current density, which is closely related to the pathogenicity of the mutants. No quantitative correlation between residue properties and inactivation was found, either (Table 1).

TABLE 1. Correlation coefficients between residue similarity and functional changes.
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We analyzed correlations between the predictive scores and alteration of current density. Absolute changes in average current density of the six variants at E1623 were plotted against the normalized predictive scores obtained by different in silico tools, including evolutionary conservation-based methods (e.g., SIFT and Mutationassessor), structure-based (protein stability) predicting tools (e.g., Strum and I-mutant suite), and machine-learning methods that combined comprehensive information (e.g., SNAP2 and PROVEAN; Figure 6). The predictive scores from SNAP2 and PROVEAN appeared to be matched better than other predictive scores (r = 0.486 and r = 0.485, respectively). However, these predictive scores did not correlate well with the alterations in current density in general.
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FIGURE 6. Correlations between in silico prediction scores and functional changes in current density. (A) Sequence and evolutionary conservation-based methods: SIFT and Mutationassessor. (B) Prediction of protein stability changes by Strum and I-mutant suite. (C) Machine-learning methods combining comprehensive features: SNAP2 and PROVEAN. For comparison, prediction scores of the six variants from different tools were normalized to the Polyphen-2 scoring scheme, with a range from 0 to 1 and a threshold at 0.5. The minimal score with benign prediction was set as 0, and the maximal score with damaging prediction was set as 1. Scores with benign prediction were scaled to a range from 0 to 0.5, while scores of damaging variants were scaled to a range from 0.5 to 1.






DISCUSSION

The sodium channel plays a critical role in controlling the excitability of cells. Nav1.1 appears to be a particularly important molecule since it is frequently associated with human diseases (Meisler and Kearney, 2005). Our previous study shows that Nav1.1 is highly sensitive to genetic variations (Chen et al., 2015) and thus may be used as a model or an example to explore molecular bases underlying the functioning of ion channels. The present study identified a novel epilepsy-associated mutation E1623A within the extracellular S3-S4 loop of DIV, a previously unidentified functional component. Functional studies demonstrated remarkable loss-of-function of E1623A mutant, with characteristic alterations in activation, inactivation, and recovery properties, and confirmed the pathogenicity of E1623A. More importantly, the other substitutions at the residue E1623 also resulted in apparent functional alterations, suggesting that the residue E1623, presumably as well as the adjacent residues within the extracellular loop, play a critical role in channel gating.

Previous studies have demonstrated that missense mutations in the central pore region of Nav1.1 were exclusively associated with loss-of-function, while mutations in the other regions were associated with diverse functional alterations (Meng et al., 2015). In the present study, the novel epilepsy-associated mutation E1623A is located at the extracellular loop linking S3 and S4 in DIV. The roles of extracellular components, especially the loops that connect the transmembrane segments, in the function of Nav1.1 channel complex are largely unknown. Based on topological modeling, this extracellular S3-S4 loop appears to be at a considerable distance from the central pore, and is theoretically unlikely to result in a functional change. However, both the severe clinical phenotype in our cases and the existing clinical variants within the loop indicated that the E1623 might be critical for proper channel function.

The subsequent functional studies revealed that the E1623A variant resulted in surprising abnormalities in gating properties, including channel conductance and gating kinetics. Several other potential missense mutants at E1623 also led to changes in gating properties, although to a lesser extent. It is quite interesting that the substitutions in a residue at the extracellular loop that is far apart from the central pore, lead to an overwhelming alteration in channel gating. Since E1623 is located a distance away from the central pore and appears not directly involved in ion conduction, other unknown mechanisms such as electrostatic interaction and local conformational flexibility may be involved. It has been established that sodium currents are elicited in response to changes in the membrane potential sensed by the channel voltage sensor module (S1-S4) containing the S3-S4 linker. Recent studies have uncovered intricate interactions of these elements within the Nav channel signaling complex (Okamura et al., 2015; Catterall et al., 2017). The positive charges in the S4 segments serve as gating charges and move across the membrane electric field when activated, initiating conformational changes to open and close the channel (Yarov-Yarovoy et al., 2012). Upon opening, the upper part of the S4 approaches the pore domain. The S3-S4 loop is lying on the top of the S1-S4 bundles, extending into the extracellular space (Figure 1). Such location suggests that S3-S4 loops may confer local conformational flexibility and thereby impact channel functioning. In a previous study on small-conductance calcium-dependent potassium, a 3-amino acid motif within the extracellular S3-S4 loop was suggested to determine apamin blocking effects and regulate the allosteric change of gating pore (Weatherall et al., 2011). Here multiple sequence alignments of the S3-S4 loop in DIV showed a conserved residue cluster of negative charged residues glutamate (EXXE) among Nav superfamily members and negatively charged residues glutamate or aspartate (ExxE/DxxE) in other voltage-gated sodium channels (Figure 2). A similar sequence is present in the S3-S4 loops of different domains. The ExxE forms the tight turn of the loop (Figure 1) and is located close to the voltage-sensor. Therefore, the ExxE motif and the negatively charged acidic glutamate may be crucial for channel functioning, implying that the molecular sub-regional effect should be considered in evaluating the pathogenicity of variants.

It has been demonstrated that mutations of charged residues in S4 of all domains affected activation, whereas those in S4 segments of primarily DI and DIV had the most effects on fast inactivation (Groome and Winston, 2013). Similarly, charge-reversing mutations in S1-S3 segments alter sodium channel activation and fast inactivation, suggesting that positive charge movement across the bilayer must be facilitated by negative charges in other parts of the protein (Chowdhury and Chanda, 2012). In the voltage-gated potassium channels, similar conserved negatively charged residues in VSD have been shown to actively catalyze the transport of ionized groups through the cell membrane and control the voltage sensor operation (Starace and Bezanilla, 2004; Pless et al., 2011; Lacroix et al., 2014). These negatively charged residues are proposed to act as neutralization and electrostatic interactions with positively charged S4 residues, and thus have profound effects on activation gating (Papazian et al., 1995; Yang et al., 2009). Previously, no experimental evidence has been obtained on the role of the extracellular S3-S4 loop in sodium channel functioning. In the present study, the charge-reversing mutation E1623K led to significant changes in fast inactivation with a shifting of steady-state inactivation to more hyperpolarized potentials. In contrast, the negative charge-retaining mutant E1623D showed no alteration in inactivation and was mostly close to WT in fast inactivation parameters (Figure 5). These findings suggest that the negative charge property of E1623 is critical in the inactivation of the sodium channel. Note that the sequence in the N-terminal part of the loop just after S3 is MFLAEL. The residues M, L, and A have high helix propensities. Replacing the E with an A may change the helix-loop-helix structure, and the S3 helical extension into the S3-S4 loop is quite likely to have some effects on the voltage-responsiveness of the S4 helix that could affect both channel activation and inactivation as observed experimentally.

Several mutants without charge-reversing or helix transformation also demonstrated apparent effects on channel activation/inactivation, suggesting much complex relationships between the residue properties of the extracellular loop and channel functioning. We analyzed the correlations between residue properties and electrophysiological alterations. Significant correlations were detected between residue polarity and channel properties (Table 1), indicating that hydrophobicity at the residue E1623 of the extracellular loop is a key property affecting channel functioning. Hydrophobic/polar property is a meaningful scheme clustering residue alphabets. The importance of hydrophobic interaction in protein structure owes much to the following two facts: (i) it is the driving force for protein folding (Dill, 1990); and (ii) it is an important factor for protein-protein interaction (Jones and Thornton, 1996). For hydrophilic glutamate at the extracellular site and on the top of VSDs, its hydrophilic property may play an additional role in favoring the concentration and flow of charged Na+ through the lipid bilayer, because extracellular Na+ is conducted as a hydrated ion (Payandeh et al., 2012).

However, we did not find any remarkable correlations between the residue properties and peak current density that reflected channel conductance. The present study revealed that the hydrophilic glutamate residue substituted by hydrophobic residues at E1623, such as E1623V and E1623A, did result in decreased current density. However, there were also polarity-altered mutants that did not affect current density, such as E1623G and E1623Q. The confounding factors for the channel conductance at E1623 may include phylogenetic and structural context, together with the elementary changes in amino acid properties. To explore the factors that contributed to channel dysfunction, we used in silico tools to score the mutants from three different perspectives, including sequence/evolutionary conservation, protein stability, and machine-learning protocol with combined comprehensive information and variant dataset of known pathogenicity, based on their working principles. The machine-learning based predictors, SNAP2 and PROVEAN, showed a relatively higher correlation coefficient between the predictive scores and channel conductance.

The conductance of Nav1.1 indicated by peak current density is the most crucial property that determines macroscopic gain or loss of channel function. The common form of functional defects caused by genetic variants, identified in epilepsy patients, is loss of function or partial loss of function, featured by non-detectable or reduced sodium current in electrophysiological recordings. Changes in channel conductance determine the pathogenicity of mutations (Tang et al., 2020). In contrast, the electrophysiological parameters of voltage-dependent kinetics of the channel determine the channel characteristics and are associated with mild clinical phenotypes (Liao et al., 2010; Meng et al., 2015). Understanding what residues and functional domains would associate with channel conductance and gating kinetics would provide novel insights into the molecular basis of channel functioning and pathogenicity of variants in channels.

Theoretically, one residue is potentially subject to several different substitutions and subsequently associated with variations in channel function and phenotype, which brings challenges in clinical recognition and diagnosis of genetic disorders. The present study explored the correlation between the nature of substitution and functional alteration in sodium channel Nav1.1. It would help understand the intrinsic mechanism underlying the pathogenicity of missense variants. Under the influence of some extrinsic factors, individual cases might exhibit diversity in clinical phenotype and inheritance. In our example, the case 1 and case 2 presented different epileptic phenotypes and inheritance, in which one was severe DS and de novo and the other was epilepsy with febrile seizure plus and dominantly inherited from his mother. In general, a vast majority of de novo severe mutations, especially truncations, were identified in patients with DS, while missense mutations were responsible for familial cases with milder phenotypes (Meng et al., 2015; Liu et al., 2018). This is because de novo mutations are unlikely to pass down to the offspring in patients with severe phenotypes like DS. However, the genotype-phenotype correlation is not entirely consistent. Under some circumstances, the DS-associated mutations, such as the E1623A and a previously reported p.Arg1912X truncation (Jaimes et al., 2020), might exhibit milder phenotype, and thus have the opportunity to develop into an inherited disease in pedigree. The variable disease expressivity might come from individual differences from the modulation of channel physiology, such as trafficking, posttranslational modifications, and pharmacological modulators. It remains a challenging conundrum for researchers about how biophysical alterations in a mutant Nav1.1 determine their phenotypes.

Although there has been great progress in genetic sequencing and in silico prediction, variant interpretation remains a major challenge. The present study proposed not only an essential role of the extracellular S3-S4 loop at domain IV in channel functioning, but also an urge of customized predictive tools with more considerations, including 3D structure information, experimental data, and sub-regional function, etc. Different channel functional properties, such as channel conductance and voltage-dependent kinetics, are potentially affected by the distinct molecular alterations and associated with different clinical phenotypes, providing new perspectives on molecular mechanisms underlying genetic diseases.
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Objective: To prove microtubule associated serine/threonine kinase 3 (MAST3) gene is associated with neurodevelopmental diseases (NDD) and the genotype-phenotype correlation.

Methods: Trio exome sequencing (trio ES) was performed on four NDD trios. Bioinformatic analysis was conducted based on large-scale genome sequencing data and human brain transcriptomic data. Further in vivo zebrafish studies were performed.

Results: In our study, we identified four de novo MAST3 variants (NM_015016.1: c.302C > T:p.Ser101Phe; c.311C > T:p.Ser104Leu; c.1543G > A:p.Gly515Ser; and c.1547T > C:p.Leu516Pro) in four patients with developmental and epileptic encephalopathy (DEE) separately. Clinical heterogeneities were observed in patients carrying variants in domain of unknown function (DUF) and serine-threonine kinase (STK) domain separately. Using the published large-scale exome sequencing data, higher CADD scores of missense variants in DUF domain were found in NDD cohort compared with gnomAD database. In addition, we obtained an excess of missense variants in DUF domain when compared autistic spectrum disorder (ASD) cohort with gnomAD database, similarly an excess of missense variants in STK domain when compared DEE cohort with gnomAD database. Based on Brainspan datasets, we showed that MAST3 expression was significantly upregulated in ASD and DEE-related brain regions and was functionally linked with DEE genes. In zebrafish model, abnormal morphology of central nervous system was observed in mast3a/b crispants.

Conclusion: Our results support the possibility that MAST3 is a novel gene associated with NDD which could expand the genetic spectrum for NDD. The genotype-phenotype correlation may contribute to future genetic counseling.

Keywords: MAST3, genetics, neurodevelopmental, epilepsy, domain


INTRODUCTION

Microtubule associated serine/threonine kinase 3 [MAST3 (MIM 612258)] gene belongs to microtubule-associated serine/threonine kinase (MAST) family which harbors conserved protein domains including a central microtubule-associated serine-threonine kinase domain (STK) flanked by domain of unknown function (DUF) (Hain et al., 2014). MAST3 is selectively expressed in brain especially in cerebral cortex (Garland et al., 2008) and mediated vital neuronal functions, such as neuronal survival, neurite outgrowth, and others (Delhommel et al., 2015; Khan et al., 2019).

In MAST gene family, MAST1 gene has been reported to cause neurodevelopmental diseases (NDD). The representative clinical phenotypes of the patients are mega-corpus-callosum syndrome with cerebellar hypoplasia and cortical malformations (MCC-CH-CM) (MIM:618273) (McMichael et al., 2015; Tripathy et al., 2018; Ben-Mahmoud et al., 2020; Rodriguez-Garcia et al., 2020). MAST2-4 genes have never been reported to be associated with neurological disorders until 2021. Spinelli et al. (2021) reported that patients with de novo variants in STK domain of MAST3 gene showed concomitant developmental and epileptic encephalopathy (DEE) phenotypes (Spinelli et al., 2021).

In our study, we identified four de novo heterozygous variants in MAST3 gene in four NDD patients using trio exome sequencing (trio ES). Genotype-phenotype correlations were observed. Together with bioinformatic analyses and functional studies on zebrafish model, our study indicated that MAST3 variants may be related to variable neurodevelopmental phenotypes from intellectual disability (ID) with epilepsy to ID with autistic spectrum disorder (ASD).



MATERIALS AND METHODS


Trio Exome Sequencing

Genomic DNA from peripheral blood leukocytes of four trios were extracted using the Qiagen DNA Blood Midi/Mini Kit (Qiagen GmbH, Hilden, Germany). DNA was then captured using the IDT xGen Exome Research Panel (Integrated DNA Technologies, San Diego, CA, United States) and was sequenced on Novaseq 6000 platform (Illumina, San Diego, CA, United States). Sequencing reads were aligned to the human reference genome (UCSC hg19/GRCh37). Bioinformatic analyses were performed according to the standard protocol of Ulintz et al. (2019). Human population databases, such as gnomAD, ExAC, and 1000 genomes were used for variant filtration. In silico prediction algorithms, such as SIFT, Polyphen-2, LRT, and MutationTaster were used for variant pathogenicity. GERP++, phyloP, phastCons, and SiPhy were used for variant conservation prediction. Sanger sequencing was performed for variant validation.



Bioinformatics and Statistics


Burden Analysis

ANNOtate VARiation (ANNOVAR) was used to annotate all MAST3 variants (Wang et al., 2010). Excess of MAST3 de novo variants was analyzed using two statistic models (DenovolyzeR and CH model). Briefly, we derived the expected number of de novo events in a given population based on the mutability of the MAST3 and the number of probands sequenced. Then, we compared the observed number of de novo variants against expectation using Poisson framework (DenovolyzeR) or binormal model (CH model) (O’Roak et al., 2012; Lal et al., 2020). Correction for multiple tests was performed using Bonferroni method.

The MAST3 expression pattern in the brain development: RNA-seq data in different developmental stages (from 8 post-conceptional weeks to 40 years) from multifarious brain regions were obtained from Brainspan.1 RNA expression was normalized to reads per kilobase million (RPKM). Univariate linear regression was applied by using lm() function in R2 for analyzing MAST3 expression mode in temporal cortex (TC) and dorsolateral prefrontal cortex (DFC).



Co-expression Analysis

A gene with RPKM >0.5 in 80% of all developing cortex tissues was regarded as a cortex-expressed gene. In total, 50 known genes associated with dominant DEE syndromes were defined as known DEE gene set (Heyne et al., 2018). Furthermore, 143 known NDD genes combined 50 known DEE genes with NDD genes identified in previous research (Heyne et al., 2018). Two gene sets were both applied to calculate Spearman’s correlation coefficient with all cortex-expressed genes. Next, the mean of Spearman’s correlation coefficient of each cortex-expressed gene in known DEE gene set or NDD gene set was computed. Percentile of average correlation coefficient between MAST3 and DEE gene set or NDD gene set was acquired.




Zebrafish Studies


Zebrafish Maintenance

Adult zebrafish was maintained in tanks with circulating water at 28°C on a 14/10 h light/dark cycle and fed two times a day. Zebrafish embryos were obtained by mating adult fish through standard methods (Avdesh et al., 2012). Larvae were raised in embryo media consisting of 0.03% Instant Ocean and 0.0002% methylene blue in reverse osmosis-distilled water. Transgenic line [Tg (HuC:eGFP)](Park et al., 2000) with neuron-expressing enhanced green florescent protein (eGFP) were used. All procedures were performed in accordance with the Guide for the Care and Use of Animals (National Research Council, 2011) and the guidelines and regulations of Cipher Gene, LLC.



Gene Editing and Tracking of Indels by Decomposition Assessment

The zebrafish genome has two MAST3 orthologs: mast3a (ENSDARG00000061725) and mast3b (ENSDARG00000086505). Single guide RNA (sgRNA) targets were identified using the CHOPCHOP online tool and were obtained from GenScript. Four sgRNAs designed for each gene are as follows (PAM sequence in lowercase): cccACCCCAGATGACCTCAATCG, cccCAGATGACCTCAAT CGCCTC, cccTCTCGGTTCCATCCTCGCTC, cctCTCGGTT CCATCCTCGCTCC for mast3a, and ccaCCAGCTTCCATA CCAGCCCA, ccgAAGTTCGGAGAGCATGACTG, cctCCAC GTTTATAAGACCCCGG, cccCGGTCACGTAGCCTTAGGTA for mast3b. The ortholog evaluation is conducted using the online tool-DIOPT Ortholog Finder. The protein identities between human MAST3 and zebrafish ortholog genes are 62% for mast3a and 63% for mast3b. The protein identity between zebrafish paralogs mast3a and mast3b is 70%. To generate mutagenesis in each targeted gene, fertilized embryos (1–2 cell stage) were injected with ∼2 nl CRISPR complexes composed of four sgRNAs (90 ng/μl for each sgRNA) and Cas9 protein (200 ng/μl). At 24 h after injection, few embryos from the injected group were pooled and sanger sequenced to verify the mutagenesis efficacy using the tracking of indels by decomposition (TIDE) online tool (Brinkman et al., 2014). Post hoc genotyping was performed after phenotypic studies. Individual larvae were collected for sequencing and TIDE analysis was used to confirm the mutagenesis. Larvae with TIDE efficacy <5% were excluded from phenotypic data analysis.



Imaging and Morphological Measurement

At six dpf, Tg (HuC: eGFP) larvae were placed in a customized mini-well (5 mm diameter and 1 mm depth) plate (one fish/well) with dorsal side up for bright-field and florescent imaging. Images were acquired with a Touptek CCD camera and Nikon SMZ800N stereo fluorescence microscope with × 1.5 magnification for bright-field imaging and × 4 magnification for florescent imaging. Images were then analyzed in Fiji (ImageJ) for body length and central nervous system (CNS) area measurements.



Statistics

Statistical analyses were performed with Prism 8 (GraphPad Software, CA, United States), using unpaired t-test for qualitative data. Significance for all tests was defined as *p < 0.05; **p < 0.01; and ***p < 0.001.





RESULTS


Clinical Presentations of Patients

The clinical features of patient 1–4 are shown in Table 1. Patient 1 is a 6-year-old male at present who was born at full term with normal pregnancy. At present, patient 1 has reached a normal motor developmental milestone. The 6-year-old male rarely communicate and have trouble learning to count. Patient 1 was fascinated by spinning wheels of a car, playing with hands, and repeating words of people.


TABLE 1. Summary of genotype and phenotype information for NDD in individuals with Microtubule associated serine/threonine kinase 3 variants.
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Patient 2 is a four year and a half male who was born at full term without abnormality in pregnancy. At present, patients 2 is easy to fall when running and cannot get dressed. This patient does not want to play with peers and lacks eye contact.

Patient 3 is a 10-year-old male child who was born at full term with normal pregnancy. The patient 3 had seizures at the age of 3 months without inducement. Frequent nodding about 10 times a day was observed. Patient 3 began to present typical “nodding and holding ball” movements soon, accompanied by loss of consciousness, cyanosis of lips, and face. The boy was diagnosed as “infantile spasms” and given topiramate as anti-epileptic therapy. At the age of 2 years, the “nod and holding ball” movements disappeared gradually, and a new attack form appeared. Eyes staring, rigidity, and contraction of limbs, accompanied by loss of consciousness, mild cyanosis of face and lips were observed. Suspected Lennox-Gastaut syndrome (LGS) was diagnosed. After 3 months, another new attack form appeared that the patient showed sudden head tilting forward, mouth opening accompanied by salivation. The patient was diagnosed as “LGS.” After 1 year of treatment with clonazepam, the patient still had many atypical absence seizures per day. The patient presented with global developmental delay and could not walk or speak words. No other neurological abnormality was observed.

Patient 4 is a 12-year-old male who was born at full term without abnormality in pregnancy. At the age of 1 year and 11 months, without inducement, generalized tonic-clonic seizure epilepsy (GTCS) was observed. Anti-epileptic drug levetiracetam was given to the patient and the seizures were relieved. At present, motor development is normal but language development is delayed.

Hence, it is reasonable to speculate that due to different protein domains in which the variants are located, these four patients showed different clinical features.



Variant Predictions

Four novel de novo MAST3 variants were identified in proband 1–4 separately using trio-ES and Sanger validation (Table 1 and Figure 1). These variants are classified as likely pathogenic by ACMG guidelines. They are absent from human population databases gnomAD, ExAC, and 1000 genomes. They are predicted to be deleterious by SIFT, Polyphen-2, LRT, MutationTaster algorithms and predicted to be conserved by GERP++, phyloP, phastCons, and SiPhy algorithms. These variants lied in protein domains DUF and STK in MAST3 (Figure 2A).
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FIGURE 1. (A) Sanger sequencing results of c.302C > T in patient 1 trio. (B) Sanger sequencing results of c.311C > T in patient 2 trio. (C) Sanger sequencing results of c.1547T > C in patient 3 trio. (D) Sanger sequencing results of c.1543G > A in patient 4 trio. The arrows pointed to the location of the variants.
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FIGURE 2. Distribution and comparison of pathogenicity of missense mutations in domain of unknown function (DUF) and serine-threonine kinas (STK) domain of microtubule associated serine/threonine kinase 3 (MAST3). (A) Schematic representation of missense variations in MAST3. Variations above and under the protein domain graph are originated from this study and published research, respectively. The colors in the MAST3 protein represented different protein domains (pink: disordered region, blue: DUF domain, yellow: STK domain, and green: PDZ domain). The different colors of the variants showed different diseases (red, ASD; blue, DD). (B) Box plot of CADD of de novo (neurodevelopmental diseases, NDD)/private (GnomAD) missense mutations in DUF or STK domain. Higher CADD scores of missense variants in total and in DUF region of MAST3 were found in NDD cohort compared with that in gnomAD database (p = 0.0003688, 0.0229, Wilcoxon test). Significance was lost when the same analysis was performed for STK domain variants (p = 0.0894, Wilcoxon test).




Bioinformatic Analysis


De novo Microtubule Associated Serine/Threonine Kinase 3 Missense Variants in Domain of Unknown Function and Serine-Threonine Kinase Domain Exhibit Excess in Neurodevelopmental Diseases

In our study, we found a significant enrichment of MAST3 variants (we did not include two missense variants without detailed data) (denovolyzeR: p = 0.00152, Bonferroni = 1; CH-model: p = 0.001994, Bonferroni = 1) via analysis of de novo variants by two statistic models. However, the significance did not exist after we performed a genome-wide Bonferroni correction. By combining published NDD studies with large cohorts, fifteen de novo missense variants (we did not include two missense variants without detailed data) were obtained from 36,347 probands (Table 2 and Figure 2A). We observed significant results in two models (denovolyzeR: p = 4.07E-06, Bonferroni = 0.0798; CH-model: p = 2.051E-05, Bonferroni = 0.40236518). However, statistically non-significant results were found after correction in the scope of genome (corrected for ∼19,000 genes).


TABLE 2. Summary of Microtubule associated serine/threonine kinase 3 de novo missense variants identified in neurodevelopmental disorders.
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Interestingly, in our cohort, four de novo MAST3 missense variants lie in DUF or STK domain separately, so we expected to further explore the domain-related clinical heterogeneity. For DUF domain (58–311 aa), higher CADD scores of missense variants in MAST3 were found in NDD cohort compared with that in gnomAD database (p = 0.0229, Wilcoxon test) (Figure 2B). Significance was lost when the same analysis was performed for STK domain variants (366–645 aa) (p = 0.0894, Wilcoxon test) though it was closed to the threshold of statistical significance (Figure 2B). More importantly, we obtained an excess of missense variant in DUF domain when only consider ASD cohort compared with gnomAD database [2 probands in 2,210 ASD individuals vs. 48 carriers in 125,748 gnomAD samples, odds ratio (OR) = 2.37, p = 0.2139, Fisher’s exact test]. Similarly, a higher OR was found in STK domain when only consider DEE cohort compared with gnomAD database (1 probands in 585 individuals vs. 51 carriers in 125,748 gnomAD samples, OR = 4.21, p = 0.2147, Fisher’s exact test). Above insignificant p-value may be due to insufficient number of individuals carrying MAST3 variants. These results supported our clinical data to some extent.



Spatio-Temporal Modes of Microtubule Associated Serine/Threonine Kinase 3

To elucidating the key role of MAST3 in developing brain, RNA sequencing data from BrainSpan was used to find out the spatio-temporal expression pattern of MAST3. We found a time-dependent upregulation MAST3 expression in fetal brain (Figure 3A). Differently, high expression level was observed during post-birth periods in most brain regions (Figure 3B). To reveal a dynamic change of MAST3 in DEE-related and ASD-relevant brain regions during brain development, such as TC and DFC (Ives-Deliperi and Butler, 2021; Jassim et al., 2021), a univariate linear regression analysis was applied. In TC and DFC, expression of MAST3 was significantly upregulated during the period of embryonic development (TC: R2 = 0.785 and p = 3.403E-05, DFC: R2 = 0.4958 and p = 0.0016) than that during the post-natal period (TC: R2 = 0.332 and p = 0.002961, DFC: R2 = 0.2463 and p = 0.0362) (Figures 3C–F). These data implicated a potential role of MAST3 during embryonic developing periods.
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FIGURE 3. Dynamic expression mode of MAST3 in human development brains. (A,B) Expression of MAST3 during brain development periods in different brain regions. The x-axis is the age of samples in days and y-axis is the log2-transformed RPKM of MAST3. A1C, primary auditory cortex; AMY, amygdaloid complex; CBC, cerebellar cortex; DFC, dorsolateral prefrontal cortex; HIP, hippocampus; IPC, inferior parietal cortex; ITC, inferolateral temporal cortex; M1C, primary motor cortex; MD, mediodorsal nucleus of thalamus; MFC, medial prefrontal cortex; OFC, orbital frontal cortex; S1C, primary somatosensory cortex; STC, superior temporal cortex; STR, striatum; V1C, primary visual cortex; VFC, ventrolateral prefrontal cortex. The dashed line indicates the birthday. (C,D) Expression of MAST3 in the TC region. (E,F) Expression of MAST3 in the DFC region. Univariate regression analysis was applied in prenatal brains (left) and post-natal brains (right), separately. Blue line represents the regression line and the gray region indicates 95% CI. The text shows the R2 and P-value of regression.




Co-expression of Microtubule Associated Serine/Threonine Kinase 3 With Well-Established DEE/Neurodevelopmental Diseases Genes

Microtubule associated serine/threonine kinase 3 is a member of Microtubule Associated Serine/Threonine Kinase family. Regrettably, the biological function of MAST3 in NDD still remains unknown. PTEN which interacts with MAST3 from STRING database was found to be related to DEE, ASD, etc. (Hobert et al., 2014; Marchese et al., 2014).

We further explored the potentially biologic connection of MAST3 with DEE and NDD genes using gene co-expression analysis. We wondered whether MAST3 is highly co-expressed with DEE or NDD genes compared with other cortex-expressed genes. Spearman’s correlation coefficients of all protein-coding genes with well-established DEE and NDD gene sets were calculated. MAST3 was strongly correlated with known DEE genes (Percentile = 3.40%) compared with NDD genes (Percentile = 30.43%) (Figures 4A,B). In total, nine DEE/NDD genes were highly correlated with MAST3 (Spearman’s correlation coefficient > 0.7) (Figure 4C). Above analysis uncovered the potential relationship between MAST3 and DEE/NDD genes.
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FIGURE 4. Co-expression analyses of microtubule associated serine/threonine kinase 3 (MAST3) with EE and NDD genes. (A,B) The percentile of average correlation coefficient for all developing cortex expressed genes with NDD (A) or EE (B) genes. The average percentile of MAST3 was marked. (C) Interaction network contains nine highly co-expressed EE/NDD genes (Spearman’s correlation coefficient > 0.7) with MAST3.





In vivo Studies

We created zebrafish models with CRISPR/cas9-induced disruptions in mast3a or mast3b, two orthologs of human MAST3, to investigate the role of MAST3 in neurodevelopment in vivo. The zebrafish F0 CRISPR (crispants) recapitulated the characteristic phenotypes in human NDD-abnormal brain morphology.

At six dpf, mast3a crispants showed normal body length (Figures 5A,B; n = 20 and 29 fish for cas9 control and mast3a crispant, respectively; unpaired t-test, p = 0.3208). Although no significant difference was observed in the whole CNS area (Figures 5C,D; unpaired t-test, p = 0.0844), the midbrain area was significantly increased in mast3a crispant vs. cas9 controls (Figure 5E; unpaired t-test, p = 0.0726, 0.0072, and 0.3123 for forebrain, midbrain, and hindbrain area, respectively). Mast3b crispants presented significantly decreased body length (Figures 5G,H; n = 20 and 24 fish for cas9 control and mast3b crispant, respectively; unpaired t-test, p = 0.0007). Although no statistically significant difference was observed in the whole CNS area (Figures 5I,J; unpaired t-test, p = 0.1558), the midbrain area was significantly decreased in mast3b crispants (Figure 5K; unpaired t-test, p = 0.1268, 0.0073, and 0.2807 for forebrain, midbrain, and hindbrain area, respectively). Electrophysiology and behavior studies were also conducted. No electrographic epileptiform activity or abnormal locomotion behavior was observed in the crispant larvae (n = 38 and 31 fish were tested for mast3a and mast3b crispants, respectively). Figures 5F,L showed the TIDE efficacy of the crispant larvae for phenotypic analysis. These results suggest that, as in humans, zebrafish mast3a/b is critical for brain development and possibly neuronal function.


[image: image]

FIGURE 5. Disruption of zebrafish mast3a and mast3b led to abnormal central nervous system (CNS) morphology. (A) Representative bright-field imaging of larval zebrafish at six dpf (dorsal view). Top, cas9 injected control; bottom, mast3a F0 CRISPR (crispant). (B) Measurements of body length in cas9 injected control (n = 20 fish) vs. mast3a crispant (n = 29 fish). Data were normalized to the average body length of cas9 control group. (C) Normalized CNS area in cas9 injected controls vs. mast3a crispants. Data were corrected by the normalized body length of individual larvae. (D) Representative imaging of HuC: eGFP expressed larval zebrafish shows CNS fluorescence pattern at six dpf (dorsal view). Left, cas9 injected control; right, mast3a crispant. White dash line highlights the CNS subregions, forebrain, midbrain, and hindbrain, for measurement. (E) Normalized CNS subregion area in cas9 injected control vs. mast3a crispant. Data were normalized to the average of each subregion area of cas9 control group, and then corrected by the normalized body length of individual larvae (gray dot, cas9 control; blue dot, mast3a crispant). (F) CRISPR efficacy calculated via TIDE method of individual mast3a crispant used in phenotypic study (n = 38 fish). (G–L) Data from mast3b crispant study (for imaging study, n = 20 fish for cas9 control, and n = 24 fish for mast3b crispant; n = 31 crispant for TIDE efficacy verification). Scale bars as indicated in the figure. Error bars indicate SD. Statistical significance is indicated as **p < 0.01, and ***p < 0.001.





DISCUSSION

Microtubule-associated serine/threonine kinase protein family has been proved to be highly expressed in brain and was involved in multiple critical neuronal functions (Jing et al., 2020). De novo variants in STK domain of MAST3 gene has been reported to be candidate variants for Rett syndrome-like phenotypes (Iwama et al., 2019) and associated with DEE recently (Spinelli et al., 2021). In our study, combining genetic testing with bioinformatic analysis and functional studies, we reported the role of MAST3 variants in NDD and its genotype-phenotype correlations.

We identified four de novo heterozygous MAST3 variants in four unrelated patients with NDD. Although all patients showed an NDD phenotypic profile, patient 1 and 2 showed ID with ASD while patient 3 and 4 showed ID with epilepsy. Variants in MAST3 exhibited heterogeneous clinical presentations, which probably due to different domains the variants located in Figure 2A.

These genotype-phenotype relationships were also supported by bioinformatic analysis based on large NDD cohorts. For DUF domain, higher CADD scores of missense variants for MAST3 were found in NDD cohort compared with gnomAD database. More importantly, we obtained an excess of missense variants in DUF domain when compared ASD cohort with gnomAD database and similarly an excess of missense variants in STK domain when compared DEE cohort with gnomAD database. More patients with MAST3 variants in DUF domain may yield a significant p-value. By applying univariate linear regression analysis using RNA sequencing data from BrainSpan, we found that in ASD-relevant brain region DFC and DEE-related brain region TC (Ives-Deliperi and Butler, 2021; Jassim et al., 2021), the expression of MAST3 was significantly upregulated during brain development. From the co-expression analysis, nine DEE/NDD genes (SYNGAP1, SYN1, IQSEC2, DNM1, PACS1, STXBP1, GRIN1, STX1B, and KIF1A) were highly correlated with MAST3. Known NDD and/or EE genes, such as IQSEC2, DNM1, and STX1B, have all been proved to play a role in vital synaptic functions, such as synaptic vesicle recycling, excitatory synaptic transmission, and calcium-dependent synaptic vesicle release in neurodevelopment (Smirnova et al., 1996; Boumil et al., 2010; Brant et al., 2021). The mutants of these genes could cause synaptic deficit and be associated with NDD and/or EE. The MAST3 mutations might affect the normal interactions with the nine DEE/NDD genes, cause neuronal dysfunctions thus leading to neurodevelopmental phenotypes. Although there was no supporting evidence to these functional interactions, our study provided a clue for further research.

From the functional perspective, the variants located in the domains might influence the catalytic activity of MAST3 (Iwama et al., 2019), thus affecting its interaction with different targeted proteins involved in neuronal functions (Valiente et al., 2005; Delhommel et al., 2015). It has been reported that MAST3 protein may act synergically with PTEN to moderate signal pathways in neuronal survival, neurite outgrowth, and regeneration (Khan et al., 2019). MAST3 protein could also interact with seizure related transcription factors, zif268, c-fos, c-jun, etc. (Saffen et al., 1988; Xiao et al., 1998). According to our bioinformatic analysis, MAST3 gene was highly co-expressed with DEE or NDD genes compared with cortex-expressed other genes.

Due to the teleost-specific genome duplication (Meyer and Schartl, 1999; Howe et al., 2013), certain zebrafish gene pairs (ohnologs) have acquired different expression patterns or functions, which could be redundant function, new function, sub-function, or pseudo-function. As a result, it is not unusual to see in zebrafish study that disruptions of a/b copy of a gene show different phenotypes (Force et al., 1999; Kleinjan et al., 2008; Shin et al., 2012; Grone et al., 2016; Holt et al., 2019). In this work, brain morphological abnormality was observed in both zebrafish mast3a and mast3b crispants, so we concluded that zebrafish mast3a and mast3b are critical for brain development. Further study will be needed to elucidate how exactly these genes contribute to the brain development. In addition, human patients carrying MAST3 missense mutations demonstrates various phenotypes, such as macrocephaly and microcephaly, which may indicate the pathological complexity (Spinelli et al., 2021). The functional study based on zebrafish model also provided evidence for MAST3 pathogenicity by recapitulating the neurological phenotype of DEE–abnormal brain morphology. Together with the genetic and bioinformatic analysis, our work may confirm the pathogenicity of MAST3 gene in NDD. However, further functional research on specific neurodevelopmental defects and larger cohorts were needed to elucidate the mechanisms underlying the genotype-phenotype correlation.



CONCLUSION

In conclusion, we first described the genotype-phenotype correlations of MAST3 gene in NDD. The variants of DUF domain contributed to NDD with a core ASD phenotype while variants of STK contributed to NDD with a core epilepsy phenotype, therefore, conducive to future genetic counseling of MAST3.
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Objective: Naturally occurring in-frame deletion is a unique type of genetic variations, causing the loss of one or more amino acids of proteins. A number of in-frame deletion variants in an epilepsy-associated gene SCN1A, encoding voltage gated sodium channel alpha unit 1.1 (Nav1.1), have been reported in public database. In contrast to the missense and truncation variants, the in-frame deletions in SCN1A remains largely uncharacterized.

Methods: We summarized the basic information of forty-four SCN1A in-frame deletion variants and performed further analysis on six variants identified in our cases with epilepsy. Mutants of the six in-frame deletions and one truncating variant used as comparison were generated and co-transfected with beta-1 and -2 subunits in tsA201 cells, followed by patch clamp recordings.

Results: Reviewing all the in-frame deletions showed that they spread over the entire Nav1.1 protein, without obvious “hot spots.” The dominant type (54%) was single residue loss. There was no obvious relationship between the length or locations of deletions and their clinical phenotypes. The six in-frame deletions were two single residue deletions (p.M400del and p.I1772del), one microdeletion (p.S128_F130del) and three macrodeletions (p.T303_R322del, p.T160_Y202del, and p.V1335_V1428del). They scatter and affect different functional domains, including transmembrane helices, pore region, and P-loop. Electrophysiological recordings revealed no measurable sodium current in all of the six mutants. In contrast, the truncating mutant p.M1619Ifs*7 that loses a long stretch of peptides retains partial function.

Significance: The complete loss-of-function in these shortened, abnormal mutants indicates that Nav1.1 protein is a highly accurate structure, and many of the residues have no redundancy to ion conductance. In-frame deletions caused particularly deleterious effect on protein function possibly due to the disruption of ordered residues.

Keywords: sodium channel, SCN1A, epilepsy, in-frame deletion, variant


INTRODUCTION

Voltage-gated sodium channels (Nav) are responsible for the generation and propagation of action potentials in excitable membrane. These channels are complexes of one α subunit in association with two auxiliary β subunits. In humans, there are nine functional α subunits (Nav1.1-Nav1.9) encoded by the genes SCN1A-SCN11A, with different patterns of tissue expression and biophysical properties. The α subunit of ∼2000 amino acid (AA) residues is organized in four homologous domains but non-identical domains (DI-DIV), each of which contains six transmembrane segments (S1–S6) and an additional membrane re-entrant pore loop (P-loop). Four transmembrane domains (DI–DIV) are connected by intracellular loop structures (Catterall, 2000; Goldin et al., 2000; Eijkelkamp et al., 2012).

Variants in the gene SCN1A encoding Nav1.1 α subunit have been associated with a spectrum of epilepsy disorders ranging from the relatively benign generalized epilepsy with febrile seizures plus (GEFS+) to the devastating disorder, severe myoclonic epilepsy of infancy (SMEI) (Escayg et al., 2000, 2001; Marini et al., 2009). To date, more than 1,800 epilepsy associated variants annotated for SCN1A have been reported in different databases, such as SCN1A database1, the Human Gene Mutation Database (HGMD), and the ClinVar database of NCBI. Most of these are missense variants that lead to a single amino acid substitution, while there are also a significant number of in-frame deletions and premature truncations that lacks one or more amino acids. Previous studies focused on characterizing the biophysical properties of missense and truncating variants (Lossin et al., 2003; Yamakawa, 2006; Meng et al., 2015). The in-frame deletions occurred in SCN1A have not been well characterized, except that an in-frame deletion (p.F1289del), located at DIII S3, was reported with no measurable sodium current (Ohmori et al., 2006). The naturally occurring in-frame deletions would be unique and useful models to explore the underlying biology of Nav1.1, and the genotype-phenotype relationship as well.

Here we first collected a total of 44 in-frame deletion variants in SCN1A from the HGMD and SCN1A database and characterized their features of clinical phenotypes and locations. To gain insights into sub-molecular gating network of Nav1.1, six in-frame deletions identified in our laboratory were further subject to site-directed mutagenesis experiments to determine the functional features of the shortened Nav1.1.



MATERIALS AND METHODS


Public Data Collection

All available in-frame deletion variants in SCN1A (a total of 44 variants) were retrieved from the SNP database of the NCBI2, the SCN1A database (see text footnote 1) and the HGMD. The NCBI database was queried with amino acid sequences of human Nav1.1 to obtain the corresponding information of DNA locus, and related functional regions.



Genetic Testing

Diagnose and treatments of the patients were conducted in our Epilepsy Center (Guangzhou, China). Clinical data including medical records, standardized questionnaires, and EEG recordings were available. The probands were assessed using a standardized protocol after providing written informed consent. This study was approved by the Research Ethics Board of the Hospital. Genomic DNAs were prepared from ethylenediaminetetraacetic acid (EDTA)-treated whole blood samples. SCN1A were screened for genetic abnormalities. Primers were designed to amplify all exons and the flanking intronic splice sites of the gene. The purified PCR products of polymerase chain reaction were directly sequenced. The variant was verified by a second targeted PCR and sequencing. A total of six in-frame deletion variants in SCN1A were identified in our genetic testing, among which three were novel and three variants (c.383 + 1A > G/p.S128_F130del, c.602 + 1G > A/p.T160_Y202del, and c.1200_1202delGAT/p.M400del) were previously reported (Depienne et al., 2009; Selmer et al., 2009).



Mutagenesis and Heterologous Expression

To reconstitute the native brain sodium channel complex, SCN1A was co-expressed heterologously with human accessory β1 and β2 subunits in human tsA201 cells. The expression vectors of wild-type (WT) human sodium channel Nav1.1, pCMV-SCN1A-WT, pCD8-IRES-hβ1, and pGFP-IRES-hβ2 that express α, β1, and β2 subunits, were kindly donated by Professor Alfred L. George Jr. To improve the monitoring of transfection, pCD8-IRES-hβ1 had been modified into pDsred-IRES-hβ1 with red fluorescence; whereas pGFP-IRES-hβ2 expression is recognized by green fluorescence. The mutant vectors were generated from corresponding WT vectors using Quick-change site-directed mutagenesis (Stratagene, Cedar Creek, TX, United States) according to the manufacturer’s protocol. All constructs were verified by resequencing before being transfected to human tsA201 cells. The cells were grown in 1:1 Ham’s F-12 and Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, and 100 μg/ml streptomycin. The cells were maintained in a humidified incubator at 37°C with 5% CO2. Cells were then co-transfected with pCMV-SCN1A, pCD8-IRES-hβ1, and pGFP-IRES-hβ2, using Lipofectamine 3000 reagent Kit from Thermo Fisher Scientific. After incubation for 12–15 h, cells were replated in 35-mm culture dishes.



Patch Clamp Analysis

Electrophysiological studies were performed 20–48 h after transfection, according to our previous report (Chen et al., 2015). Cells displaying green and red fluorescence were chosen for recording. According to our previous experience, almost all the cells (>90%) that had green and red fluorescence were expressing a complex of co-transfected α, β1 and β2 subunits. Whole-cell patch clamp was performed according to previous reports. Sodium currents were recorded from tsA201 cells at room temperature (22–24°C). Series resistance (2.0–3.0 MΩ) was compensated 85–95% to assure that the command potential was reached within microseconds and with a voltage error of <4 mV. All data were acquired at 10–50 kHz and low-pass filtered at 5 kHz. The pipette solution contained (in mM): NaF 10, CsF 110, CsCl 20, EGTA 2, and HEPES 10, with a pH of 7.35 and osmolarity of 310 mOsM/kg. The extracellular solution contained (in mM): NaCl 145, KCl 4, CaCl2 1.8, MgCl2 1, and HEPES 10, with a pH of 7.35 and osmolarity of 310 mOsM/kg. Sodium currents were recorded with EPC10 amplifiers (HEKA Elektronik, Lambrecht, Germany). Sodium currents were recorded at various test potentials from a holding potential of −120 mV. The inward currents were validated by Nav blocker tetrodotoxin. Sodium conductance (G) was calculated according to the equation G = Ipeak/(Vtest-Vrev), where Ipeak is the peak inward current, Vtest is the test potential, and Vrev is the reversal potential for Na+. To compare voltage dependence of activation, data were fitted to a Boltzmann function, according to the equation G/Gmax = 1−1/{1 + exp[(Vm–V1/2)/k]}, where Gmax is the maximum conductance, Vm is the potential of individual step pulses, V1/2 is the average half activation potential (at which G is one-half maximal), and k is the slope factor. The voltage dependence of channel availability was assessed following a prepulse to various potentials followed by 20-ms pulse to −10 mV. The normalized current was plotted against the voltage and the inactivation curves were fit with Boltzmann functions (I/Imax = 1/(1 + exp[(Vm−V1/2)/k]) to determine the voltage for half-maximal channel inactivation (V1/2) and slope factor (k). Recovery from inactivation was determined using a two-pulse protocol. The peak current from the test pulse was normalized to the peak current from a prepulse and plotted against the recovery period. Data were fit with the two exponential function, I/Imax = Af [1−exp(−t/τf)] + As [1−exp(−t/τs)], where τf and τs denote time constants (fast and slow components, respectively).



Structural Modeling

The structures of the WT Nav1.1 and fragmental peptides (about 600 AA, deletion locus was covered) of the deletion variants were modeled to predict the effect of deletion mutations on protein structure by using I-Tasser3. PyMOL 2.3 software was used for three-dimensional protein structure visualization and analysis.



Statistical Analysis

All data were analyzed using a combination of Fit master v2.53 (HEKA Electronics, Lambrecht, Germany), Excel 2003 (Microsoft, Seattle, WA, United States), and OriginPro 8.0 (OriginLab, Northampton, MA, United States) software. For statistical evaluation, results are shown as means ± SEM, and differences between WT and mutant channels were assessed by Student’s t-test. One-way analysis of variance (ANOVA) was used to compare means among different groups. Significance was assigned at P < 0.05.




RESULTS


Features of In-Frame Deletion Variants in SCN1A

Six in-frame deletions in SCN1A were identified in our cases with SMEI, generalized epilepsy with febrile seizures plus (GEFS+), partial epilepsy with febrile seizures plus (PEFS+) and Lennox–Gastaut syndrome (LGS) (Table 1). One variant (c.383 + 1A > G/p.S128_F130) associated with LGS and two variants (c.602 + 1G > A/p.T160_Y202del and c.1200_1202delGAT/p.M400del) associated with SMEI were reported in the ClinVar database or previous studies (Depienne et al., 2009; Selmer et al., 2009), while the other variants were novel. Residues affected by these variants are located in several distinct protein domains including the DI/S1 (c.383 + 1A > G/p.S128_F130del), DI/S2-S3 (c.602 + 1G > A/p.T160_Y202del), pore loop in DI (c.909A > G/p.T303_R322del, c.1200_1202delGAT/p.M400del), cytoplasmic DIII/S4-S5 linker to pore loops in DIII (c.4284 + 2T > C/p.V1335_V1428del), and DIV/S6 (c.5313_5315delCAT/p.I1772del) (illustrated in Figure 1).


TABLE 1. Clinical features associated with six identified in-frame deletion and one truncation variants in SCN1A.
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FIGURE 1. Locations of six in-frame deletion and one truncating variants in SCN1A and sequence identification. (A) Schematic location of the variants identified. The in-frame deletion variants were marked with dotted lines and the truncating variant was marked with a scissor. (B) DNA sequencing of the truncating variant (c.4853-25T > A/p.M1619Ifs*7). (C) DNA sequencing of the in-frame deletion variants.


We summarized all the in-frame deletion variants (a total of 44, together with the six variants identified by us) from the databases, and found that most of them (38/44) were reported as SMEI, developmental and epileptic encephalopathy (DEE) and LGS (Table 2). These variants spread over six functional domains of Nav1.1 (Figures 2A,B). Approximately 54% of the in-frame deletions are single deletions of 1 AA, followed by microdeletions (2–6 AA, 30%) and macrodeletions (>6 AA, 16%) (Figure 2C). Almost all the single deletions are associated with SMEI, DEE, except of one in DIV/S6 presented with PEFS+ Figure 2D). One microdeletion located in DI S5-S6 linker is associated with febrile seizure plus (FS+). There is no clear relationship between clinical phenotypes and the length of deletions.


TABLE 2. In-frame deletion variants of SCN1A.
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FIGURE 2. Statistics of all in-frame deletions in SCN1A. (A) Schematic picture showing the length, location, and phenotypes of the 44 variants. Lines indicate different variants. Severe phenotypes (SMEI, DEE, and LGS) were highlighted as red, while mild phenotypes (PEFS+ and FS+) were blue. (B) Distribution of the variants on different functional domains. (C) The proportions of single deletion, microdeletions, and macrodeletions. (D) Phenotypic spectrum.




In-Frame Deletion Mutants Exhibit Complete Loss-of-Function

The WT and six in-frame deletion mutant alpha-subunits were expressed transiently in human tsA201 cells. We performed electrophysiological recordings for the transfected neurons and the non-transfected neurons as negative control. In contrast to the WT Nav1.1 with apparent current recorded (>90 pA/pF), the six in-frame deletion mutants all exhibited tiny raw currents (usually <20 pA/pF) (Figures 3A,B). The tiny currents were demonstrated as endogenous current, which was also recorded in non-transfected cells. Therefore, we confirmed that the in-frame deletion mutants were not able to generate Na+ current and fail to exhibit sufficient sodium current for biophysical analysis.
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FIGURE 3. Electrophysiological analysis of the SCN1A in-frame deletion and truncated mutants. (A) Representative traces of sodium current evoked at 0 mV. (B) Current-voltage relationship of six in-frame deletion mutants. (C) Current-voltage relationship of the truncated mutant. (D) G-V activation curve, (E) steady-state inactivation curve, and (F) recovery from inactivation, all for the truncated mutant p.Met1619Ilefs*7. Non-transfected cells were used as negative control.




A Truncated Mutant Retains Partial Channel Function

We noticed that the in-frame deletion mutant causing a single loss of isoleucine at the S6 of DIV (I1772) resulted in complete loss-of-function. This raised an interesting question about whether a truncation mutant that was much shortened still functioned. A truncating variant c.4853-25T > A/p.M1619Ifs*7 was previously identified in our patient with PEFS+. The premature truncation is expected to have seven AA substitutions from p.M1619-E1626, with a loss of peptides from S3 of DIV to c-terminal. Interestingly, the truncated mutant exhibited partial loss-of-function, with reduced peak current density (−27.47 ± 8.46 pA/pF vs. −116.60 ± 25.60 pA/pF in the WT control, 23.6% of the WT) (Figure 3C and Table 3). The current-voltage relation analysis showed that the p.M1619Ifs*7 mutant exhibited a less steep conductance-voltage (G-V) curve with the smaller slopes of steady-state availability, but remained unchanged in the half-maximal activation and inactivation (V1/2), suggesting a slight disruption of the voltage sensor (Figures 3D,E and Table 3). There was no significant difference in the time constants in the kinetics of recovery from inactivation (Figure 3F and Table 3).


TABLE 3. Biophysical parameters of truncating mutant p.Met1619Ilefs*7.
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Structure Modeling

To explore structural changes as a result of the in-frame deletions, we performed tertiary structure prediction. The comparative analysis of the predicted structures showed that the local tertiary folding differed strongly between the WT and mutants, especially for the macrodeletions (p.T303_R322del, p.T160_Y202del, and p.V1335_V1428del). The local structures of the macrodeletion mutants were deformed and the surrounding segments were relocated (Figure 4). The p.T160_Y202del deletion with two transmembrane segments involved has the most remarkable difference in protein folding, in which the expected segments (S2 and S3) disappear and moreover the adjacent S1 and S4 are relocated to the different sites. Both the single deletion (p.M400del) and microdeletion (p.S128_F130del) that have lost their hydrophobic residues including isoleucine, methionine and phenylalanine, were predicted to turn the coiled coil alpha helices into flexible loops. The other deletion (p.I1772del) at S6 exhibited a smaller difference in the alpha helix, but had a larger difference in the angle of the neighboring units compared to the WT.
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FIGURE 4. Pairwise comparison of the predicted local structure features between wild-type and in-frame deletions. Location of deleted residues is indicated in blue, and their next residues are in red.





DISCUSSION

Genetic defects in the Nav α subunit can lead to various excitability diseases in brain, muscle, and heart, such as muscle paralysis, cardiac arrhythmias, and epileptic disorders (Meisler and Kearney, 2005; Lee et al., 2009; Remme and Bezzina, 2010; Kasperaviciute et al., 2013). The particular importance of Nav1.1 channel has continually motivated researchers to identify structural or functional residues responsible for protein stability and activity. So far, more than 1800 SCN1A variants have been identified in epilepsy, but few studies have investigated the function of these genetic defects. Functional analysis in coding regions of Nav1.1 channel might help to gain insights into the intramolecular gating network.

In this study, we report the phenotypic relevance and biophysical characterization of seven SCN1A variants, including six SCN1A in-frame deletions and one truncating variant. The six in-frame deletions scatter and affect different functional domain, including transmembrane helices, pore region, and P-loop. There are two single residue deletions (p.M400del, p.I1772del), one microdeletion (p.S128_F130del) and three macrodeletions (p.T303_R322del, p.T160_Y202del, and p.V1335_V1428del). In accordance to the features of all in-frame deletion variants summarized from public databases, the six deletion variants were associated with severe phenotypes such as SMEI, DEE, and LGS, except that two cases presented with milder phenotypes, FS+ and PEFS+. In spite of different locations, residue length of deletions, and associated phenotypes, the six in-frame deletion mutants were found to consistently lose their ion conductance, showing barely detectable inward sodium currents in the heterologous expression experiments.

It is conceivable that the macrodeletions with the loss of a large stretch of peptides would have impact on protein structure and serious functional effect. By contrast, the fact that the microdeletion and single deletion mutants also resulted in the complete loss-of-function is more striking, especially for the two single deletions (p.M400del and p.I1772del) locating at transmembrane domain DIV/S6. Analogous to p.I1772del, an in-frame deletion in the identical DIV/S6 in Nav1.6 (p.I1750del), which is a spontaneous mouse variant, was reported to be associated with a chronic movement disorder with early onset tremor and adult onset dystonia (Jones et al., 2016). The removal of isoleucine in mouse Nav1.6 also exhibited no measurable current in the functional studies (Jones et al., 2016). In addition, no measurable current was previously reported in a DS-associated in-frame deletion variant p.F1289del (Thompson et al., 2012), in which phenylalanine in the transmembrane segment DIII/S3 in Nav1.1 was removed. In our case, the microdeletion p.S128_F130del with a combined loss of phenylalanine, leucine, and serine in S1 led to complete loss-of-function. These transmembrane residues, including isoleucine, methionine, phenylalanine and leucine are all hydrophobic and critical for the interaction between transmembrane helices and lipid membrane. However, an exceptional case was found in an in-frame deletion of leucine (p.L955del) within DII/S6 of Nav1.7, which showed a gain-of-function with a robust hyperpolarizing shift of activation and slow inactivation (Yang et al., 2013). More efforts are needed to understand the functional architecture of voltage-gated sodium channels.

The variant p.T303_R322del is expected to shorten the membrane-reentrant P-loop rather than affect transmembrane helices. The P-loop is the linker between S5 and S6, forming a selectivity filter—a narrow pathway that determines which ion will pass the pore (Catterall et al., 2007; Yang et al., 2009). Functional loss in the p.T303_R322del mutant indicates the non-redundant role of the P-loop for ion conductance. In support of this postulation, it was shown that a five amino acids in-frame deletion of P-loop in a p.R1370-L1374del of Nav1.7, which is associated with channelopathy-associated insensitivity to pain disorder, also resulted in a normally expressed but non-functional channel (Cox et al., 2010). Likewise in Nav1.5, a heterozygous in-frame deletion p.N1380del that was associated with cardiac conduction disturbance and ventricular tachycardia exhibited no detectable current (Yang et al., 2017), even though only a single amino acid was removed. Together with previous experimental mutagenesis and clinical studies (Terlau et al., 1991; Favre et al., 1996; Ishii et al., 2017), it has well established that P-loops are critical determinants of catalytic permeation properties of Na+ channels, but their precise structure-function and deletion-phenotype relationships remain largely unknown.

The most puzzling result in the study is that the truncating mutant (p.M1619Ifs*7), that is expected to delete the S4–S6 pore-forming segments in DIV and the whole C-terminal tail, retained partial channel function. According to several expression and functional studies in the truncated Nav, most of the truncation variants would fail to produce functional channel (e.g., hNav1.1-p.R1234*), except those occurring at the C-terminal tail (e.g., hNav1.1-p.R1892*, hNav1.5-p.R1860Gfs*12) (Sugawara et al., 2003; Bechi et al., 2012; Brunklaus et al., 2020). However, the Na+ current in the p.M1619Ifs*7 transfected cell was observed in this study, although the current remarkably decreased to 24% of the WT. The evidence proved that the truncated channel without last pore-forming segments still retained the basic biophysics of Nav1.1. A possible explanation could be that new assembly of the remaining segments is capable of forming a functional channel.

Several mechanisms might underlie the non-functional Nav1.1 channel. First, as Nav channel opening is determined by a series of gating checkpoints in the transmembrane and cytosolic regions, disruptions caused by missense or deletion variants at these gating checkpoints would definitely impact on the functioning of Nav1.1 channel. For example, the residues in the pore regions are highly conservative and determine ion selectivity and permeation, and the voltage-sensing domains determine the right response to membrane potential. Secondly, integrity of the functional motifs that determine mRNA expression, splicing, and protein trafficking has been destroyed. Thirdly, a local misfolding of residues disturbs the topology of the adjoining functional motifs and misleads gating motions. In our study, p.T303_R322del, p.M400del, p.V1335_V1428del, and p.I1772del affect the integrity of the pore-forming regions. This is consistent with the roughly loss-of-function changes found in missense variants in these gate checkpoints (Ohmori et al., 2006). However, both p.S128_F130del and p.T160_Y202del transformed the α helices into flexible loops according to the structural modeling (Figure 4), which would have impacts on overall arrangements of different segments. As functional motifs of a protein are usually a fixed order of the residues, deletions could be at higher risk of disrupting the order, thereby causing more deleterious effects on function or structure, when compared to missense or truncation mutations.

It has been suggested that changes in amino acid sequence have variable functional effects on sodium channels, with a mixture of loss-of-function and gain-of-function effects (Yamakawa, 2006; Gataullina and Dulac, 2017). The SMEI-associated SCN1A variants seem to be more closely correlated with haploinsufficiency for Nav1.1, which caused by deleterious nonsense and frameshift variants in SCN1A (Gambardella and Marini, 2009; de Jonghe, 2011), and missense variants exhibiting remarkably attenuated or barely detectable sodium currents (Sugawara et al., 2003). Studies on heterozygous SCN1A± mice demonstrated that substantially reduced Na+ current density with a loss of sustained high-frequency firing of action potentials were found in hippocampal and cortical interneurons, possibly responsible for the spontaneous seizure phenotypes in the SCN1A± mice (Yu et al., 2006). In agreement with the previous result, the six in-frame deletion mutants in this study were non-functional and mostly associated with SMEI, except that two variants, p.T160_Y202del and p.I1772del, which affect pore regions, were associated with FS+ and PEFS+, respectively. The variable phenotypes might be explained by the role of genetic modifiers and molecular interactions. It remains a challenging conundrum for researchers about how the common loss-of-function in Nav1.1 results in different phenotypes.

This study provides some new insights into the effect of in-frame deletion on the biological functions of Nav1.1, suggesting a complete loss-of-function of channel and their associations with clinical phenotypes including SMEI, FS+, and PEFS+. However, we only characterized the functional properties in the six out of 44 in-frame deletions identified to date. With more deletion variants identified and functionally characterized, the relationship among deletion pattern, functional changes, and clinical phenotypes would become more clear.
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Objective: AFF2 mutations were associated with X-linked intellectual developmental disorder-109 and in males with autism spectrum disorder (ASD). The relationship between AFF2 and epilepsy has not been defined.

Method: Trios-based whole-exome sequencing was performed in a cohort of 372 unrelated cases (families) with partial (focal) epilepsy without acquired causes.

Results: Five hemizygous missense AFF2 mutations were identified in five males with partial epilepsy and antecedent febrile seizures without intellectual disability or other developmental abnormalities. The mutations did not present in the controls of general populations with an aggregate frequency significantly higher than that in the control populations. Previously, intellectual disability-associated AFF2 mutations were genomic rearrangements and CCG repeat expansion mutations mostly, whereas the mutations associated with partial epilepsy were all missense. Missense AFF2 mutations associated with epilepsy fell into the regions from N-terminal to the nuclear localization signal 1 (NLS1), while ASD-associated missense mutations fell in the regions from NLS1 to C-terminal.

Conclusion: AFF2 is potentially a candidate causative gene of X-link partial epilepsy with antecedent febrile seizures. The genotype–phenotype correlation and molecular sub-regional effect of AFF2 help in explaining the mechanisms underlying phenotypic variations.

Keywords: epilepsy, AFF2 gene, whole-exome sequencing, intellectual disability, autism spectrum disorder


INTRODUCTION

AFF2 (OMIM* 300806) (also known as FMR2 gene), which encodes AF4/FMR2 family member 2, is a transcriptional factor and RNA-binding protein that plays an important role in transcriptional regulation, RNA splicing, mRNA processing, and nuclear speckle organization (Bensaid et al., 2009). AFF2 is highly conserved and abundantly expressed in human brain (Gecz et al., 1997), being essential for brain development. Homozygous AFF2 knock-out mice showed abnormal central nervous system synaptic transmission, abnormal excitatory postsynaptic potential, and premature death.1 Previous studies have identified AFF2 mutations in the etiology of X-linked intellectual developmental disorder-109 (MRX109), a form of mildly to moderately impaired intellectual development associated with learning difficulties, communication deficits, attention problems, hyperactivity, and autistic behavior (Knight et al., 1993, 1996; Mulley et al., 1995; Gecz, 2000), in which epileptic seizures were occasionally observed (Lo Nigro et al., 2000; Lesca et al., 2003). Several point mutations were also identified in patients with autism spectrum disorder (ASD) (Mondal et al., 2012; Jiang et al., 2013; Yuen et al., 2017). The relationship between AFF2 and epilepsy has not been defined. In the present study, trios-based whole-exome sequencing (WES) was performed in a cohort of cases (families) of partial (focal) epilepsy without acquired causes. Five missense mutations of AFF2 were identified in five unrelated individuals of partial epilepsy without intellectual disability or other developmental abnormalities.



MATERIALS AND METHODS


Participants

A total of 372 cases (families) with partial epilepsy without acquired causes were recruited, including 323 cases from the Epilepsy Center of the Second Affiliated Hospital of Guangzhou Medical University in China between January 2013 and July 2020, and 49 cases from Shenzhen Children’s Hospital and the First Affiliated Hospital of Jinan University in China between January 2018 and July 2020. The probands included 230 males and 142 females and were subjected to trios-based WES for potential genetic etiology of epilepsy. The complete pedigree and clinical data of the probands were collected, including detailed clinical phenotypes, age of seizure onset, seizure type, seizure course and frequency, family history, treatment, prognosis, general and neurological examination, and brain magnetic resonance imaging (MRI). 24-h video electroencephalography (EEG) was performed on all patients, at the age ranging from 4 to 23 years (mean age, 10.2 years), and EEG was analyzed by at least two qualified electroencephalographers. The developmental and intellectual states of all patients (at the age range, 3–24 years; mean age, 10.4 years) were evaluated, including language, fine and gross motor, and adaptive social skills and performance at school or work. Gesell development scale, Wechsler intelligence scale for children-V, and Wechsler adult intelligence scale were utilized in the neuropsychological evaluation of the participants according to their ages. Seizure type and epilepsy syndrome were classified according to the criteria of the Commission on Classification and Terminology of International League of Against Epilepsy (ILAE) (No Author, 1985, 1989; Berg et al., 2010; Scheffer et al., 2017). The inclusion criteria were: (1) diagnosis of partial epilepsy based on ILAE criteria, characterized by focal seizures or focally originated focal to bilateral tonic-clonic seizures; (2) EEG examination presented focal discharges, including unilateral, bilateral, and multiple focal discharges with normal background. The exclusion criteria were: (1) diagnosis of generalized epilepsy based on ILAE criteria; (2) individuals with acquired causes, including brain tumors, head trauma, immune encephalitis, central nervous system infections, and cerebrovascular diseases.

This study was based on the guidelines of the International Committee of Medical Journal Editors concerning patient consent for research or participation. Written informed consent was obtained from all individuals or their legal guardians. The present study was approved by the Ethics Committee of the Second Affiliated Hospital of Guangzhou Medical University.



Whole Exome Sequencing

Blood samples were obtained from all individuals and their parents. Genomic DNA was extracted from the peripheral blood using Qiagen Flexi Gene DNA kit (Qiagen, Hilden, Germany), according to the protocol of the manufacturer. Trio-based WES was conducted on the MGI 2000 platform by BGI-Shenzhen (Shenzhen, China) performing pair-end reads, 100 bp sequencing with 100–150 times average depth and more than 98% coverage of the target region. Deep sequencing data were aligned to the reference GRCh37 build (hg19) and variants were called according to the standard procedures as previously reported (Wang et al., 2018; Cai et al., 2019; Shi et al., 2019). We adopted a case-by-case analytical approach to identify candidate causative mutations in each trio. Firstly, we prioritized the rare variants with a minor allele frequency < 0.005 in the 1,000 Genomes Projects, Exome Aggregation Consortium, and Genome Aggregation Database (gnomAD). Secondly, we retained potentially pathogenic mutations, including frameshift, nonsense, canonical splice site, initiation codon, and missense mutations predicted as being damaging by 21 algorithms in silico prediction.2 Finally and importantly, potential disease-causing variants were screened under five models: (1) epilepsy-associated gene model; (2) de novo autosomal dominant model; (3) autosomal recessive inheritance model, including compound heterozygous and homozygous variants; (4) X-linked inheritance model; (5) co-segregation model. To identify novel epilepsy-associated genes, we put the known epilepsy-associated genes (Wang et al., 2017) aside. The genes with repetitively identified de novo variants, bi-allelic variants, hemizygous variants, and variants with segregations, were selected for further studies to define the gene-disease association. AFF2 appeared as a candidate gene with recurrent hemizygous variants in this cohort of partial epilepsy and was subjected to further analysis in this study. The other potential candidate genes were not included in the present study. The candidate pathogenic variants were validated by Sanger sequencing. All variants in AFF2 were annotated to the reference transcript NM_002025.4. Conservation of the mutated positions was evaluated by generating multiple sequence alignments of different species.



Molecular and Genotype-Phenotype Correlation Analysis

To predict the effect of missense mutations on molecular structure, a protein model was established by Phyre2 (V 2.0).3 PyMOL 1.7 was used to visualize and analyze the three-dimensional protein structure and alteration of hydrogen bonds. Amino acids were annotated to the reference protein NP_002016. To evaluate the genotype-phenotype correlation, we reviewed all the relevant literature about AFF2 mutations reported previously, including point mutations, genomic rearrangements, and CCG repeat expansion variants, as well as all the phenotypes of the mutations. All the mutations were retrieved from PubMed4 and Human Gene Mutation Database5 up to December 2020.



Statistical Analysis

R statistical software (v3.4.1) and SPSS version 22.0 (SPSS, Inc., Chicago, IL, United States) were used for statistical analyses. Fisher’s exact test was applied to access the frequencies of AFF2 mutations in the case cohort and the control populations. A p-value < 0.05 was considered statistically significant.




RESULTS


Identification of AFF2 Mutations

Five hemizygous missense AFF2 variants were identified in five unrelated individuals with partial epilepsy, including c.230A > T/p.N77I, c.391C > T/p.H131Y, c.1540C > T/p.R514C, c.2009G > A/p.R670H, and c.2074C > G/p.P692A. All variants originated from their asymptomatic mothers (Figures 1A,B and Table 1). No AFF2 variants were found in their fathers. The amino acid sequence alignment indicated that N77I, R514C, and R670H were located at residuals of highly conserved across various species (“highly conserved” means the fraction of the AFF2 residues conserved for the used species is 100%); while H131Y and P692A were located at residuals of less conserved according to the sequence alignment (“less conserved” means the fraction is less than 100%) (Figure 1C). None of the five cases was identified to have other pathogenic or likely pathogenic variants in the known genes associated with seizure disorders (Wang et al., 2017), neither other pathogenic nor likely pathogenic variants were found in the de novo autosomal dominant, autosomal recessive inheritance, and co-segregation model.
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FIGURE 1. Genetic and electroencephalograms (EEG) of the cases with AFF2 mutations. (A) Pedigrees of the five cases with AFF2 mutations and their corresponding phenotypes. PE, partial epilepsy. (B) DNA sequence chromatogram of the AFF2 mutations. Arrows indicate the positions of the mutations. (C) The amino acid sequence alignment of the five missense mutations shows that residues N77I, R514C, and R670H were highly conserved across various species. Residues H131Y and P692A were less conserved. (D) Changes of interictal EEG in the cases with AFF2 mutations. (d1) Interictal EEG of case 1 showed bilateral frontal-central spike and slow waves (obtained at the age of 8 years). (d2) Interictal EEG of case 2 showed bilateral frontal and anterior-temporal spike and slow waves (at the age of 9 years). (d3) Interictal EEG of case 3 showed spike and slow waves predominant at left hemisphere (at the age of 5 years). (d4) Interictal EEG of case 4 showed sharp waves predominant at bilateral occipital regions (at the age of 3 years). (d5) Interictal EEG of case 5 showed spike and slow waves predominant at bilateral frontal regions (at the age of 17 years).



TABLE 1. Clinical features of the cases with AFF2 mutations.
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We compared the aggregate frequency of the five hemizygous AFF2 mutations in this cohort with that in the populations in gnomAD, or controls of gnomAD, according to the aggregate variant analysis method suggested by ClinGen (Strande et al., 2017). Five mutant alleles in a total of 230 alleles (230 males in the 372 cases) were detected in this cohort. Mutation R514C had an extremely low frequency (9.95e-06) but was not present in the controls of gnomAD-East Asian and gnomAD-all population, part of the allele frequency was from the 1000G data. The other four mutations in AFF2 had no allele frequency in gnomAD databases (Table 2). The differences in aggregate frequencies of the mutant alleles between this cohort in male cases and the male controls in gnomAD (general population, East-Asian population) were statistically significant (5/230 vs. 0/46329 in the male controls of gnomAD-all population, p = 2.82 × 10–12; 5/230 vs. 0/3058 in the male controls of gnomAD-East Asian population, p = 1.61 × 10–6, respectively) (Table 2).


TABLE 2. Analysis of the aggregate frequency of AFF2 mutations identified in this study.
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Clinical Features of the Cases With AFF2 Mutations

AFF2 mutations were identified in five unrelated male epilepsy patients with focal seizures and/or focal discharges, ranging in age from 5 to 27 years. The clinical features of the five cases were summarized in Table 1. The age of febrile seizures onset ranged from 10 months to 2 years, and the afebrile seizures started from 5 to 9 years. All the cases presented with infrequent focal impaired awareness seizures, and the cases with mutation R670H (Case 4) and P692A (Case 5) also had focal to bilateral tonic-clonic seizures. Except for the case with mutation P692A (Case 5), the other four cases exhibited antecedent febrile seizures or prolonged febrile seizures, and they developed afebrile seizures later with an intermission of 4–7 years. The interictal EEG recording showed epileptiform discharges, including bilateral, unilateral, and multiple discharges, predominantly at frontal, central, and temporal lobe, predominantly during sleeping. Trends of generalization were also observed in the case with mutation R514C (Case 3) (Figure 1D). The ictal EEG of the case with mutation N77I (Case 1) showed an onset originated from the left mid-central area, and the case with mutation R514C (Case 3) demonstrated a seizure originated from the left hemisphere. Brain MRIs of all the cases were normal. According to the results of the relevant developmental scales, all individuals presented normal development and intellectual ability. The epilepsy of the five cases was controlled with one or two antiepileptic drugs. The cases with mutation N77I (Case 1) and R514C (Case 3) achieved seizure free with monotherapy of lamotrigine (6–7 mg/kg/d). The cases with H131Y (Case 2) and R670H (Case 4) had seizure reductions with valproate (20–25 mg/kg/d) at first and became seizure free after the add-on of oxcarbazepine (20–25 mg/kg/d). The case with P692A (Case 5) had seizure reduction of more than 60% with initial valproate (20 mg/kg/d) and got seizures controlled on the combined use of lamotrigine (5 mg/kg/d).



Molecular Effect of AFF2 Mutations

The length of amino acid of FMR2 is 1311, including two bipartite NLSs (nuclear localization signals)–NLS1 (RKEPRPNIPLAPEKKK) at amino acid position 681–696 and NLS2 (KPAPKGKRKHKPIEVAEKIPEKK) at position 846–868. Additionally, a large serine-rich domain locates at protein position 481–502, which overlaps with the regions involved in transcription activation, and a large alanine-threonine-rich domain is at position 979–1032, being unique to the FMR2 (Gecz et al., 1997). N-terminal domain of the protein includes amino acids 1–541, which is known to have transactivation activity (Hillman and Gecz, 2001), whereas C-terminal domain comprises amino acids 633–1272, being responsible for localization of the protein in nuclear speckles (Bensaid et al., 2009). In the present study, mutations N77I, H131Y, and R514C were located in the N-terminal domain. P692A was located in the NLS1 domain, while R670H was located in the N-terminal frank of NLS1 (Figure 2A).
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FIGURE 2. Schematic presentation of FMR2 structure and genotype-phenotype correlation of AFF2. (A) Schematic diagram of missense and destructive AFF2 mutations and their locations on FMR2 protein. Missense mutations were shown at the top of the structural diagram. Destructive mutations were shown at the bottom. (B) Schematic illustration of the changes in hydrogen bonds. The residues where the mutations occurred are shown as red rods. The hydrogen bonds are shown as yellow spheres. (C) Genotypes of AFF2 in epilepsy, autism spectrum disorder (ASD), and intellectual disability (ID). *The proportion of missense mutations in epilepsy is significantly higher than that in ID (p < 0.001) through Fisher’s exact test. #The proportion of missense mutations in ASD is significantly higher than that in ID (p < 0.001) through Fisher’s exact test.


The molecular effect of the five missense mutations was analyzed by protein modeling using PHYRE26 and PyMOL with the templates available (Figure 2B). The protein modeling showed that mutations N77I and H131Y resulted in alteration of hydrogen bonds and potentially affected the protein steric configuration. Originally, residue N77 formed three hydrogen bonds with residue D79, E80, and M81, respectively. When asparagine was replaced by isoleucine at residue N77, the hydrogen bond with D79 was destroyed (Figure 2Bb1). Residue H131 formed two hydrogen bonds with residue T130 and one hydrogen bond with residue N129. When histidine was replaced by tyrosine at residue H131, the hydrogen bonds with residue T130 were destroyed (Figure 2Bb2). There was no hydrogen bond formed with other surrounding residues at residue C514 (Figure 2Bb3). Mutation R670H and P692A showed no hydrogen bond altered at the residues (Figures 2Bb4,b5).



Genotype-Phenotype Correlation and Molecular Sub-Regional Implication

We reviewed the previous studies through PubMed and Human Gene Mutation Database and analyzed the relationship between genotype and phenotype of AFF2 mutations. Previously, 33 AFF2 mutations that were associated with diseases of the central nervous system have been reported (Supplementary Table 1), including 8 missense mutations, 6 destructive (null) mutations (2 nonsense, 1 small deletion, and 3 small insertions), and 19 genomic rearrangements (15 gross deletions, 3 gross insertions, and 1 complex rearrangement). Additionally, 28 cases/families with CCG repeat expansion (≥ 200 repeats or > 5.2 Kb) in 5′-UTR have been published. The missense mutations were identified in 6 cases with ASD (6/8) and 2 cases with intellectual disability (2/8, one of whom accompanied with epilepsy). The destructive mutations were associated with ASD (5/6) mostly, and a case with intellectual disability (1/6). The genomic rearrangements were all associated with intellectual disability, among which 15 cases accompanied with developmental delay (15/19), 9 cases with epilepsy (9/19), and 1 case with ASD (1/19). Similarly, the CCG repeat variants were all associated with intellectual disability (Figure 2C and Supplementary Table 1).

In this study, the 5 cases who presented partial epilepsy all harbored missense mutations (5/5, 100%). In contrast, among the patients with ASD, six cases harbored missense mutations (6/11, 54.5%) and five cases harbored truncated mutations (5/11, 45.5%). In the patients with intellectual disability, missense mutations accounted for 4.0% (2/50), truncating mutation accounted for 2.0% (1/50), genomic rearrangements accounted for 38.0% (19/50), and CCG repeat variants accounted for 56.0% (28/50) of the cases. The proportion of missense mutations in epilepsy without intellectual disability and ASD was 100%, which was significantly higher than that in intellectual disability (p < 0.001) (Figure 2C).

Our previous studies showed that the molecular sub-regional location of the missense mutations was associated with the phenotypic variation and considered to be a critical factor to determine the pathogenicity of variants (Liu et al., 2020; Tang et al., 2020). We thus analyzed the molecular sub-regional implications of AFF2 variants on phenotype variation. The missense mutations with epilepsy in the present study fell into the regions from the N-terminal to the NLS1, whereas the missense mutations with ASD fell in the regions from the NLS1 to the C-terminal, with several mutations overlapped around the NLS1 (Figure 2A).




DISCUSSION

AFF2 is a large gene containing 22 exons and spanning about 500 kb that is located on chromosome Xq28. FMR2, the AFF2 encoded protein, has five annotated isoforms. The longest one is composed of 1,311 amino acids and contains two nuclear localization signals (Gecz et al., 1997). FMR2 acts as a transcriptional factor and RNA-binding protein, playing an essential role for transcriptional regulation and RNA splicing in nuclear speckle (Bensaid et al., 2009). In the present study, five novel missense AFF2 mutations were identified in five male individuals with partial epilepsy and antecedent febrile seizures. The mutations were inherited from their asymptomatic mothers, consistent with an X-linked inheritance pattern. This study suggests that AFF2 is potentially a candidate causative gene of X-link partial epilepsy with antecedent febrile seizures. The molecular sub-regional effect of AFF2 helps in explaining the mechanisms underlying phenotypic variations.

Homozygous knock-out of Aff2 in the mice model resulted in premature death with incomplete penetrance. The survival mice showed impaired learning and memory abilities and increased long-term potentiation—similar features as human intellectual disability (Gu et al., 2002), supporting the view that FMR2 is responsible for intellectual disability. Previous studies showed that intellectual disability associated AFF2 mutations were genomic rearrangements and CCG repeat expansion mostly (Figure 2C and Supplementary Table 1), suggesting a pathogenic role of loss-of-function of AFF2 in intellectual disability. Epileptic seizures were also observed in patients with genomic rearrangements (Wolff et al., 1997; Moore et al., 1999), suggesting that loss-of-function of AFF2 would be potentially associated with epilepsy. In the present study, the patients presented good responses to antiepileptic drugs and become seizure free. These findings suggested that missense AFF2 mutations were potentially associated with epilepsy with favorable outcomes without intellectual disability.

Apart from epilepsy, missense AFF2 mutations have also been identified in patients with ASD (Mondal et al., 2012; Jiang et al., 2013). Further analysis revealed that missense AFF2 mutations with epilepsy in this study mainly fell into the regions from the N-terminal to the NLS1, whereas the missense mutations with ASD mainly fell in the regions from the NLS1 to the C-terminal (Figure 2A). This evidence suggested a molecular sub-regional effect of AFF2 mutations, as that in several genes reported previously (Liu et al., 2020; Tang et al., 2020). FMR2 is a multifunctional protein connecting transcriptional regulation and RNA splicing and plays an important role in regulating gene expression in the cell nucleus (Gecz, 2000). The protein shuttles between speckles and splicing sites, where it can pick up cargo RNAs and transfer them to the nucleolus for subsequent modifications (Bensaid et al., 2009). A previous study showed that FMR2 acted as a potent transcription activator and could regulate transcription via its N-terminal region (Hillman and Gecz, 2001). On the other hand, FMR2 protein is also an RNA binding protein, co-localizing with the splicing factor SC35 in nuclear speckles and is involved in splicing of FMR1 pre-mRNA through its specific interaction with G-quadruplex RNA-forming structure via its C-terminal domain (Lamond and Spector, 2003). The G-quadruplex structure was known to work as an exonic splicing enhancer which could control splicing efficiency (Bensaid et al., 2009). Therefore, the N-terminal region of FMR2 was closely associated with transcription and C-terminal region was able to modulate splicing, providing a molecular basis of the sub-regional effect of AFF2 mutations and potentially explaining the underlying mechanisms of phenotypic variations.

In this study, the cases all presented with partial epilepsy. AFF2 is ubiquitously expressed in multiple human brain tissues (Gecz et al., 1997) and is more abundant in the frontal cortex, anterior cingulate cortex, hippocampus, and the amygdala, which may provide an anatomical basis for the phenotype of partial epilepsy. Moreover, four cases presented with antecedent febrile seizures at the average age of 16.5 months (from 10 months to 2 years old). The intermission from febrile seizures to epilepsy was 4–7 years. It is notable that AFF2 is significantly expressed in the fetal and adult brain (Gecz et al., 1997). The data from Unigene database in NCBI showed that the expression of AFF2 was high in blastocyte and fetus, with an intermission in early life, and then increased again in adults (Supplementary Figure 1). The intermission of gene expression was consistent with the intermission between febrile seizures and epilepsy presented in the patients. The relationship between gene expression and occurrence of phenotype potentially implies clinical significance in evaluation of the course and outcome of the illness.

There were several limitations in this study. First, the functional consequences of these missense variants warrant further validation by experimental studies. Second, previous studies revealed that some of the AFF2 mutations associated with intellectual disability were CCG repeat expansion, which were not included in the present study. Third, a previous study reported that a missense mutation of AFF2 was identified in a 6-year-old boy with focal epilepsy and moderate intellectual disability, but without febrile seizures (Zhang et al., 2015). The study indicated that missense AFF2 mutations could also lead to other phenotypes such as intellectual disability, possibly associated with the molecular sub-regional location. Further studies are required to verify the association. Last, the sample size was limited with geographical limitations. Larger cohorts are required for validation by multicenter research.



CONCLUSION

This study identified five missense AFF2 mutations in five unrelated males with partial epilepsy and antecedent febrile seizures without intellectual disability or other developmental abnormalities. The frequency of the identified mutant alleles in this cohort was significantly higher than that in the control populations in gnomAD. Further analysis revealed that the AFF2 mutations associated with partial epilepsy in this study were all missense, in contrast, intellectual disability-associated mutations were genomic rearrangements and CCG repeat expansion mostly. These findings suggested AFF2 was potentially a candidate causative gene of X-link partial epilepsy with antecedent febrile seizures. The genotype-phenotype correlation and molecular sub-regional effect of AFF2 help in explaining the mechanisms underlying phenotypic variations.
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Temporal lobe epilepsy, a chronic disease of the brain characterized by degeneration of the hippocampus, has impaired risk assessment. Risk assessment is vital for survival in complex environments with potential threats. However, the underlying mechanisms remain largely unknown. The intricate balance of gene regulation and expression across different brain regions is related to the structure and function of specific neuron subtypes. In particular, excitation/inhibition imbalance caused by hyperexcitability of glutamatergic neurons and/or dysfunction of GABAergic neurons, have been implicated in epilepsy. First, we estimated the risk assessment (RA) by evaluating the behavior of mice in the center of the elevated plus maze, and found that the kainic acid-induced temporal lobe epilepsy mice were specifically impaired their RA. This experiment evaluated approach-RA, with a forthcoming approach to the open arm, and avoid-RA, with forthcoming avoidance of the open arm. Next, results from free-moving electrophysiological recordings showed that in the hippocampus, ∼7% of putative glutamatergic neurons and ∼15% of putative GABAergic neurons were preferentially responsive to either approach-risk assessment or avoid-risk assessment, respectively. In addition, ∼12% and ∼8% of dorsal lateral septum GABAergic neurons were preferentially responsive to approach-risk assessment and avoid-risk assessment, respectively. Notably, during the impaired approach-risk assessment, the favorably activated dorsal dentate gyrus and CA3 glutamatergic neurons increased (∼9%) and dorsal dentate gyrus and CA3 GABAergic neurons decreased (∼7%) in the temporal lobe epilepsy mice. Then, we used RNA sequencing and immunohistochemical staining to investigate which subtype of GABAergic neuron loss may contribute to excitation/inhibition imbalance. The results show that temporal lobe epilepsy mice exhibit significant neuronal loss and reorganization of neural networks. In particular, the dorsal dentate gyrus and CA3 somatostatin-positive neurons and dorsal lateral septum cholecystokinin-positive neurons are selectively vulnerable to damage after temporal lobe epilepsy. Optogenetic activation of the hippocampal glutamatergic neurons or chemogenetic inhibition of the hippocampal somatostatin neurons directly disrupts RA, suggesting that an excitation/inhibition imbalance in the dHPC dorsal lateral septum circuit results in the impairment of RA behavior. Taken together, this study provides insight into epilepsy and its comorbidity at different levels, including molecular, cell, neural circuit, and behavior, which are expected to decrease injury and premature mortality in patients with epilepsy.

Keywords: temporal lobe epilepsy, risk assessment, forthcoming approach, hippocampus, E/I imbalance, lateral septum


INTRODUCTION

Epilepsy is a common brain disorder with repeated seizures and is often comorbid with other neuropsychiatric disorders (Moshe et al., 2015; Kanner, 2016; Hermann et al., 2021). Previous research has shown that epileptic patients have a higher risk of premature mortality due to external causes, including falls and drowning (Fazel et al., 2013). Risk assessment (RA) plays a key role in survival, and its impairment may lead to injury or even death (Gross and Canteras, 2012; McNaughton and Corr, 2018). When there is ambiguity and conflict between the internal approach and avoidance tendencies, RA is likely to arise primarily. Previous studies have suggested that individuals with epilepsy have RA impairment, but the results are controversial (Kubova et al., 2004; O’Loughlin et al., 2014). However, there is little knowledge of the underlying neural mechanisms involved in RA dysfunction in epileptic individuals.

Temporal lobe epilepsy (TLE) is one of the most common and refractory epilepsies in adults and represents pathological alterations in the hippocampal structures (Tellez-Zenteno et al., 2005; Curia et al., 2008; Ren and Curia, 2021). The hippocampus (HPC) performs a broad range of brain functions, especially contextual cognitive behaviors. To obtain information about a novel environment with potential threats and to support the following choice between approach and avoidance, RA is necessary (Gross and Canteras, 2012; McNaughton and Corr, 2018). In a conflict context, for example, rodents in the elevated plus maze (EPM), RA behaviors were observed as crouch-sniff and stretch-attend in the center zone. RA behavior was considered as both a cognitive and emotional process. It is generally considered that the ventral hippocampal neurons participate in the modulation of anxiety behaviors, while the dorsal hippocampal neurons play an important role in coding spatial information (Fanselow and Dong, 2010). Recent studies have revealed that the dorsal hippocampus also regulates mild anxiogenic contextual exploration (Dong et al., 2021) and ambiguous threat context (Besnard et al., 2020). As the HPC and its downstream region represent diverging patterns of coding of RA information, which correlated with subsequent behaviors, including approach and avoidance of the open arm (Jacinto et al., 2016), it should be confirmed whether the abnormal hippocampal network contributes to the impairment of RA in TLE.

In TLE, the HPC of both human patients and animal models showed obvious neuronal loss and network reorganization. Importantly, this alteration shows high neuronal heterogeneity (Lothman et al., 1995; Mangan et al., 1995) which often induces an excitation and inhibition (E/I) imbalance. The E/I imbalance in TLE not only contributes to seizures, but is also related to other brain dysfunctions, such as unconsciousness (Motelow et al., 2015). During seizures, the E/I imbalance, typically as the hyperexcitability of glutamatergic neurons and/or the reduced inhibition of GABAergic neurons, causes epileptic waveforms and propagates from the hippocampus downstream (Krook-Magnuson et al., 2013; Levesque et al., 2016; Lu et al., 2016). Furthermore, selective loss of dentate hilar somatostatin-positive (SOM+) neurons was observed, whereas loss of cholecystokinin-positive (CCK+) or parvalbumin-positive (PV+) neurons was not significant in TLE (Sun et al., 2007; Benini et al., 2011). Therefore, we hypothesized that profound loss and dysfunction of hippocampal GABAergic neurons in TLE may result in an imbalance of E/I and contribute to impaired RA behavior.

Both hippocampal dentate gyrus /hilus (DGH) GABAergic neurons and glutamatergic neurons have been found to play different roles in EPM (Botterill et al., 2021; Wang et al., 2021). Ventral hippocampal vasoactive intestinal polypeptide positive (VIP+) GABAergic neurons can distinguish the open and closed arms in EPM more strongly than PV+ or SOM+ interneurons (Lee et al., 2019). However, the subtype of GABAergic neurons that preferentially respond to the central zone remains unknown. Many hippocampal downstream regions have been suggested to be involved in RA, including the prefrontal cortex, amygdala, and lateral septum (LS) (Xia and Kheirbek, 2020). The LS, in which more than 95% of neurons are GABAergic interneurons, is a vital relay between the hippocampus and other regions and has been implicated in a wide variety of functions (Wirtshafter and Wilson, 2021), including emotional, motivational, and spatial behavior, as well as RA behavior (Motta et al., 2017; McNaughton and Corr, 2018). Dysfunction of the hippocampal-lateral section (HPC-LS) is suggested to be involved in epilepsy (Motelow et al., 2015). Thus, an investigation into the cellular mechanism of E/I imbalance in HPC degeneration in impaired RA is necessary.

Herein, we show that kainic acid (KA)-induced epilepsy preferentially has an impairment of RA. Through extracellular electrophysiological recordings, we found that hippocampal dorsal dentate gyrus and CA3 (dDG/CA3) neurons participate in response to RA, in which a subpopulation of them is specifically activated by approach-RA and another subpopulation is specifically activated by avoid-RA. Epileptic mice show E/I imbalance of dDG/CA3 in the approach-RA, where the approach-RA specifically activated glutamatergic neurons increased, whereas the approach-RA-specifically activated GABAergic neurons decreased. In addition, in the LS, the approach-RA specifically activated GABAergic neurons decreased. Moreover, our results imply that the decreased dDG/CA3 GABAergic neurons are SOM+ neurons, while the decreased LS GABAergic neurons are CCK+ neurons. Taken together, the epilepsy-induced impairment of RA due to dysfunction of the dDG/CA3-LS circuit, which shortens the approach-RA duration. Meanwhile, when they approached the threat with inadequate RA, they were more likely to be injured.



MATERIALS AND METHODS


Animals

Adult male C57/BL6J mice (18–22 g; 6–8 weeks old) were purchased from the Guangdong Medical Laboratory Animal Center (Guangdong Province, China). Adult Sst-IRES-Cre knock-in mice (Jackson Laboratory, repository number 013044), expressing Cre recombinase in somatostatin-expressing neurons, and CCK-IRES-Cre knock-in mice (Jackson Laboratory, repository number 012706) expressing Cre recombinase in cholecystokinin positive neurons, were bred, identified, and provided by the Shenzhen Institute of Advanced Technology using specific criteria (18–22 g; 6–8 weeks old). Animals were housed under the following laboratory conditions: ambient temperature, 24 ± 1°C; humidity, 50–60%; 12-h light/dark cycle beginning at 8 a.m.; food and water ad libitum. All experiments were performed in accordance with protocols approved by the Ethics Committee for Animal Research, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences (SIAT-IACUC-20210617-NS-NTPZX-ZC-A0893-03).



Fabrication of Electrode Arrays

Microwire electrode arrays, each containing 10 stereotrodes (20 channels), were fabricated from 17.78 μm diameter formvar-coated nickel-chromium wires (California Fine Wire Company, Grover Beach, CA, United States). Each stereotrode was threaded through a silica tube (TSP100170, Polymicro Technologies, Phoenix, AZ, United States). Each stereotrode was wrapped around two adjacent pins of a standard electrode connector (A79026, Omnetics connector, Minneapolis, MN, United States). Silver microwires (OD = 200 μm, 99.95% pure) were then soldered to four pins on the outer side of the connector as ground and reference, respectively. Acrylic resin was used for the encapsulation. Electrode tips were plated with platinum to reduce impedance to 300–800 kΩ (at 1 kHz in PBS) before use. The electrode arrays were fabricated as previously described by Sun et al. (2022).



Surgery

Mice (8-week-old, male) were treated with atropine (0.2 mg/kg) 15 min before the experiment to overcome breathing problems. General anesthesia was achieved by intraperitoneal administration of urethane (1.5 g/kg). After the animal’s head was fixed in a standard stereotaxic frame, the cranium was exposed through a small midline scalp incision. A small craniotomy was performed with a high-speed dental drill, and the tips of the 34-gage needle (Hamilton) were directed toward the brain at the following stereotaxic coordinates: at anteroposterior (AP) −1.8 mm, mediolateral (ML) −2.0 mm, and dorsoventral −1.8 (DV) mm and then 650 nL (0.3 mg/mL in 0.1M) of KA solution was injected into the dorsal hippocampus using a micropump. After 8–12 weeks of injection, the KA-induced chronic temporal lobe epilepsy model was established as previously described (Krook-Magnuson et al., 2013; Moura et al., 2020).

For chemogenetic testing, the virus was carefully drawn up into a 10 μL Hamilton syringe with 34-gage needle by automatically raising the plunger. The virus [200 nL rAAV-EF1α-DIO-hM4D(Gi)-mCherry] was injected into the dCA3 area of the brain (AP, −2.00 mm; ML, ±1.50 mm; DV, −2.00 mm) of SOM-cre mice at a rate of 100 nL min–1, followed by a 9 min pause. For optogenetic testing, the virus (300 nL AAV-CaMKII-ChR2-mCherry) was injected into C57/BL6J mice. After 3 weeks of viral proliferation, an optical fiber (diameter, 200 μm) was inserted into the dCA3 area of the brain for optical stimulation. After the procedure, all animals were allowed to recover for a week in their home cages with free access to food and water.

For electrode implantation, a neural electrode was directed toward the brain at the following stereotaxic coordinates after the craniotomy: the tips of the stereotrodes at AP +0.74 mm, ML −0.75 mm, and DV −2.80 mm in a 10° angle for dLS recording and at AP −2.00 mm, ML −1.90 mm, and DV −2.00 mm for dCA3 recording. After the procedure, all animals were allowed to recover for a week in their home cages.



Elevated-Plus Maze Test

The elevated plus maze (EPM) test was performed at least one week after the mice recovered from the implantation surgery. The EPM consisted of 2 opposing closed arms (sidewalls, 30 × 5 × 25 cm) and 2 opposing open arms (open platforms, 30 × 5 cm) connected by a central stage (5 × 5 cm). The EPM was set 1 m from the floor. Before each trial, all arms and center stages were cleaned with 20% alcohol. The mice were placed individually on the central platform and allowed to explore for 10 min. For the chemogenetic experiments, the designer receptor ligand clozapine-N-oxide (CNO) was dissolved in 100% saline at a concentration of 0.10 mg/mL and administered intraperitoneally at a dose of 1 mg/kg 30 min before the commencement of behavioral testing. For the optogenetic experiments, blue light at a wavelength of 473 nm was delivered at a power of 10 mW in cycling stimulation mode (5 ms pulses at 20 Hz, 5 min off, 5 min on) via an optical fiber.



Electrophysiological Recording

Electrophysiological signals were recorded using a 64-channel neural acquisition processor (Plexon, Dallas, TX, United States). Neural electrophysiological data acquired in this study were sampled at 40 kHz and bandpass filtered in the range of 300–5000 Hz. Synchronized mouse behavior was recorded using a digital video camera (Plexon, Dallas, TX, United States).



Data Analysis

Data analyses were performed using Offline Sorter (Offline sorter application version 4.6.0), NeuroExplorer (NeuroExplorer version 5.310), and custom software written in MATLAB. Multi-unit recordings were high-pass filtered (300 Hz) with a Bessel filter for the detection of spikes. Individual spikes were detected by setting a threshold at −5 × standard deviations (SD), and spike waveforms were measured within a 1400 μs time window beginning 300 μs before threshold crossing. Single units were isolated using the first three principal components. To characterize putative GABAergic and glutaminergic neurons, two features of the extracellular waveform, the peak-to-peak time, and the half-width of the spikes, were calculated. Neurons with narrow peaks were regarded as putative GABAergic neurons, whereas neurons with wide peaks were regarded as putative glutamatergic neurons (Courtin et al., 2014; Lu et al., 2016). For the peri-event raster plot, RA-induced neural activity was calculated from 9 s segments of continuous neural recordings (from 6 s before to 3 s after RA onset) using a z-score transformation (bin = 0.5 s). Z-score values were calculated by subtracting the average baseline firing rate over the 6 s preceding RA onset and dividing by the baseline SD.



Transcriptomic Sequencing

All animals recruited in this cohort arrived at our facility at the same time and completed the experimental procedures, including KA injection and sample collection, on the same day (Supplementary Table 1). Both wild type (WT) and TLE mice were euthanized in the same time window (3–4 p.m., 20-week-old, male) with a lethal dose of pentobarbital. Brains were extracted from the skull, and the hippocampus and lateral septum tissues were dissected, collected on ice, and frozen quickly. Total RNA from the hippocampus and lateral septum of the WT and TLE mice was utilized for library construction for sequencing by using the Illumina whole transcriptome RNA sequencer. All experimental protocols and transcriptome analyses were performed by trained technicians (Supplementary Figure 3).

All sequencing adapters were removed by running the Cutadapt. Quality control on FastQ files was checked by the FastQC application. All reads were aligned to UCSC genome browser (Mus musculus NCBIM37) by using HISAT2. We used HTSeq statistics to compare read count values for each gene as the original expression of the gene. Read counts are positively correlated with the true level of gene expression, as well as the length and sequencing depth of the gene. To make the level of gene expression comparable between different genes and samples, we used fragments per kilo bases per million fragments (FPKM) to standardize the expression (Normalization). We used DESeq to analyze the differences in gene expression, and the screening of the differentially expressed gene conditions was: expression difference multiples |log2FoldChange| >1, the significance P-value < 0.05. The R language ggplots2 software package was used to map the volcano of the differentially expressed genes. The volcanic map shows the distribution of genes, multiple gene expression differences, and significant results; under normal circumstances, the difference in gene distribution should be roughly symmetrical, the left side is Case compared to Control down gene, and the right side is compared to Case Control up gene. Genes that had no reads across all samples were discarded by the DESeq analysis.



Histology

Briefly, the mice were perfused transcardially with 0.1 mol/L phosphate buffered saline (PBS) followed by 4% paraformaldehyde in 0.1 mol/L PBS, and the brains were removed and fixed at 4°C overnight, transferred to 30% sucrose in 0.1 M PBS 3 days, and then stored at −80°C. For immunostaining, 35 μm sections were cut using a cryostat (CM1950, Leica, Wetzlar, Germany). Subsequently, neurons were incubated overnight at 4°C with primary antibodies against somatostatin (Millipore, ab5494, 1:100, Darmstadt, Germany), neurotensin (Abcam, ab233107, 1:250, Cambridge, England), VIP (Abcam, ab272726, 1:250, Cambridge, England), and CCK (ImmunoStar, 20078, 1:250, Hudson, WI, United States) diluted in PBS containing 10% normal goat serum based on the antibody used. After extensive washing with PBS, secondary antibodies were added for 1 h at room temperature. Nuclei were counterstained with DAPI. Subsequently, the coverslips were washed with PBS and mounted onto glass slides with Southern Biotech fluorescence mounting medium.



Microscopy and Quantitative Image Analysis

Fluorescence images were obtained using an Olympus VS120 microscope with UPLSAPO 10X and UPLSAPO 20X. Images containing 4–5 sections were used for the analysis of fluorescence intensities, counting of neurons, or the number of fluorescent spots in the case of in situ proximity ligation assay (PLA). The laser intensities and detector gain were adjusted such that all signals were below saturation. Images were analyzed using the Olympus CellSens Dimension Desktop 1.18.



Statistics

Data were analyzed using two-tailed two-sample t-tests with the Origin software. All data are presented as the mean ± SD. Significance levels are indicated as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001. The statistical details are shown in the respective figure legends.




RESULTS


Heightened Approach-Risk Assessment Behavior of Kainic Acid-Induced Temporal Lobe Epilepsy Mice in Elevated Plus Maze

To obtain a stable mouse model of chronic temporal lobe epilepsy, we used an intrahippocampal kainic acid injection strategy (Figure 1A). In the KA-injected group, the CA1 sector exhibited severe neuronal loss, whereas, in the control group, layers of the CA1 and CA3 sectors and the dentate gyrus appeared intact (Figure 1B and Supplementary Figure 2, p < 0.0001). Stable hippocampal sclerosis in TLE mice demonstrated the efficiency of the KA-induced TLE mouse model. To investigate whether the impairment of the hippocampus cast a shadow on the RA, we used EPM and focused on a typical RA behavior with a forthcoming approach or avoidance (Figure 1C). Here, we defined approach-RA as that with a forthcoming approach to the open arm, and avoid-RA that with a forthcoming avoidance of the open arm. Compared with WT mice, the TLE mice showed a significant decrease in approach-RA duration (WT: 3.90 ± 1.37, TLE: 2.96 ± 1.26, p = 0.0307, Figure 1E) but not avoid-RA duration (WT: 4.23 ± 1.93, TLE: 4.74 ± 2.08, p = 0.4341, Figure 1F). Moreover, the ratio between approach-RA duration and avoid-RA duration even altered more significantly (WT: 1.02 ± 0.38, TLE: 0.69 ± 0.31, p = 0.0051, Figure 1D). The ratio between entries of approach-RA and avoid-RA did not significantly differ (WT: 0.64 ± 0.59, TLE: 0.71 ± 0.49, p = 0.7042, Figure 1G). These results indicated that the TLE mice spent less time in approach-RA and decreased latency from the close arm to the open arm, which led to more vulnerable animals. Taken together, intrahippocampal KA injection-induced TLE mice exhibited neuronal degeneration, DG dispersion, and reorganization of the hippocampal structure, and significantly destroyed RA, facing potential threat.


[image: image]

FIGURE 1. Kainic acid-induced TLE mice showed impairments in the hippocampal cytoarchitecture and RA behavior. (A) Schematic diagram of intrahippocampal kainic acid injection in C57/BL6J mice. (B) Comparison of hippocampal subfields between WT and TLE mice. Scale bar, 500 μm. (C) Schematic diagram of elevated plus maze test and a typical RA. (D) Ratio between average of approach-RA duration and average of avoid-RA duration. (E) Average of approach-RA duration. (F) Average of avoid-RA duration. (G) Ratio between approach-RA and avoid-RA entries (WT, n = 22; TLE, n = 18; ns is no significant difference; error bars represent s.d; *p < 0.05; **p < 0.01, t test).




Excitation and Inhibition Imbalance of Dorsal Dentate Gyrus and CA3-dLS in Approach-Risk Assessment

Considered patterns of hippocampal oscillation predicting approach-RA and avoid-RA has been reported (Jacinto et al., 2016), to confirm whether the hippocampal neurons can also predict approach-RA and avoid-RA, we recorded and analyzed the electrophysiological signals in dDG/CA3 and dLS during EPM. We found that the amounts of glutamatergic and GABAergic neurons were activated by RA (Figure 2A), most of which were positively responsive to both approach-RA and avoid-RA (Figure 2C). However, there are subpopulations of RA-activated neurons that preferentially respond to either approach-RA or avoid-RA (Figures 2D,E). In this study, we found that some of RA-inhibited neurons exhibited a phasic increase of firing rate before RA (in close arm, duration, ∼2–3 s) and subsequently a decrease of firing rate during RA (in center zone) (Figure 2B and Supplementary Figure 1). Thus, we considered the RA-inhibited neurons as another behavior-related neurons, and did not discuss in current study. The selectively responsive neurons may contribute to the changed pattern of theta oscillations to predict the forthcoming approach or avoid.


[image: image]

FIGURE 2. Neurons in HPC responding to approach-RA or avoid-RA selectively. (A,B) Z-scored peri-RA time histograms aligned with onset of RA. (A) n = 57 cells from 5 mice. (B) n = 60 cells from 5 mice. (C) Representative raster plots and waveforms of dDG/CA3 neurons positively responsive to RA. (D) Representative raster plots and waveforms of dDG/CA3 neurons positively responsive to avoid RA. (E) Representative raster plots and waveforms of dDG/CA3 neurons positively responsive to approach RA. Each row in the raster represents a single trial of RA behavior. Averaged spike waveforms of the representative neuron were provided at the left panels. Bin = 0.5 s.


To elucidate the role of responsive neurons in the impaired RA of TLE mice, we examined all neurons recorded from unbiased populations of dDG/CA3 or dLS in WT and TLE mice. During RA, the proportion of inhibited dDG/CA3 putative glutamatergic neurons showed no obvious change between TLE (41%) and WT (42%) mice, whereas the proportion of excited dDG/CA3 putative glutamatergic neurons decreased by 16% in TLE mice (WT, 36%; TLE, 20%) (Figures 3A,B). The proportion of excited putative GABAergic neurons in the HPC was 22% lower in the TLE group than the WT group (WT, 65%; TLE, 43%) (Figures 3C,D), and RA was found to inhibit putative GABAergic neurons in the HPC by 12% (WT, 15%; TLE, 27%). Therefore, both types of RA-excited HPC neurons were decreased in TLE mice, which may play a role in the impaired RA of epileptic mice.


[image: image]

FIGURE 3. Electrophysiological analysis showed E/I imbalance in TLE mice. (A) Neuronal response types of putative glutamatergic neurons to RA in dDG/CA3 of WT mice [Red, excited (Act.); blue, inhibited (In.); gray, no response (N.R.). n = 64 cells from 5 mice]. Venn diagram shows the distribution of approached RA-excited only, avoid RA-excited only or dual-excited putative glutamatergic neurons in dDG/CA3 of WT mice at RA. (B) Neuronal response types of putative glutamatergic neurons to RA in dDG/CA3 of TLE mice (Red, excited; blue, inhibited; gray, no response; n = 76 cells from 5 mice). Venn diagram shows the distribution of approached RA-excited only, avoid RA-excited only or dual-excited putative glutamatergic neurons in dDG/CA3 of TLE mice at RA. (C) Neuronal response types of putative GABAergic neurons to RA in dDG/CA3 of WT mice (Red, excited; blue, inhibited; gray, no response; n = 40 cells from 17 mice). Venn diagram shows the distribution of approached RA-excited only, avoid RA-excited only or dual-excited putative glutamatergic neurons in dDG/CA3 of WT mice at RA. (D) Neuronal response types of putative GABAergic neurons to RA in dDG/CA3 of TLE mice (Red, excited; blue, inhibited; gray, no response; n = 104 cells from 15 mice). Venn diagram shows the distribution of approached RA-excited only, avoid RA-excited only or dual-excited putative glutamatergic neurons in dDG/CA3 of TLE mice at RA. (E) Neuronal response types of putative GABAergic neurons to RA in dDG/CA3 of WT mice (Red, excited; blue, inhibited; gray, no response; n = 291 cells from mice). Venn diagram shows the distribution of approached RA-excited only, avoid RA-excited only or dual-excited putative glutamatergic neurons in dLS of WT mice at RA. (F) Neuronal response types of putative GABAergic neurons to RA in dDG/CA3 of TLE mice (Red, excited; blue, inhibited; gray, no response; n = 346 cells from mice). Venn diagram shows the distribution of approached RA-excited only, avoid RA-excited only or dual-excited putative glutamatergic neurons in dLS of TLE mice at RA.


Of note, when compared with the avoid-RA selectively responsive neurons, the approach-RA selectively excited dDG/CA3 putative glutamatergic neurons increased (WT, 22%; TLE, 47%), for which the percentage was defined as either approach-RA selectively excited neurons divided by all RA-excited neurons, or avoid-RA selectively excited neurons divided by all excited neurons (Figures 3A,B). On the other hand, the proportion of approach-RA selectively excited dDG/CA3 putative GABAergic neurons showed a slight unexpected decrease (WT, 23%; TLE, 16%) while the proportion for avoid-RA remained unchanged (Figures 3C,D). Taken together, in the TLE-impaired approach-RA, the E/I balance changed markedly, and the approach-RA preferentially activated glutamatergic neurons increased, whereas the approach-RA preferentially activated GABAergic neurons decreased.

Similarly, the proportion of RA-excited putative GABAergic neurons in the LS was slightly increased (WT, 28%; TLE, 37%), while the approach-RA selectively excited putative GABAergic neurons in the LS (WT, 43%; TLE, 30%) decreased more than those for avoid-RA (WT, 29%; TLE, 30%) (Figures 3E,F). Taken together, these findings suggest that in TLE mice, approach-RA selectively activated neurons were changed more significantly in both the dDG/CA3 and the dLS. In particular, approach-RA selectively responsive neurons displayed an E/I imbalance in the dDG/CA3. Therefore, the RA-recruited neuronal network in the dDG/CA3-dLS areas of the brain may be vulnerable to epilepsy due to degeneration and reorganization.



Translational Signatures Imply Apoptosis, Impairment of Neurogenesis, and Migration

To investigate the causes of impaired dysfunction of hippocampus and lateral septum neurons at the molecular level, we used RNA-seq technology to characterize the transcriptome of dHPC and LS of TLE mice (Supplementary Table 1). The normalized expression analysis of all samples from both the TLE and WT groups was used to visualize the differences in expression of all detected genes in both dHPC and LS. As expected, a large number of genes were expressed at higher levels in the dHPCs of TLE mice (Figure 4A). Similarly, we found differentially expressed genes in the LS (Figure 4B). To further explore the link between the impaired approach-RA and the change in transcription in TLE mice, we examined gene expression for Gene Ontology terms. Most of the genes examined showed similar expression between TLE and WT mice. However, several genes were upregulated or downregulated in neurogenesis, migration, and apoptosis in dHPC, as well as migration and apoptosis in LS (Table 1).
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FIGURE 4. Kainic acid-induced TLE mice showed transcriptome alterations in the hippocampus and lateral septum. (A) Volcano plot of relative RNA expression in DG/CA3 from TLE mice as compared to WT mice. (B) Volcano plot of relative RNA expression in dLS from TLE mice as compared to WT mice [Genes in upper left and right quadrants are significantly differentially expressed. Red dots, up-regulation (dHPC, 65 genes; LS, 34 genes), blue dots, down-regulation (dHPC, 224 genes; LS, 11 genes). WT, n = 4 mice; TLE, n = 6 mice. p < 0.05].



TABLE 1. Representative dysregulated genes in HPC and LS of TLE mice.
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For example, Wnt3a acts through canonical Wnt signaling to drive embryonic development, stem cell differentiation, and promote neural circuit formation, as well as neurogenesis in the hippocampus (Rash et al., 2013; Harada et al., 2019). Here, Wnt3a expression was not detected in the TLE hippocampus, suggesting that neurogenesis was disrupted. In addition, Crlf1 is also considered to play a crucial role during neuronal development (Johnson et al., 2010) and Dlx1 was found to participate in the differentiation of interneurons (He et al., 2001; Cobos et al., 2006), such as bipolar cells in the developing retina; thus, their downregulation may be related to neurogenesis dysfunction, especially E/I imbalance. Moreover, we found through the immunostaining of BrdU+ neurons in the HPC that the number of newborn neurons was significantly decreased in TLE mice (Supplementary Figure 4), which confirmed that there was an impairment of neurogenesis due to TLE. In short, downregulation of neurogenesis may result in an E/I imbalance and subsequently contribute to impaired RA.

The Iqgap2 gene encodes a protein that interacts with components of the cytoskeleton, which is related to cell–cell adhesion, cell migration, and cell signaling, as well as crosstalk with the Wnt pathway (Smith et al., 2015). The Cntnap5c gene is a contactin-associated protein that is important for cell adhesion and intercellular communication in the nervous system (Hirata et al., 2016). Mdga1 encodes a glycosylphosphatidylinositol (GPI)-anchored cell surface glycoprotein that is suggested to play a role in neuronal migration, axon outgrowth, and axon-target recognition (Litwack et al., 2004). Furthermore, the Mdga1 and Cntnap5c genes were found to be crucial for balancing excitatory and inhibitory neurotransmission (Elegheert et al., 2017; Tong et al., 2019). Taken together, the downregulation of Iqgap2, Cntnap5c, and Mdga1 confirmed that in TLE, there is DG dispersion, neuronal reorganization, as well as neuronal disconnection and E/I imbalance.

Pdcd1 encodes programmed cell death protein 1, which indicates cell death of the nervous tissue following chronic injury (Pu et al., 2018). Tnfrsf25 gene production is known as death receptor 3, which is involved in the regulation of apoptosis, and is increased in slowly expanding lesions (Jackle et al., 2020). Timp1 mRNA was found after neuronal injury, and the Timp1 gene product was considered to have an anti-apoptotic function (Huang et al., 2011). Zbtb16 is involved in cell cycle progression and is used as a boundary cell marker (Takahashi and Osumi, 2011). Moreover, Zbtb16 was shown to be downregulated after nerve injury (Zhang et al., 2019). Thus, the decrease in Pdcd1 gene transcription confirmed neuronal loss in the TLE hippocampus; both Timp1 and Tnfrsf25 increase, Zbtb16 decrease may also be related to dLS neuron apoptosis and neuronal dysfunction.

Notably, Gpr39 was reported to be related to neurotensin receptors (NTSR) (Popovics and Stewart, 2011). In our study, we found that Gpr39 transcription was increased. Taken together, the transcriptome analysis results revealed that gene dysfunction contributed to neuronal loss, neural network reorganization, and downregulation of neurogenesis in TLE dHPC and may cause E/I imbalance and risk assessment impairments. Interestingly, dLS also exhibited the dysregulation of related genes, indicating that intrahippocampal kainic acid injection can result in dLS-related circuit reorganization.



Degeneration of Dorsal Dentate Gyrus and CA3 Somatostatin-Positive Neurons and dLS Cholecystokinin-Positive Neurons May Contribute to Excitation and Inhibition Imbalance

To examine the effect of KA injection on hippocampal and lateral septal GABAergic neurons, we performed immunostaining for SOM+ and PV+ in dDG/CA3 and NTSR+, CCK+, and VIP+ in the dLS. The SOM+ neurons in dDG/CA3 were significantly decreased in TLE mice compared with WT mice, whereas PV+ neurons showed no significant change (SOM+, p = 0.0002626; Figures 5A,B). However, morphological changes in PV+ neurons were observed, indicating the alteration of PV+ neurons function (Supplementary Figure 5). The loss of SOM+ neurons may contribute to E/I imbalance in the HPC and impaired RA. In dLS, NTSR+ neurons were significantly increased, in accordance with transcription-related results, whereas CCK+ neurons decreased (NTSR+, p = 0.00912, CCK+, p = 0.0042; Figures 5C,D), which may be due to decreased GABAergic neurons in the dLS and impaired RA. Therefore, GABAergic neurons in both the dHPC and dLS were altered in TLE mice, and different subtypes showed different vulnerabilities. These GABAergic neurons may have a complicated involvement in the E/I imbalance and RA impairment.


[image: image]

FIGURE 5. Comparison of GABAergic neurons subtypes in WT vs. TLE. (A) Representative images of immunostaining of PV+ and SOM+ neurons in dDG of WT and TLE mice. Scale bar, 200 μm. (B) The densities of SOM+ and PV+ neurons in dDG/CA3 (SOM+: WT, n = 6 mice, TLE, n = 6 mice; PV+: WT, n = 6 mice, TLE, n = 5 mice). (C) Representative images of immunostaining of NTSR+, CCK+, and VIP+ neurons in dLS of WT and TLE mice. Scale bar, 200 μm. (D) The densities of NTSR+, CCK+, and VIP+ neurons in dLS (NTSR+: WT, n = 11 mice, TLE, n = 10 mice; CCK+: WT, n = 6 mice, TLE, n = 9 mice, VIP+: WT, n = 11 mice, TLE, n = 6 mice) (Error bars represent s.d; *p < 0.05; **p < 0.01, ***p < 0.001, t-test).




Manipulation of Dorsal Dentate Gyrus and CA3 CaMKII+ or Somatostatin-Positive Neurons Is Sufficient to Impair Risk Assessment

Our electrophysiological and histological data indicated that SOM+ neurons in the HPC were decreased in KA-induced TLE mice, which may contribute to RA impairment. Therefore, we hypothesized that the direct inhibition of SOM+ neurons in the HPC in vivo would be sufficient to alter RA. To investigate this hypothesis, we used chemogenetic in combination with the EPM. To selectively inhibit SOM+ neurons in the HPC, we bilaterally expressed hM4Di in these neurons (Figure 6A). As compared to the group without clozapine-N-oxide (CNO) administration, the CNO administration group showed a significant decrease in the ratio of the average approach- and avoid-RA durations (Figure 6B). These results showed that the inhibition of dHPC SOM+ neurons led to an impairment in RA behavior. Furthermore, the inhibition of SOM+ neurons caused an increase in the ratio of approach- to avoid-RA entries, suggesting that after RA, the animals have a higher probability of exploring the open arm than the closed arm (Figure 6E). Taken together, these results imply that these animals are more likely susceptible to danger.
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FIGURE 6. Chemogenetic inhibition of hippocampal SOM+ neurons or optogenetic activation of CaMKII+ neurons impaired the RA of mice. (A) Diagram showing the chemogenetic inhibition of CA3 SOM+ neurons; (B) Ratio between the mean approach- and avoid-RA durations; (C) Average approach-RA duration; (D) Average avoid-RA duration; (E) Ratio between approach- and avoid-RA entries (before CNO, n = 9; CNO, n = 9; error bars represent standard deviation (s.d.); *p < 0.05; ***p < 0.001, paired t-test); (F) Diagram of the experimental setup for optogenetic stimulations; (G–J) Optogenetic activation of hippocampal glutamatergic neurons; (G) Ratio between the mean approach- and avoid-RA durations; (H) Average approach-RA duration; (I) Average avoid-RA duration; (J) Ratio between approach- and avoid-RA entries (before light, n = 12; light on, n = 12; error bars represent standard deviation (s.d.); ***p < 0.001, paired t-test); and (K) A supposed model of neural E/I imbalance mechanism in impairment of approach-RA in TLE. ns, no significant difference.


Interestingly, the inhibition of SOM+ neurons in the HPC led to an increased average duration of avoid-RA (Figure 6D), while did not affect average duration of approach-RA (Figure 6C). It is widely accepted that closed arms are relatively safe compared with open arms. To further investigate the meaning of the average duration of avoid-RA, we noted that both the entries and total duration of avoid-RA had decreased consistently (Supplementary Figures 6A–D), suggesting that the CNO administration group suppressed the preference of the closed arm (safe zone). These results further substantiate the notion that selective inhibition of the SOM+ neurons in the HPC leads to RA impairment in mice after CNO administration.

To further investigate whether the activation of glutamatergic neurons in the HPC impairs RA, we selectively applied optogenetic activation to these neurons in the EPM (Figure 6F). The optogenetic activation showed no effect on the avoid-RA (Figure 6I and Supplementary Figures 6G,H), while the ratio of approach- and avoid-RA was no significant difference (Figures 6G,J). However, both of the average and total approach-RA duration were significantly decreased (Figure 6H and Supplementary Figures 6E,F). Taken together, the chemogenetic inhibition and optogenetic activation results, which were similar to the TLE mice, confirmed that the E/I imbalance of HPC contributed to impairment of RA behavior. Moreover, the heterogeneous loss of neurons, which may be modulated by dysregulation of apoptosis, neurogenesis and migration, was related to the E/I imbalance in KA-induced TLE mice.




DISCUSSION

The current study confirms and extends previous studies on the epilepsy-induced impairment of RA and the future exploratory outcome, in which E/I imbalance in dDG/CA3 and alteration of dLS contributed. Animal behavior in the EPM can be quantified as anxiety, exploration, and RA. Recent studies have suggested that animals with epilepsy have impaired RA (Kubova et al., 2004; O’Loughlin et al., 2014), and we found that the impaired RA led to epileptic mice preferentially approaching potential threats. Previous studies have shown that the hippocampus and its broad of downstream participate in regulating behavior in EPM (Lee et al., 2019; Besnard et al., 2020; Xia and Kheirbek, 2020; Botterill et al., 2021; Dong et al., 2021; Wang et al., 2021), in which RA behavior plays a key role in future outcomes (Jacinto et al., 2016; Motta et al., 2017; Blanchard, 2018; McNaughton and Corr, 2018). In this study, we confirmed that dDG/CA3 neurons are involved in RA behavior. Moreover, subpopulations of activated neurons preferentially responded to either approach-RA or avoid-RA. In epileptic mice, the impaired approach-RA was attributed to the E/I imbalance of dDG/CA3. In addition, a decrease in the approach-RA-specifically activated GABAergic neurons may also contribute toward it.

Risk assessment is considered a core component of the defense survival system, especially when dealing with ambiguous or mild threats (Gross and Canteras, 2012; Blanchard, 2018). Therefore, an animal’s behavior in the central stage of the EPM is considered to be RA (Rodgers and Dalvi, 1997), which can help an animal detect potential threats, while the animal’s internal state, such as anxiety, can also affect its RA behavior (Blanchard et al., 2011). Previous studies have shown that hippocampal neuronal activity changes as the experimental subject moves to different regions of the EPM (open or closed arms), focusing on anxiety behavior (Adhikari et al., 2011; Felix-Ortiz et al., 2013; Padilla-Coreano et al., 2016; Lee et al., 2019). Moreover, hippocampal neurons also participate in RA behavior (Motta et al., 2017; McNaughton and Corr, 2018), and hippocampal theta oscillations are recruited in RA, and their pattern can predict future exploratory outcomes, including approach and avoidance to the open arms (Jacinto et al., 2016. Here, we directly demonstrate, at the neuronal level, that among the RA-activated dDG/CA3 neurons, ∼22% of glutamatergic and ∼23% of GABAergic neurons are preferentially responsive to approach-RA, while ∼17% of glutamatergic and ∼23% of GABAergic neurons are preferentially responsive to avoid-RA. Notably, several studies have dissected the RA mechanism focusing on the ventral hippocampus because it is more involved in emotions, such as anxiety (Felix-Ortiz et al., 2013). As the RA stands at the interface of cognition and emotion (Blanchard, 2018), we determined that the dorsal hippocampal dDG/CA3 also processed the RA information. In the future, depending on the activity of the dDG/CA3 neurons, we may predict the following behavioral outcomes. In addition, the dLS, as the key node between the hippocampus and subcortical regions, is also engaged in RA (Motta et al., 2017). We further discovered that dLS neurons could specifically activate either approach-RA or avoid-RA, similar to dDG/CA3 neurons.

Epileptic animals were found to have reduced RA, which may be related to the impairment of fear and anxiety (O’Loughlin et al., 2014). Here, we evaluated RA and analyzed the approach-RA and avoid-RA behaviors, and more accurately revealed that the duration of approach-RA in epileptic mice was reduced significantly, but not in the avoid-RA. Thus, the epileptic mice are specifically impaired with approach-RA, so that they may have a tendency to underestimate the potential threat. Notably, we observed that a few epileptic mice fell from the open arm in the EPM (these samples were excluded from our results), but no WT mice were found to fall. It has been reported that epileptic patients have a higher risk of premature mortality due to external causes (Fazel et al., 2013), and our results imply that the impairment of estimating the potential risk may contribute to it.

Recurrent seizures lead to significant structural and functional disability of the involved brain regions, including dysconnectivity of the cortex and hippocampus (Fadaie et al., 2021). As a result, it is widely accepted that this can lead to brain disorders with broad cognitive impairments (Fadaie et al., 2021). Seizures in TLE disable the function of the hippocampus and its downstream brain regions, including the LS, entorhinal cortex, and broad cortex areas (Motelow et al., 2015; Lu et al., 2016). KA-induced TLE rodents show obvious hippocampal apoptosis, similar to epileptic patients. Moreover, the loss of GABAergic neurons is even more severe (Wyeth et al., 2020). In the present study, we found that an increase in the dDG/CA3 glutamatergic neurons and a decrease in dDG/CA3 and dLS GABAergic neurons in the HPC of the mice with TLE resulted in the impairment of approach-RA, but not avoid-RA. Interestingly, our results also suggested that approach-RA-activated dDG/CA3 glutamatergic neurons increased in accordance with hyperexcitation of glutamatergic neurons in seizures in a previous study (Krook-Magnuson et al., 2013). In summary, our results suggest that in recurrent seizures, the E/I imbalance of the hippocampus induces inhomogeneous neuronal lesions and induces dysfunction of RA.

In TLE, different types of GABAergic neurons suffer heterogeneous damage, such as SOM+ neurons optionally located in the hilus, which are more vulnerable than PV+ neurons in HPC both in animals and humans (Swartz et al., 2006; Marx et al., 2013). In this study, we confirmed that the SOM+ neurons were significantly degenerated compared with PV+ neurons. The VIP+ GABAergic neurons were found to preferentially innervate inhibitory interneurons, such as CCK+, SOM+, and PV+ neurons, highlighting their central role in disinhibitory modulation in HPC (Kullander and Topolnik, 2021). In addition, the VIP+ neurons were found to code information of the open and closed arms in the EPM (Lee et al., 2019). CCK+ neurons are involved in relevant behavioral functions, such as memory, cognition, anxiety, and reward, by regulating their cognitive components (Ballaz and Bourin, 2021). Herein, we found that the number of dLS CCK+ neurons in TLE was significantly decreased, but not in NTSR+ or VIP+ neurons. Direct manipulation of glutamatergic or GABAergic neurons in the HPC results in the impairment of RA, and may also can the animal to underestimate a potential threat. As such, we hypothesized that the activation of dDG/CA3 glutamatergic neurons and the loss of dDG/CA3 SOM+ neurons contributed to E/I imbalance and impairment of RA in mice with TLE (Figure 6K).

It is known that epilepsy not only induces hippocampal neurodegeneration, hyper synchronicity, and E/I imbalance, but also leads to the formation of abnormal hippocampal circuitry reorganization, such as granule cell dispersion. The hippocampus has a complex brain structure with a special regular organization. Based on this, the hippocampus is a super plastic structure, which is critical for a broad function of cognition, emotion, and motivation, while it is vulnerable to damage, especially in epilepsy. Thus, the TLE-induced reorganization and disconnection of the hippocampus may cause approach-RA, even though approach-RA-related neurons did not degenerate. In addition, we found that hippocampal PV+ neurons have altered morphology, so that the disconnection of PV+ neurons may contribute to impaired approach-RA. In the DG, axons of the entorhinal cortex project onto dentate granule cells (glutamatergic neurons) and onto GABAergic interneurons (including PV+ and SOM+ cells) as well as mossy cells (glutamatergic neurons) in the hilus. Furthermore, the DG/hilus are considered as a gate, in which hilar mossy cells play a critical role and are vulnerable to excitotoxicity in TLE (Goldberg and Coulter, 2013). Thus, TLE may decrease the inhibition of survival of GABAergic neurons. In summary, the reorganization of the DG-CA3 network, both the rearrangement of mossy fiber sprouting and PV+ neurons, may also contribute to the E/I imbalance, then selectively damage the approach-RA function.

Specifically, adult hippocampal neurogenesis has been discovered, and these newborn neurons are important for hippocampal functions (Anacker and Hen, 2017). With the discovery of adult neurogenesis and its understanding, the role of neurogenesis in epilepsy needs to be addressed. After seizures, dentate neurogenesis increase has been reported (Goldberg and Coulter, 2013), whereas others have found that neurogenesis is disrupted (Lauren et al., 2013; Marucci et al., 2013). Our results suggest that neurogenesis in the epileptic hippocampus was abnormal, as evidenced by the downregulation of related transcriptional signals, such as Wnt3a, Crlf1, and Dlx1. In accordance with a study on chronic epilepsy, we suppose that an increase in neurogenesis may occur in the acute phase, but a decrease in neurogenesis occurs in the chronic phase (Huang et al., 2015). Furthermore, newborn neurons were thought to inhibit mature granule cells, as silencing them affected the animal’s stress-related behaviors (Anacker et al., 2018). Future studies should investigate whether the impairment of neurogenesis affects RA in TLE.

In conclusion, we found a decrease in the capacity of RA in epileptic animals, which may lead epileptic individuals to underestimate the potential threat and ultimately cause injury. There were subpopulations of neurons in both the hippocampus and the lateral septum that could specifically actively respond to approach-RA, while maintaining a certain balance between excitatory and inhibition. However, in epileptic animals, these neurons are altered, and the E/I balance is disrupted. Transcriptome and immunohistochemical staining showed that neurons in the hippocampus and LS were lost, and neural networks were reorganized. In particular, dDG/CA3 SOM+ neurons and dLS CCK+ neurons are selectively vulnerable to damage in the TLE, whereas the dCA3/DG glutamatergic neurons are considered to be overexcited (Goldberg and Coulter, 2013). In the present study, we demonstrated that when combined with the manipulation of CaMKII+ and SOM+ neurons, an E/I imbalance of the dCA3/DG-dLS circuit contributes to the impairment of RA behavior and alternates the future exploratory outcome during epileptic individuals facing potential threat. The understanding of epileptic-induced impaired risk assessment at multiple levels would shed light on the understanding of E/I balance in brain function and provide a potential paradigm for related studies.
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Supplementary Figure 1 | Neuronal classification and activity responses. (A) HPC neurons (n = 180 neurons from 5 mice) were classified by valley-to-peak time and spike half-width when the mice entered the food zone; blue, putative GABAergic neurons; red, putative glutamatergic neurons; (B) Quantified neuronal responses to approach-RA, where blue hollow rectangle = no response GABAergic neurons, red hollow rectangle = no response glutamatergic neurons, blue triangle = approach-RA excited GABAergic neurons, red triangle = approach-RA excited glutamatergic neurons, blue circle = approach-RA inhibited GABAergic neurons, and red circle = approach-RA inhibited glutamatergic neurons; and (C) Representative raster plots and waveforms of dDG/CA3 neurons responding negatively to RA, in which RA-inhibited neurons exhibited a phasic increase in the firing rate before RA (in close arm, duration, ∼2–3 s) and a subsequent decrease of the firing rate during RA (in center zone).

Supplementary Figure 2 | The DAPI positive cells were reduced. The ratios were the fluorescence positive area (DAPI+ signal) divided area of ROI (region of interest) in dDG/CA3. WT, n = 22 slices from 6 mice, TLE, n = 27 slices from 6 mice. Error bars represent s.d. ***p < 0.001. Two-sample t-test.

Supplementary Figure 3 | Overview of RNA sequencing flow diagram. Wild-type 6-week-old C57BL/6J male mice were obtained and housed for 2-week environmental acclimation. Half of the wild-type 8-week-old mice were subjected to KA-injection. All mice were housed to 20-week-old for sampling.

Supplementary Figure 4 | Comparison of BrdU+ neurons in WT vs. TLE. (A) Representative images of immunostaining of BrdU+ neurons in dDG of WT and TLE mice. Scale bar, 50 μm. (B) The number of BrdU+ neurons in dDG (BrdU+: WT, n = 14 slices from 2 mice, TLE, n = 8 slices from 3 mice) (Error bars represent s.d; **p < 0.01, two-sample t test).

Supplementary Figure 5 | Morphological changes in PV+ neurons. Representative confocal images at 40× showed that the morphology of PV+ neurons cell body altered in dDG/CA3 of TLE mice. Scale bar, 20 μm.

Supplementary Figure 6 | Chemogenetics inhibition of hippocampal SOM+ neurons or optogenetic activation of hippocampal glutamatergic neurons impaired the RA. (A–D) Chemogenetics inhibition of hippocampal SOM+ neurons. (A) The approach-RA duration. (B) The approach-RA entries. (C) The avoid-RA duration. (D) The avoid-RA entries (before CNO, n = 9; CNO administration, n = 9). (E–H) Optogenetic activation of hippocampal glutamatergic neurons. (E) The approach-RA duration. (F) The approach-RA entries. (G) The avoid-RA duration. (H) The avoid-RA entries (before light, n = 12; light on, n = 12) (ns is no significant difference; error bars represent s.d; *p < 0.05; ***p < 0.001, paired-t test).


ABBREVIATIONS

TLE, temporal lobe epilepsy; WT, wild type; RA, risk assessment; dHPC, dorsal hippocampus; HPC, hippocampus; EPM, elevated plus maze; E/I, excitation and inhibition; SOM+, somatostatin-positive; CCK+, cholecystokinin-positive; PV+, parvalbumin-positive; VIP+, vasoactive intestinal polypeptide positive; LS, lateral septum; HPC-LS, hippocampal-lateral section; dDG/CA3, dorsal dentate gyrus and CA3; ns, no significant; N.R., no response.
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Purpose: Previously, mutations in the voltage-gated calcium channel subunit alpha1 A (CACNA1A) gene have been reported to be associated with paroxysmal disorders, typically as episodic ataxia type 2. To determine the relationship between CACNA1A and epilepsies and the role of molecular sub-regional on the phenotypic heterogeneity.

Methods: Trio-based whole-exome sequencing was performed in 318 cases with partial epilepsy and 150 cases with generalized epilepsy. We then reviewed all previously reported CACNA1A mutations and analyzed the genotype-phenotype correlations with molecular sub-regional implications.

Results: We identified 12 CACNA1A mutations in ten unrelated cases of epilepsy, including four de novo null mutations (c.2963_2964insG/p.Gly989Argfs*78, c.3089 + 1G > A, c.4755 + 1G > T, and c.6340-1G > A), four de novo missense mutations (c.203G > T/p.Arg68Leu, c.3965G > A/p.Gly1322Glu, c.5032C > T/p.Arg1678Cys, and c.5393C > T/p.Ser1798Leu), and two pairs of compound heterozygous missense mutations (c.4891A > G/p.Ile1631Val& c.5978C > T/p.Pro1993Leu and c.3233C > T/p.Ser1078Leu&c.6061G > A/p.Glu2021Lys). The eight de novo mutations were evaluated as pathogenic or likely pathogenic mutations according to the criteria of American College of Medical Genetics and Genomics (ACMG). The frequencies of the compound heterozygous CACNA1A mutations identified in this cohort were significantly higher than that in the controls of East Asian and all populations (P = 7.30 × 10–4, P = 2.53 × 10–4). All of the ten cases were ultimately seizure-free after antiepileptic treatment, although frequent epileptic seizures were observed in four cases. Further analysis revealed that episodic ataxia type 2 (EA2) had a tendency of higher frequency of null mutations than epilepsies. The missense mutations in severe epileptic phenotypes were more frequently located in the pore region than those in milder epileptic phenotypes (P = 1.67 × 10–4); de novo mutations in the epilepsy with intellectual disability (ID) had a higher percentage than those in the epilepsy without ID (P = 1.92 × 10–3).

Conclusion: This study suggested that CACNA1A mutations were potentially associated with pure epilepsy and the spectrum of epileptic phenotypes potentially ranged from the mild form of epilepsies such as absence epilepsy or partial epilepsy, to the severe form of developmental epileptic encephalopathy. The clinical phenotypes variability is potentially associated with the molecular sub-regional of the mutations.

Keywords: CACNA1A, partial epilepsy, childhood absence epilepsy, genotype-phenotype correlation, molecular sub-regional implication


INTRODUCTION

The voltage-gated calcium channel subunit alpha1 A gene (CACNA1A; MIM: 601011), located at chromosome locus19p13.13 and covering approximately 417 kb of genomic DNA with 47 exons, is predominantly expressed in the central nervous system (Kramer et al., 1995; Teh et al., 1995). It encodes the voltage-dependent P/Q-type calcium channel subunit alpha-1A (Cav2.1) that primarily distributed in nucleus, plasma membrane, neuronal cell body, and synapse (Ophoff et al., 1996). Cav2.1 is the alpha-1A subunit of the voltage-gated calcium channel (VGCC) that mediates the entry of calcium ions into excitable cells and are also involved in a variety of calcium-dependent processes, including muscle contraction, hormone or neurotransmitter release, and gene expression (Diriong et al., 1995). As a component of VGCC, Cav2.1 forms the pore region of the calcium channel and directs the channel activity (Tuluc et al., 2021).

Mutations in CACNA1A gene have been demonstrated to be associated with a wide range of paroxysmal diseases, such as episodic ataxia type 2 (EA2; MIM: 108500), familial hemiplegic migraine 1 (FHM1; MIM: 141500), spinocerebellar ataxia 6 (SCA6; MIM: 183086), and developmental epileptic encephalopathy 42 (DEE42; MIM: 617106). Cases with EA2 or FHM1 may be complicated by epilepsy or seizures that were generally mild phenotypes (Imbrici et al., 2004; Du et al., 2017). CACNA1A mutations have also been occasionally identified in patients with mild form of epilepsy, including absence epilepsy, juvenile myoclonic epilepsy, and idiopathic epilepsy (Klassen et al., 2011; Helbig et al., 2016; Lee et al., 2018). These findings suggest CACNA1A is possibly related to human epilepsies. However, the relationship between CACNA1A and epilepsies has not been defined and it is unknown the genotype-phenotype correlation in the spectrum of CACNA1A-associated disorders.

In this study, we performed trio-based whole-exome sequencing (WES) in a cohort of patients with epilepsy. Twelve CACNA1A mutations were identified in ten unrelated cases with phenotypic heterogeneity. We further systematically reviewed all CACNA1A mutations and analyzed their molecular heterogeneity, aiming to clarify the mechanism underlying phenotypical variation and the role of molecular sub-regional effect.



MATERIALS AND METHODS


Patients

The patients were recruited at the Epilepsy Center of the Second Affiliated Hospital of Guangzhou Medical University and the Affiliated Yuebei People’s Hospital of Shantou University Medical College. Clinical phenotypes of epileptic seizures and epilepsy syndromes were assessed following the criteria of the Commission on Classification and Terminology of the International League Against Epilepsy (ILAE) (1981, 1989, 2001, 2010, 2017). Partial epilepsy was used to denote cases with partial seizures and EEG features of idiopathic epilepsy including shift, bilateral or multiple focal discharge. Generalized epilepsy was diagnosed on the basis of typical generalized seizures, such as absence, myoclonic, atonic, and generalized tonic-clonic seizures, supported by the results of generalized discharges on EEG. Participants with acquired causes like brain malformation, infection or metabolic disorders were excluded. We collected the comprehensive clinical materials, including gender, current age, seizure onset age, seizure type and frequency, outcome, response to antiepileptic drugs (AEDs), family history, and results from general and neurological examinations. Brain CT or MRI scans were performed to detect abnormalities in brain structure. Long-term (24 h) video EEGs that included open-close eyes test, hyperventilation, intermittent photic stimulation and sleep recording, were performed and the results were double-reviewed by two qualified researchers. All individuals enrolled were unrelated ethnic Han Chinese with four Han Chinese grandparents, and were born to non-consanguineous Chinese parents. All of subjects were followed up for at least 1 year at epilepsy centers. A total of 468 cases were recruited, including 318 cases with partial epilepsy and 150 cases with generalized epilepsy. Additionally, we recruited 296 healthy Chinese volunteers as a normal control group as our previous report (Wang et al., 2018, 2020, 2021).

All procedures in this study involving human participants have been approved by the ethics committee of the Second Affiliated Hospital of Guangzhou Medical University. Written informed consents have been obtained from all participants or their parents/legal guardians in the case of child or those with intellectual disability.



Whole-Exome Sequencing and Genetic Analysis

The genomic DNAs were extracted from the peripheral blood samples of the probands, their parents, and available family members using the FlexiGene DNA kit (Qiagen). Trio-based whole-exome sequencing was performed on an Illumina HiSeq 2000 sequencing platform as previously reported (Shi et al., 2019; Wang et al., 2021). To obtain high-quality reads, the massive parallel sequencing was performed with more than 125 times average depth and more than 98% coverage in the capture region of the chip. The original read data were aligned to the Genome Reference Consortium Human Genome build 37 (GRCh37) using Burrows-Wheeler alignment (BWA) with default parameters. Variant calling and quality filtration were conducted using the Genome Analysis Toolkit (DePristo et al., 2011).

To derive the whole candidate pathogenic variants in each trio, we adopted a case-by-case analytical approach as previously described (Zhou et al., 2018; Wang et al., 2021). Initially, we removed the common variants presenting a minor allele frequency ≥ 0.005 in the Genome Aggregation Database (gnomAD).1 We then prioritized potentially pathogenic variants, including frameshift, nonsense, canonical splice site, initiation codon, and missense variants predicted as being damaging in silico tools (VarCards).2 We screened CACNA1A mutations with origination of explainable for genetic diseases, including de novo mutation, mutation with segregations, and homozygous/compound heterozygous mutation. Additionally, I-Mutant 3.0 program was applied3 to predict the effect of CACNA1A missense variants on protein stability, which was indicated by free energy change (DDG). Negative DDG value means that the mutated protein possesses less stability and vice versa. Eventually, the pathogenicity of the identified CACNA1A mutations was evaluated by American College of Medical Genetics and Genomics (ACMG) scoring (Richards et al., 2015). Polymerase chain reaction and sanger sequencing was performed to validate the identified potential pathogenic variations by using ABI 3730 sequencing platform (Applied Biosystems, Foster City, CA, United States). All CACNA1A mutations identified in this study were annotated to reference transcript NM_001127222.



Genotype-Phenotype Relationship

All CACNA1A mutations and related phenotypes were systematically retrieved from the professional edition of Human Gene Mutation Database (HGMD)4 and the PubMed database5 up to December 2021. To explore the relationship between genotype and phenotype, we divided the CACNA1A mutations into two categories, destructive (null) and missense mutations. Null mutations were those causing gross malformation of the gene/protein and leading to loss of function and haploinsufficiency (Richards et al., 2015; Liu et al., 2020), including truncating mutations (non-sense and frameshifting), splice site mutations (canonical ± 1 or 2), and mutations at initiation codon or with single/multi exon deletion. To facilitate analyzing the effect of molecular sub-regional on epileptic phenotypes, we collected the information on the distribution of CACNA1A missense mutations in various regions of the Cav2.1 channel. Considering that epileptic phenotype severity may be associated with mutation origin (de novo or inherited), we also collected the inheritance information of epilepsy associated CACNA1A mutations.



Statistical Analysis

Statistical analyses were performed in GraphPad Prism version 8.00. A two-tailed Fisher’s exact test was used to compare the frequencies of null mutation, missense mutation, and de novo mutation between different phenotype groups. The recessive CACNA1A variants burden was also analyzed according to a recent research (Martin et al., 2018). The cutoff value for statistical significance is 0.05.




RESULTS


Identification of Novel CACNA1A Mutations

Twelve CACNA1A mutations were identified in ten unrelated cases of epilepsy, including four null mutations (c.2963_2964insG/p.Gly989Argfs*78, c.3089 + 1G > A, c.4755 + 1G > T, and c.6340-1G > A) and eight missense mutations (c.203G > T/p.Arg68Leu, c.3233C > T/p.Ser1078Leu, c.3965G > A/p.Gly1322Glu, c.4891A > G/p.Ile1631Val, c.5032C > T/p.Arg1678Cys, c.5393C > T/p.Ser1798Leu, c.5978C > T/p.Pro1993Leu, and c.6061G > A/p.Glu2021Lys). The Ser1798Leu mutation has previously been described as a de novo mutation in a case of EA2 (Ohba et al., 2013), whereas the remained 11 mutations have not been reported and were novel findings. Four of the missense mutations (c.3233C > T/p.Ser1078Leu&c.6061G > A/p.Glu2021Lys and c.4891A > G/p.Ile1631Val&c.5978C > T/p.Pro1993Leu) constituted two pairs of compound heterozygous mutations; the remaining four missense mutations and four null mutations were de novo (Figures 1, 2 and Table 1). The eight de novo mutations were neither in gnomAD populations nor in our 296 normal control subjects and were evaluated as pathogenic or likely pathogenic mutations according to the criteria of ACMG (Table 2). The two pairs of the compound heterozygous mutations were absent in our 296 normal control subjects and present in gnomAD with an extremely low frequency (Table 2). When the recessive variants burden was analyzed, a statistically significant difference of the compound heterozygous CACNA1A mutations in this cohort was observed comparing the excepted number by chance in the controls of East Asian and all populations in the Exome Aggregation Consortium (P = 7.30 ×10–4, P = 2.53 × 10–4) (Martin et al., 2018).
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FIGURE 1. Pedigrees and DNA sequencing chromatograms of the cases with CACNA1A mutations. Individuals with heterozygous mutation are indicated by m/ +, those with compound heterozygous mutation are indicated by m/m, and those negative for mutation are indicated by +/ +. The probands are indicated by black arrows. The positions of the mutations are indicated by red arrows. The phenotype of each case is indicated by different symbols in the figure.
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FIGURE 2. Location of the identified CACNA1A mutations in Cav2.1 and amino acid sequence alignment of the missense mutations. (A) Schematic illustration of the Cav2.1 protein and the location of the CACNA1A mutations identified in this study. (B) Schematic illustration of the Cav2.1 protein and the location of the epilepsy-related CACNA1A missense mutations. (C) Amino acid sequence alignment of the eight missense mutations with protein substitutions show that Arg68, Gly1322, Arg1678, Ser1798, Pro1993, and Glu2021 are highly conserved across species. Ser1078 and Ile1631 show a low degree of conservation.



TABLE 1. Clinical feature of the individuals with CACNA1A mutations.
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TABLE 2. Genetic characteristic and ACMG scoring of the CACNA1A mutations.

[image: Table 2]
The c.2963_2964insG/p.Gly989Argfs*78 mutation was considered to potentially pathogenic by yielding a truncated transcript that gave rise to a non-functional Cav2.1 protein or haploinsufficiency. The three canonical splice site mutations (c.3089 + 1G > A, c.4755 + 1G > T, and c.6340-1G > A) could destroy the original splice donor or acceptor site that generally resulted in the skipping of the single exon or multiexon with consequent translational frameshift. All of the eight missense mutations were predicted to be damaging by at least one of the commonly used in silico prediction tools (Table 2). The amino acid sequence alignment indicated that Arg68Leu, Gly1322Glu, Arg1678Cys, Ser1798Leu, Pro1993Leu, and Glu2021Lys were located at residues that are highly conserved in various species; Ile1631Val are highly conserved in vertebrates but less so in lower animals (Figure 2B). The Ser1078Leu was located at a less conserved site but was predicted to be conserved by GERP (score = 5.17), phyloP (score = 5.429), and SiPhy (score = 17.443). Furthermore, I-Mutant 3.0 program showed that Arg68Leu, Gly1322Glu, Ile1631Val, and Arg1678Cys mutants have a strong influence on protein stability (Table 2).

None of the 10 patients had pathogenic or likely pathogenic mutations in the genes known to be associated with epileptic phenotypes (Wang et al., 2017) except CACNA1A mutations.



Clinical Features

In this study, we identified CACNA1A mutations in 10 unrelated cases. The seizure onset age of the ten cases ranged from 3 months to 11 years old, with a median age of onset of 3.5 years. Eight of the cases were diagnosed as partial epilepsy, including six cases with de novo missense/null mutations and two with compound heterozygous missense mutations. They had simple/complex partial seizures or secondarily generalized tonic-clonic seizures. They all had focal epileptic discharges with normal backgrounds or trends of generalization especially during sleep (Figures 3A,C–E). The remaining two cases were diagnosed as childhood absence epilepsy and carried two de novo canonical splice site mutations. They experienced frequent absence seizures and detected ictal or interictal generalized 3 HZ spike and slow waves on EEG recordings (Figure 3B). A patient (case 2) also carried a canonical splice site mutation (c.3089 + 1G > A) and was diagnosed as partial epilepsy, her EEGs presented bilateral occipital epileptic discharges with features of idiopathic epilepsies (Figure 3A). These findings indicated that splice site mutations of CACNA1A were potentially associated with generalized epilepsies or idiopathic epilepsies. All of the ten cases were ultimately seizure-free after antiepileptic treatment, although frequent epileptic seizures were observed in four cases (Cases 3, 4, 6, and 9; Table 1). One patient (Case 3) had antecedent febrile seizures. Three patients had mild intellectual abnormalities (Cases 5, 6, and 8; Table 1). All the ten cases were born by normal delivery, and the brain MRI findings were normal. No ataxia or migraine were observed in any of them.
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FIGURE 3. Electroencephalography data of the cases with CACNA1A mutations. (A) Interictal EEG in case 2 showed bilateral occipital spike and slow waves. (B) Interictal EEG in case 4 showed generalized 3 Hz spike and slow waves. (C) Interictal EEG in case 6 showed left parietal and temporal sharp waves and focal spike and slow waves. (D) Interictal EEG in case 8 showed bilateral occipital spikes and focal spike and slow waves. (E) Interictal EEG in case 10 showed left parietal and temporal spikes.




Genotype-Phenotype Correlation

To explore the correlation between genotype and phenotype, we systematically reviewed all reported CACNA1A mutations. Previously, 312 mutations have been reported, including 115 null mutations, 183 missense mutations, 10 in-frame insertion/deletion mutations, and 4 (CAG)n dynamic mutations. These mutations were associated with a variety of clinical phenotypes that included EA2, FHM1, SCA6, CSVD (cerebral small vessel disease), and epilepsies. EA2 group present a significantly higher frequency of null mutation than the groups of epilepsy (P = 7.92 × 10–5), FHM1 (P = 2.85 × 10–5), SCA6 (P = 5.69 × 10–3), or CSVD (P = 3.77 × 10–6) (Figure 4A).
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FIGURE 4. Genotype–phenotype correlations of CACNA1A mutations. (A) The frequency of null mutations in CACNA1A for each phenotype. The values are expressed as the percentage of cases with null mutations (cases with null mutations/total cases) in each group. (B) The frequency of null mutations in CACNA1A for epilepsy without intellectual disability and epilepsy with intellectual disability. (C) The frequency of missense mutants in various regions of the Cav2.1 channel for epilepsy and epilepsy with intellectual disability. (D) The frequency of de novo mutations in CACNA1A for epilepsy and epilepsy with intellectual disability. Fisher’s exact test was used for statistical analysis of the differences between each group. CSVD, cerebral small vessel disease (n = 18). EA2, episodic ataxia 2 (n = 155). EP, epilepsy (n = 63). EP without ID, epilepsy without intellectual disability (n = 26). EP with ID, epilepsy with intellectual disability (n = 37). FHM1, familial hemiplegic migraine 1 (n = 53). SCA6, spinocerebellar ataxia 6 (n = 7). * P < 0.05; ** P < 0.01.


Cav2.1 encoded by CACNA1A, contains four homologous domains (DI-DIV) with six helical transmembrane segments (S1–S6). The S4 segments of each repeat serve as actual voltage sensors while S5 and S6 segments together with S5-S6 loop of each repeat form the channel pore (Figure 2A; Striessnig, 2021). In the present study, de novo missense mutations, except the Arg68Leu, were all located at pore region or near the voltage sensor region while compound heterozygous missense mutations were mainly located at linker region or C-terminal. We analyzed the data together with that from literature (Figure 2B). Previous studies have shown CACNA1A mutations potentially have an association with developmental abnormalities (Allen et al., 2013; Damaj et al., 2015; Epi4k Consortium, 2016). In this cohort, three cases of partial epilepsy also have ID. We then analyzed the epilepsies with ID and those without ID (Supplementary Table 1). No statistical difference in the frequency of missense was observed between the two epilepsy sub-groups (Figure 4B). However, it was found that missense mutations in the epilepsy with ID were more frequently located in the pore region than those in the epilepsy without ID (P = 1.67 × 10–4) (Figure 4C), suggesting a molecular sub-region effect. Moreover, the cases in the epilepsy with ID group had a higher percentage of de novo mutations than those in the epilepsy without ID (P = 1.92 × 10–3) (Figure 4D), suggesting a potential correlation between epileptic phenotype severity and mutation origins.




DISCUSSION

Previous studies have showed that the clinical phenotypes caused by CACNA1A mutations comprises a huge group of phenotypic heterogeneity, such as EA2, FHM1, SCA6, and DEE42 that was a severe form of epilepsy (Ophoff et al., 1996; Jodice et al., 1997; Zhuchenko et al., 1997; Terwindt et al., 2002; Jen et al., 2007; Rajakulendran et al., 2012; Allen et al., 2013; Epi4k Consortium, 2016). In the present study, we identified 12 CACNA1A mutations in ten cases of mild form of epilepsy, including four de novo null mutations, four de novo missense mutations, and two pairs of compound heterozygous missense mutations. The eight de novo mutations were evaluated as pathogenic or likely pathogenic mutations according to the criteria of ACMG (Table 2). Although both of the compound heterozygous missense mutations were evaluated as uncertain significance, the frequencies of the recessive CACNA1A mutations identified in this cohort were significantly higher than that in the controls of East Asian and all populations. This study suggested that CACNA1A gene is potentially associated with epilepsy. The patients with CACNA1A mutations may present epilepsy without ataxia or migraine. The spectrum of epileptic phenotypes potentially ranged from the mild form of epilepsies such as absence epilepsy or partial epilepsy, to the severe form of developmental epileptic encephalopathy.

The CACNA1A gene is predominantly expressed in neuron and plays a critical role in membrane excitability and neurotransmission release (Diriong et al., 1995; Kramer et al., 1995; Teh et al., 1995). Cacna1a knockout mouse model exhibited ataxia and epilepsy seizures.6 The clinical phenotypes caused by CACNA1A mutations were highly concordant with that of Cacna1a knockout mouse model. Thus, CACNA1A loss of function may be the potentially pathogenic mechanism. CACNA1A mutations identified in this study included four null mutations and two compound heterozygous mutations that were potentially associated with a loss of function. The remaining four de novo missense mutations with protein substitution were located at the most highly conserved residue in the protein sequence alignments. The Gly1322Glu, Arg1678Cys, and Ser1798Leu mutants were located at pore region or near the voltage sensor region. The Arg68Leu and Gly1322Glu mutants have a strong influence on protein stability (Table 2). Therefore, the four de novo missense mutations were also considered to be potentially deleterious because of the possibility of giving rise to alteration of the structure of pore region/voltage sensor region or influencing the protein stability. However, the accurate functional consequence of the newly identified missense mutations was unknown. Previous studies have shown that SCN1A missense mutations in the pore region were characterized by loss of function (Meng et al., 2015). Currently, data on functional alteration of CACNA1A mutations is limited and did not permit a conclusion. Functional alteration of other type, such as gain of function, could not be excluded. Hence, the correlation between functional consequence and location of CACNA1A mutations warrants further studies.

Cav2.1 encoded by CACNA1A, is the pore-forming alpha-1A subunit of VGCC and contains four homologous domains (DI-DIV) with six helical transmembrane segments (S1–S6) (Figure 2A; Striessnig, 2021). Previously, CACNA1A have been established an association with DEE42 (Allen et al., 2013; Epi4k Consortium, 2016). In the present study, we identified CACNA1A mutations in the cases with relatively mild epilepsies. Most of the mutations were null mutations or in the pore-regions that would cause loss of function. The four missense mutations constituted two pairs of compound heterozygous mutations that were located at linker region or C-terminal. While single heterozygous variant was not pathogenic, the compound heterozygous mutations became potentially pathogenic. Our further analyses showed that missense mutations in the epilepsy with ID were more frequently located in the pore region than those in the epilepsy without ID. These findings potentially suggested a molecular sub-region effect. This was also supported by a recent study that showed missense mutations located in the pore region were associated with severe epileptic encephalopathy, in spite of the difference in functional alteration (Jiang et al., 2019). Besides, two of splice site mutations were associated with generalized epilepsies characterized by absence seizures, suggesting a possible genotype-phenotype association that warrants further verification.

Previously, CACNA1A mutations were mainly associated with paroxysmal diseases such as EA2. The Ser1798Leu mutation identified in this study (case 8 with epilepsy) has been previously reported in a case of episodic ataxia 2 (EA2) (Ohba et al., 2013). Experiments in animals showed that Cacna1a knockout caused ataxia and epilepsy seizures (Pietrobon, 2005). The present study demonstrated that EA2 was more frequently associated with null mutations than epilepsy. However, it is unknown why the same mutation was associated with different phenotypes. Previous studies in Cacna1a knockout mice have indicated that loss of Cav2.1 channel would probably affect the function of other voltage-gated calcium channels (Reinson et al., 2016), which added one more factor on the expression of phenotype. Other mechanisms, such as genetic background and interactive genes, should be studied further.

In summary, we identified CACNA1A mutations in ten unrelated cases with relatively mild and pure epilepsy. All patients had favorable outcome with antiepileptic treatment without ataxia or migraine. Further analysis showed the clinical phenotypes variability is potentially associated with mutation type, molecular sub-regional effect, and inheritance pattern, which would help understanding the mechanism underlying phenotypical heterogeneity.
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Purpose: To identify novel genetic causes of febrile seizures (FS) and epilepsy with febrile seizures plus (EFS+).

Methods: We performed whole-exome sequencing in a cohort of 32 families, in which at least two individuals were affected by FS or EFS+. The probands, their parents, and available family members were recruited to ascertain whether the genetic variants were co-segregation. Genes with repetitively identified variants with segregations were selected for further studies to define the gene-disease association.

Results: We identified two heterozygous ATP6V0C mutations (c.64G > A/p.Ala22Thr and c.361_373del/p.Thr121Profs*7) in two unrelated families with six individuals affected by FS or EFS+. The missense mutation was located in the proteolipid c-ring that cooperated with a-subunit forming the hemichannel for proton transferring. It also affected the hydrogen bonds with surround residues and the protein stability, implying a damaging effect. The frameshift mutation resulted in a loss of function by yielding a premature termination of 28 residues at the C-terminus of the protein. The frequencies of ATP6V0C mutations identified in this cohort were significantly higher than that in the control populations. All the six affected individuals suffered from their first FS at the age of 7–8 months. The two probands later manifested afebrile seizures including myoclonic seizures that responded well to lamotrigine. They all displayed favorable outcomes without intellectual or developmental abnormalities, although afebrile seizures or frequent seizures occurred.

Conclusion: This study suggests that ATP6V0C is potentially a candidate pathogenic gene of FS and EFS+. Screening for ATP6V0C mutations would help differentiating patients with Dravet syndrome caused by SCN1A mutations, which presented similar clinical manifestation but different responses to antiepileptic treatment.

Keywords: ATP6V0C, loss of function, febrile seizures, epilepsy with febrile seizures plus, whole-exome sequencing


INTRODUCTION

ATP6V0C (OMIM*108745), located at chromosomal locus 16p13.3 and spans approximately 6 kb of genomic DNA, is highly expressed in the brain, predominantly in the brain cortex across whole lifespan.1 It encodes a 155-amino acid H+ transport protein ATP6V0C that widely distributed in lysosomes, endosomes, Golgi-derived vesicles, secretory vesicles, and plasma membrane for some cell types (Toei et al., 2010). ATP6V0C is the c-subunit of the V0 domain of vacuolar ATPase (V-ATPase) that primarily mediates acidification of eukaryotic intracellular organelles and is necessary for numerous intracellular processes including protein sorting, zymogen activation, receptor-mediated endocytosis, and synaptic vesicle proton gradient generation (Morel, 2003). As a component of V0 domain of V-ATPase, ATP6V0C forms the proteolipid c-ring of the V-ATPase and plays a pivotal role in synaptic vesicle proton gradient generation and regulation of intra and extracellular pH value (Higashida et al., 2017; Xu et al., 2019). Experiments in zebrafish ortholog revealed that ATP6V0C2 is associated with neurotransmitter storage/secretion and involved in the control of neuronal excitability (Chung et al., 2010). Homozygous ATP6V0C knockout mice exhibit neonatal lethality, abnormal embryonic tissue morphology, and failure of zygotic cell division.2 However, the relationship between ATP6V0C variants and human disease remains to be explored.

Febrile seizures (FS) are the most frequent convulsion events in childhood and represent the majority of childhood seizures with an incidence as high as 4–10% (Hackett et al., 1997; Gupta, 2016; Smith et al., 2019). These patients have five to seven times higher risk of developing subsequent afebrile seizures (epilepsy with febrile seizures plus, EFS+), compared to the general population (Annegers et al., 1987; Hedera et al., 2006). Etiologically, FS and EFS+ cases are usually cryptogenic without any secondary causes, implying potential associations with genetic factors. Several genes have been reported to be associated with FS or EFS+, including ADGRV1, CHD2, CPA6, DEPDC5, DYRK1A, FGF13, GABRA1, GABRB3, GABRD, GABRG2, HCN1, HCN2, IMPA2, NPRL3, PCDH19, PRRT2, SCN1A, SCN1B, SCN2A, SCN9A, SLC12A5, SLC32A1, SRP9, STX1B, STXBP1, and YWHAG (OMIM3) (Carvill et al., 2014; Rigbye et al., 2016; Deng et al., 2018; Liu et al., 2020; Heron et al., 2021; Ye et al., 2021). However, the genetic causes in most of the patients with FS or EFS+ remain to be elucidated.

In this study, we employed a whole-exome sequencing approach for discovery novel genetic causes in a cohort of familial cases with FS or EFS+. We identified two heterozygous ATP6V0C mutations that co-segregated with the disease in two unrelated families with six individuals affected.



MATERIALS AND METHODS


Patients

A cohort of 32 families, in which at least two individuals were affected by FS or EFS+, were recruited. The patients were from the Departments of Neurology, Guangzhou Women and Children’s Medical Center and Guangdong Provincial People’s Hospital since June 2018 to April 2021.

Clinical data of the affected individuals were comprehensively collected, including present age, gender, age at seizure onset, seizure course, complete family history, response to antiseizure medications, and general and neurological examination results. Brain Magnetic resonance imaging (MRI) scans were performed to exclude abnormalities in brain structure. Video-electroencephalography (EEG) monitoring records, including hyperventilation, intermittent photic stimulation, open-close eyes test, and sleeping recording, were collected and reviewed by two qualified investigators. Epileptic seizures and epilepsy syndromes were diagnosed and classified according to Commission on Classification and Terminology of the Commission on Classification and Terminology of the International League Against Epilepsy (2010, 1989), Engel and International League Against Epilepsy (ILAE) (2001), Berg et al. (2010), and Scheffer et al. (2017). FS and EFS+ was diagnosed as that previously study described (Ye et al., 2021). The patients, their parents, and other affected family members were screened for genetic variants by the whole-exome sequencing. A cohort of 296 healthy Chinese volunteers were recruited as a control group. This study was approved by the ethics committee of Guangzhou Women and Children’s Medical Center and the ethics committee of Guangdong General Hospital. Written informed consent was obtained from the patient’s guardian.



Whole-Exome Sequencing and Genetic Analysis

Whole blood samples were collected from the probands, their parents, and available family members to ascertain whether the genetic variants were co-segregation. Qiagen Flexi Gene DNA kit (Qiagen, Hilden, Germany) was used to extract genomic DNA from the whole blood samples. Whole-exome sequencing was performed on an Illumina HiSeq 2000 system by Beijing Genomics Institute (BGI) (Shenzhen, China) as previously described (Wang et al., 2018, 2021; Shi et al., 2019). The sequencing data were generated by massive parallel sequencing with more than 125 times average depth and more than 98% coverage in the capture region of the chip, which fulfills the high-quality criteria. Then, the raw data were aligned to the Genome Reference Consortium Human Genome build 37 (GRCh37) by Burrows–Wheeler alignment. Single-nucleotide point variants and indels were called with the Genome Analysis Toolkit. To obtain the comprehensive list of candidate pathogenic variants in each family, we adopted a case-by-case analytical pattern. We first removed the common variants with a minor allele frequency > 0.005 in Genome Aggregation Database (gnomAD). We then prioritized functional variants (protein-altering) including frameshift, nonsense, canonical splice site, initiation codon, and missense variants predicted as being damaging or probably damaging by in silico tools.4 Finally, we applied a co-segregation analysis model to screen for possibly disease-causing variants in each family. To identify novel epilepsy-associated gene, we put the known epilepsy-associated genes aside. Genes with repetitively identified variants with segregations were selected for further studies to define the gene-disease association. ATP6V0C appeared as one of the candidate genes with recurrent variants in this cohort. PCR-Sanger sequencing was performed to validate the candidate pathogenic variants on ABI 3730 sequencer (Applied Biosystems, Foster City, CA, United States). All ATP6V0C variants identified in this study were annotated to reference transcript NM_001694.



Molecular Structural Analysis

To explore the effect of the ATP6V0C missense variant on protein structure, we performed protein models using Phyre25 and AlphaFold.6 The three-dimensional (3D) structures of protein model were analyzed and visualized by PyMOL 2.3.7 In addition, we applied I-Mutant 3.0 program to predict the effect of the missense variant on protein stability.8 The alteration of the protein stability was assessed by the free energy change value (DDG, Kcal/mol). Negative DDG value means that the mutated protein possesses less stability and vice versa.



Statistical Analysis

An aggregate analysis for ATP6V0C variants was performed in GraphPad Prism 7.00. The two-tailed Fisher’s exact test was applied to compare the frequency of ATP6V0C variants in this cohort with that in the control populations of gnomAD and our 296 normal control subjects. The cutoff value for statistical significance is 0.05.




RESULTS


Identification of ATP6V0C Variants

Two heterozygous variants in the ATP6V0C gene (OMIM*108745) were identified in two unrelated families with FS or EFS+, including one missense variant (c.64G > A/p.Ala22Thr) and one frameshift variant (c.361_373del/p.Thr121Profs*7) (Figures 1A,B). The c.64G > A/p.Ala22Thr variant was identified in a family with four affected individuals, in which the variant co-segregated with the phenotypes. The c.361_373del/p.Thr121Profs*7 variant was detected in family 2 with two affected individuals. The missense variant (c.64G > A/p.Ala22Thr) was predicted to be damaging or probably damaging by 14 out of 21 commonly used in silico prediction tools (Supplementary Table 1). The amino acid sequence alignment indicated that the Ala22Thr variant was located at a residue that is highly conserved across various species (Figure 1C). The c.361_373del/p.Thr121Profs*7 variant was considered as potentially pathogenic, which introduced a translational frameshift transcript that gave rise to a non-functional ATP6V0C protein or haploinsufficiency.
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FIGURE 1. Genetic data of cases with ATP6V0C mutations. (A) Pedigrees of the two families with ATP6V0C mutations and their corresponding phenotypes. Individuals with mutation are marked as m/+, and those without mutation are marked as +/+. (B) DNA sequencing chromatograms of the two families with ATP6V0C mutations. Red arrows indicate the positions of the mutations. (C) Amino acid sequence alignment of the missense mutation shows that residue Ala22 is highly conserved in various species.


The two ATP6V0C variants were not observed in any public databases (including 1000 Genomes Project, Exome Sequencing Project, and gnomAD), neither in our 296 normal control subjects. Statistical analyses were performed to compare the frequencies of ATP6V0C variants in this cohort and control populations of gnomAD and the 296 normal subjects. Two mutant alleles in a total of 64 alleles (32 cases) were identified in this cohort. Statistically significant differences were observed in aggregate frequencies of the mutant alleles between this cohort and the controls of gnomAD-East Asian, gnomAD-all population, and our 296-normal control cohort (2/64 vs. 0/19750, p = 1.03 × 10–5; 2/64 vs. 0/280788, p = 5.11 × 10–8; 2/64 vs. 0/592, p = 9.38 × 10–3, respectively) (Table 1).


TABLE 1. Analysis of the aggregate frequency of ATP6V0C variants identified in this study.
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In the two families, we did not identify pathogenic or likely pathogenic variants in the 977 genes known to be associated with epileptic seizures (Wang et al., 2017).



Effect of the Missense Mutation on Molecular Structure

ATP6V0C protein is the c-subunit of the V0 domain of V-ATPase that is composed of a cytosolic V1 domain and a transmembrane V0 domain and functions as an ATP-dependent proton pump (Higashida et al., 2017; Xu et al., 2019; Wang et al., 2020). The proteolipid c-ring that cooperated with a-subunit forming the hemichannel for proton transfer was comprised of nine c-subunits and one b-subunit (Figures 2A,B). The c-subunit, also known as V-ATPase 16 kDa proteolipid subunit and encoded by ATP6V0C, is composed of five topological domains and four transmembrane domains9 (Figures 2C,D). Three topological domains (1–10, 77–92, and 153–155) are located within the lumen. The remaining two topological domains (34–55 and 115–131) are located within the cytoplasm. Four helical domains (11–33, 56–76, 93–114, and 132–152) are transmembrane. The Ala22Thr mutation was located in the first transmembrane segment of ATP6V0C protein (Figures 2C,D). The three-dimensional (3D) structure of the c-subunit was performed by Phyre2 and PyMOL (Figures 2B,C and Supplementary Figure 1). Considering that the Ala22Thr mutation was a heterozygote, so there should be at least four Ala22Thr mutants located in the proteolipid c-ring of V-ATPase. The molecular effect caused by the Ala22Thr mutation was further analyzed using available templates in Phyre2 and AlphaFold (Figure 2E). Residue Ala22 formed three hydrogen bonds with Gly18, Ala19, and Ser26 (Phyre2). AlphaFold showed that residue Ala22 formed three hydrogen bonds, one with Gly18 and two with Ser26. Both predictions showed that a novel hydrogen bond with Gly18 was formed when alanine at residue Ala22 was substituted by threonine (Figure 2E). Furthermore, the Ala22Thr lead to a new addition of hydroxide radical that potentially influence the proton transport in the hemichannel formed by proteolipid c-ring and a-subunit (Figures 2C,E). In addition, I-Mutant 3.0 program showed that the Ala22Thr cause a large decrease of the protein stability with a negative DDG value of 0.76 Kcal/mol.
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FIGURE 2. Schematic illustration of the ATP6V0C protein and molecular effect of Ala22Thr on ATP6V0C protein. (A) Structure diagram of major molecular components of vacuolar ATPase (V-ATPase), which is composed of a cytosolic V1 domain and a transmembrane V0 domain. The V0 domain consists of five different subunits: a, b, c, d, and e. The proteolipid c-ring was comprised of nine c-subunits (ATP6V0C protein) and one b-subunit. The “c-ring” couples the energy generated by ATP hydrolysis to the translocation of protons from the cytosol to the lumen through the hemichannel formed between the a-subunit and the proteolipid c-ring. (B) Three-dimensional (3D) structure of the V0 domain. (C) The focal structure of ATP6V0C protein. Ala22Thr was located in the first transmembrane domain of ATP6V0C protein with an addition of hydroxide radical. (D) The commonly used topographical diagram showing the five topological domains and the four transmembrane domains. (E) Left: residue Ala22 formed three hydrogen bonds with Gly18, Ala19, and Ser26 in Phyre2; AlphaFold showed that residue Ala22 formed three hydrogen bonds, one with Gly18 and two with Ser26. Right: both predictions showed that a novel hydrogen bond with Gly18 was formed when alanine at residue Ala22 was substituted by threonine. Furthermore, the Ala22Thr lead to a new addition of hydroxide radical that potentially influence the proton transport in the proteolipid c-ring of the hemichannel.




Clinical Features

ATP6V0C mutations were identified in two families with six affected individuals (Figures 1A,B, and Table 2). All affected individuals presented FS. The major clinical characteristics of the six patients were listed in Table 2.


TABLE 2. Clinical features of individuals with ATP6V0C mutations.
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The missense mutation (c.64G > A/p.Ala22Thr) was identified in family 1 with four individuals affected. The proband was a 5-year-old boy who had his first seizure at the age of 8 months with a fever of 38.5°C. It was a GTCS and lasted for 2–3 min. The febrile GTCS occurred approximately once every 2 months and tended to occur at a lower temperature (even at 37.3°C) later. Subsequently, afebrile GTCS occurred at the age of 1.5 years. Valproate (VPA) was then administered at a dose of 20 mg/kg/day. The seizure frequency decreased to around once every 4 months. At the age of 2 years and 2 months, the patient started to have myoclonic seizure with a frequency up to 1–2 times per day. Nitrazepam (NZP) was started (0.5 mg/kg/day) and the seizure frequency became 1 time per month within 4 months. At the age of 3 years and 8 months, lamotrigine (LTG) was added with a decrease of NZP, and the patient became seizure-free with VPA of 24.2 mg/kg/day, NZP of 0.3 mg/kg/day, and LTG of 1.2 mg/kg/day. Ictal video EEG recordings showed generalized polyspike-slow waves associated with myoclonic seizures (Figure 3A). Interictally, paroxysmal generalized 2∼4 Hz slow activities and irregular spike-slow waves (Figure 3B), or polyspike-slow waves with anterior predominance were recorded during wakefulness. The patient was born to non-consanguineous Chinese parents after a normal pregnancy and delivery. No positive signs in general and neurologic examinations were found. His intelligence, development, and growth were normal. His brain MRI scan, blood and cerebrospinal fluid routine biochemistry, metabolic, and pathogenic tests were normal. Three other members in this family, the father and two elder sisters, were affected by FS. They all had same seizure onset age and course from 8 months to 5 years old, normal intellectual and physical developments, and became seizure-free without antiepileptic therapy.
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FIGURE 3. Representative EEG recordings of the case 1. (A) Ictal EEG showed high-amplitude generalized polyspike-slow waves associated with myoclonic seizures. (B) Interictal paroxysmal generalized 2∼4 Hz slow activity, or irregular spike-slow waves with anterior predominance during wakefulness.


The proband in the family with Thr121Profs*7 was a 3-year-old boy who experienced FS at the age of 7 months. The FS then occurred every month in cluster, which consisted of 2–3 seizures. At the age of 1 year and 2 months, the patient suffered from afebrile GTCS. Valproate was then given at a dose of 21.2 mg/kg/day, and the seizure frequency reduced to once every 3 months. The patient became seizure-free with VPA of 23 mg/kg/day. The patient was born to non-consanguineous Chinese parents after a full-term pregnancy. He had an appropriate early developmental and had no physical malformations. His brain MRI and blood routine biochemical examination were normal. Video-EEG showed interictal paroxysmal generalized 2.5∼3.5 Hz slow activity. His paternal aunt carried the same mutation and was affected by FS in childhood. She had infrequent FS from 8 months to 4 years old and then became seizure free without medications. Both the proband and his paternal aunt had normal intellectual and physical developments.




DISCUSSION

The ATP6V0C gene is ubiquitously expressed across the whole lifespan and highly expressed in the central nervous system, prominently in the brain cortex, cerebellum, hypothalamus, and hippocampus (see text footnote 1). It encodes a 155-amino acid H+ transport protein ATP6V0C that is the c-subunit of the V0 domain of V-ATPase. V-ATPase is composed of a peripheral V1 domain that consists of A, B, C, D, E, F, G, and H subunits, and an integral V0 domain that consists of five different subunits: a, b, c, d, and e (Figures 2A,B). As one component of the multi-subunit enzyme complex of V-ATPase, ATP6V0C forms the proteolipid c-ring of the V-ATPase (Figures 2A,B), which is critical for the transport of H+ flow and determines the intra and extracellular pH value of neurons (Tombaugh and Somjen, 1997; Bonnet and Wiemann, 1999; Mangieri et al., 2014). The ATPase H+ transporting V1 subunit A (ATP6V1A) gene that encodes V-ATPase subunit A, have been reported to be associated with developmental and epileptic encephalopathy 93 (DEE-93, MIM: 618012) (Fassio et al., 2018). However, the association between ATP6V0C gene variants and human disease has not been determined. In the present paper, we identified two ATP6V0C mutations that co-segregated with the disease in two unrelated families with six individuals affected. The two ATP6V0C mutations, including one missense mutation (c.64G > A/p.Ala22Thr) and one frameshift mutation (c.361_373del/p.Thr121Profs*7), were considered to be potentially deleterious because of the possibility of giving rise to alteration of the structure of proteolipid c-ring or producing a truncated transcript. The frequencies of the two ATP6V0C mutations in this cohort were statistically higher than that in the control groups of gnomAD and our 296 normal subjects. These data indicated that the ATP6V0C mutations were potentially associated with FS or FS related epilepsy.

Previous studies have described 16p13.3 microdeletions in several patients with epilepsy and microcephaly (Mucha et al., 2019; Tinker et al., 2020). The genetic abnormalities involved ATP6V0C and other genes such as AMDHD2, CEMP1, PDPK1, and TBC1D24. Two of the genes were suspected to be pathogenic, including PDPK1 that was categorized as a highly constrained gene due to the pLI score > 0.95 (Samocha et al., 2014; Feng et al., 2019) and TBC1D24 that had an established association with epilepsy (Duru et al., 2010; Falace et al., 2010; Luthy et al., 2019). An ATP6V0C de novo variant had been reported in a SCN1A-negative patient with Dravet syndrome while the patient simultaneously harbored de novo missense variants in the genes of NKAIN3 and SLC8A1 (Carvill et al., 2014). Recently, a de novo stop-loss variant in ATP6V0C had been identified in a patient with epilepsy and intellectual disability (Ittiwut et al., 2021). These data provided possible clues for the association between ATP6V0C and epilepsy, but the pathogenic role of ATP6V0C variants in those cases could not be determined due to the co-appearance of variants in other potentially pathogenic genes or the single affected case. In the present study, we identified ATP6V0C mutations in two families with six individuals affected; and the other possible pathogenic genes were excluded. Therefore, this study provided more direct evidence in supporting the association between ATP6V0C and epilepsy.

Experiments in zebrafish embryos showed that loss-of-function of ATP6V0C2 led to a complete inhibition of depolarization-evoked Ca2+ influx in neurons (Chung et al., 2010). Homozygous ATP6V0C knockout mice exhibit neonatal lethality, abnormal embryonic tissue morphology, and failure of zygotic cell division (see text footnote 2), suggesting a pathogenic role of loss of function. In the present study, the ATP6V0C mutations included one frameshift mutation and one missense mutation. The frameshift mutation resulted in a loss of function by yielding a premature termination of 28 residues at the C-terminus of the protein. The missense mutation was located in the proteolipid c-ring that cooperated with a-subunit forming the hemichannel for proton transferring. It also affected the hydrogen bonds with surround residues and the protein stability, implying a damaging effect. Thus, loss of function was potentially the underlying mechanism of the pathogenicity of ATP6V0C mutations. However, the direct functional effects of the ATP6V0C mutations were not examined, on which further studies are needed.

All the six affected individuals suffered from their first FS at the age of 7–8 months. The two probands later manifested afebrile seizures including myoclonic seizures that were similar to Dravet syndrome caused by SCN1A mutations. However, the patients with ATP6V0C mutations displayed good prognosis without psychomotor development disorders, although afebrile seizures or frequent seizures occurred. The myoclonic seizures responded well to LTG, which potentially produce seizure aggravation in patients with SCN1A mutations. This study showed a significant difference in clinical prognosis between the epilepsy caused by ATP6V0C mutations and Dravet syndrome caused by SCN1A mutations. Screening for ATP6V0C mutations thus imply clinical significance.



CONCLUSION

In conclusion, this study identified ATP6V0C mutations in two unrelated families with six individuals affected by FS or EFS+. All affected patients suffered from their first FS at the age of 7–8 months and displayed good prognosis without psychomotor development abnormalities. The frequencies of ATP6V0C mutations identified in this cohort were significantly higher than that in the control populations. These findings suggested that ATP6V0C is potentially a causative gene in FS or EFS+. Screening for ATP6V0C mutations would help differentiating patients with Dravet syndrome, which presented similar clinical manifestation but different responses to antiepileptic treatment.
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Objective: The PKD1 encodes polycystin-1, a large transmembrane protein that plays important roles in cell proliferation, apoptosis, and cation transport. Previous studies have identified PKD1 mutations in autosomal dominant polycystic kidney disease (ADPKD). However, the expression of PKD1 in the brain is much higher than that in the kidney. This study aimed to explore the association between PKD1 and epilepsy.

Methods: Trios-based whole-exome sequencing was performed in a cohort of 314 patients with febrile seizures or epilepsy with antecedent febrile seizures. The damaging effects of variants was predicted by protein modeling and multiple in silico tools. The genotype-phenotype association of PKD1 mutations was systematically reviewed and analyzed.

Results: Eight pairs of compound heterozygous missense variants in PKD1 were identified in eight unrelated patients. All patients suffered from febrile seizures or epilepsy with antecedent febrile seizures with favorable prognosis. All of the 16 heterozygous variants presented no or low allele frequencies in the gnomAD database, and presented statistically higher frequency in the case-cohort than that in controls. These missense variants were predicted to be damaging and/or affect hydrogen bonding or free energy stability of amino acids. Five patients showed generalized tonic-clonic seizures (GTCS), who all had one of the paired missense mutations located in the PKD repeat domain, suggesting that mutations in the PKD domains were possibly associated with GTCS. Further analysis demonstrated that monoallelic mutations with haploinsufficiency of PKD1 potentially caused kidney disease, compound heterozygotes with superimposed effects of two missense mutations were associated with epilepsy, whereas the homozygotes with complete loss of PKD1 would be embryonically lethal.

Conclusion: PKD1 gene was potentially a novel causative gene of epilepsy. The genotype-phenotype relationship of PKD1 mutations suggested a quantitative correlation between genetic impairment and phenotypic variation, which will facilitate the genetic diagnosis and management in patients with PKD1 mutations.
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INTRODUCTION

PKD1 (MIM 601313) is a gene with 46 exons located on chromosome 16p13. The encoded protein polycystin-1 (PC1) forms a complex with polycystin-2 (PC2), which regulates calcium permeable cation channels and intracellular calcium homeostasis (Semmo et al., 2014; Kim et al., 2016; Su et al., 2018). PC1 is distributed widely in multiple tissues, especially highly in the brain (Fagerberg et al., 2014). Its expression is also developmentally regulated with the highest level in fetal life and maintained throughout adulthood (Geng et al., 1997). Homozygous Pkd1 knockout mice have exhibited neural tube defects and embryonic or perinatal lethality (Lu et al., 2001; Lantinga-van Leeuwen et al., 2007). PC1 can also interact with homer 1/Vesl-1 and plays a role in synaptic plasticity in postnatal mouse hippocampus (Stokely et al., 2006). So far, PKD1 mutations were reported to be associated with autosomal dominant polycystic kidney disease (ADPKD, MIM 173900), which was featured by dilatation of the renal tubules leading to cyst formation and progressive renal failure. The relationship between PKD1 and diseases of the brain remains unknown.

Febrile seizures (FS) are the most common human convulsive event. Children with FS have a higher risk of developing spontaneous afebrile seizures (Baulac et al., 2004). Retrospective studies indicated that 10–15% of patients with epilepsy had antecedent FS (epilepsy with febrile seizures plus, EFS+) (Baulac et al., 2004). The gene associated with FS/EFS+ include ADGRV1, CPA6, DYRK1A, FEB2, FEB5, FEB6, FEB7, FEB9, FEB10, FGF13, GABRB3, GABRD, GABRG2, GEFSP4, GEFSP6, GEFSP8, HCN1, NPRL3, SCN1A, SCN1B, SCN2A, SCN9A, and STX1B (OMIM)1. In this study, we performed trios-based whole-exome sequencing (WES) in a cohort of patients of FS and epilepsy with antecedent FS. PKD1 compound heterozygous mutations were identified in eight unrelated cases, among which seven probands presented epilepsy with antecedent FS. This study suggested that PKD1 gene is potentially a candidate pathogenic gene of FS and epilepsy with antecedent FS.



MATERIALS AND METHODS


Patients

A total of 314 cases with febrile seizures and epilepsy with antecedent FS were recruited for genetic screening during January 2018–July 2021 from four hospitals, including The Second Affiliated Hospital of Guangzhou Medical University, Shenzhen Children’s Hospital, Guangzhou Women and Children’s Medical Center of Guangzhou Medical University, and Dongguan City Maternal and Child Health Hospital. Clinical characteristics of the affected individuals were collected, including present age, gender, age at seizure onset, seizure course, family history, state of development, effective antiepileptic drugs (AEDs). Magnetic resonance imaging (MRI) scans were performed to detect any brain structure abnormalities. Long-term video-EEG examination was obtained that included open-close eyes test, intermittent photic stimulation, hyperventilation, and sleeping recording. The results were reviewed by two qualified electroencephalographers. Epileptic seizures and epilepsies were diagnosed according to the criteria of the Commission on Classification and Terminology of the ILAE (1981, 1989, 2001, 2010, and 2017). FS was diagnosed with the criteria: (1) a seizure occurring in childhood after age of 1 month to 6 years accompanied by a fever, (2) the febrile illness not caused by central nervous system infection, (3) not meeting criteria for other acute symptomatic seizures. The patients and their parents (trios), and other available family members were screened for genetic variants by the whole-exome sequencing.

For the controls, a cohort of 296 healthy Chinese volunteers was recruited as a normal control group as our previous report (Wang et al., 2021). Frequencies of the identified variants were also compared with that in the other control populations, including East Asian and general populations in the Genome Aggregation Database (gnomAD)2.

This study was approved by the Ethics Committee of The Second Affiliated Hospital of Guangzhou Medical University, and written informed consent was obtained from all patients and their parents.



Whole Exome Sequencing

Whole blood samples were collected from the probands, their parents, and other available family members. Qiagen Flexi Gene DNA kit (Qiagen, Hilden, Germany) was used to extract genomic DNA from the whole blood samples. Trio-based whole-exome sequencing was performed on an Illumina HiSeq 2000 system by BGI-Shenzhen (Shenzhen, China) as previously described (Wang et al., 2021). The sequencing data were generated by massively parallel sequencing with >125 times average depth and >98% coverage in the capture region of the chip to obtain high-quality reads that were mapped to the Genome Reference Consortium Human Genome build 37 (GRCh37) by Burrows-Wheeler alignment. Single-nucleotide point variants and indels were called with the Genome Analysis Toolkit. To obtain the comprehensive list of candidate pathogenic variants in each trio, we adopted a case-by-case analytical pattern. We first prioritized the rare variants with a minor allele frequency <0.005 in the 1000 Genomes Projects, Exome Aggregation Consortium, and gnomAD, and then screened for possibly disease-causing variants in each case under the following five models: (1) epilepsy-associated gene (Wang et al., 2017); (2) de novo variant dominant; (3) autosomal recessive inheritance, including homozygous and compound heterozygous variants; (4) X-linked; and (5) co-segregation analysis. To identify novel epilepsy-associated genes, we put the known epilepsy-associated genes aside (Wang et al., 2017). Genes with repetitively identified de novo variants, bi-allelic variants, hemizygous variants, or variants with segregations, were selected for further studies to define the gene-disease association. PKD1 appeared as a candidate gene with recurrent compound heterozygous variants in this cohort. Sanger sequencing was used to validate the positive findings and the variant origination. All PKD1 variants identified in this study were annotated to reference transcript NM_001009944.2.



Protein Modeling and Mutation Analysis

To evaluate the pathogenicity of candidate variants, the structure of PC1 was modeled to predict the effect of missense mutations on protein structure by using the Iterative Threading ASSEmbly Refinement software (I-TASSER)3. The confidence of models was quantitatively measured by a C-score in the range of [–5,2]. Three models were predicted and utilized in this study with C-scores of −0.64, −1.14, and −3.02, respectively. PyMOL 2.3 software was used for three-dimensional protein structure visualization and analysis.

To evaluate the protein stability changes upon single nucleotide mutations, the free energy change value (ΔΔG, kcal/mol) was predicted by I-Mutant server4 (Capriotti et al., 2005). Variants were divided into three classes: large increase of protein stability (ΔΔG > 0.5 kcal/mol), large decrease of protein stability (ΔΔG < −0.5 kcal/mol), and neutral stability (−0.5 kcal/mol ≤ ΔΔG ≤ 0.5 kcal/mol). The consequences of all the missense variants were predicted by 21 in silico tools, including SIFT, PolyPhen2_HVAR, CADD, MutationTaster, Fathmm-MKL, fitCons, PhastCons, and GERP++.



Genotype-Phenotype Association Analysis

Previously, PKD1 mutations were reported to be associated with ADPKD. To explore the genotype-phenotype association of PKD1 mutations, we systematically reviewed all PKD1 mutations in the HGMD database (version: HGMD Professional 2021.3)5 and the ADPKD Variant database (version 4.0)6. The registered variants were reviewed from the references indexed in the databases. The literature was also searched on the PubMed database using the following search items: “biallelic mutation PKD1,” “compound heterozygous mutation PKD1,” and “homozygous mutation PKD1.” Some biallelic PKD1 mutations were reviewed from the cited references of publications from the initial search using the above-mentioned terms. Monoallelic and biallelic PKD1 mutations identified in patients with ADPKD or sporadic PKD were systematically reviewed and classified.



Statistical Analysis

R statistical software (version 4.0.3) was used for data processing. The frequencies of the PKD1 variants between the epilepsy cohort and the controls were compared by a two-sided Fisher exact test (Consortium, 2015). The burden of recessive variants was analyzed according to the method recommended recently (Martin et al., 2018). A p value of <0.05 was considered to be statistically significant.



Evaluating PKD1 Gene as a Novel Candidate Epilepsy Gene

The Clinical Validity Framework that was developed by Clinical Genome Resource (ClinGen) was performed to evaluate PKD1 as a novel candidate epilepsy gene (Strande et al., 2017).




RESULTS


Identification of PKD1 Mutations

Eight pairs of compound heterozygous missense variants, including c.3362G > A/p.S1121N and c.8680G > A/p.A2894T, c.5401C > T/p.P1801S and c.6878C > T/p.P2293L c.8744A > G/p.N2915S and c.11689C > T/p.L3897F, c.10315C > T/p.R3439W and c.12391_12392delinsTT/p.E4131L, c.3587C > T/p.T1196M and c.10733C > T/p.A3578V, c.5212C > T/p.L1738F and c.10102G > A/p.D3368N, c.6706T > C/p.F2236L and c.10760C > T/p.A3587V, and c.1966C > G/p.L656V and c.4817C > G/p.T1606S, were identified in eight unrelated cases with FS or EFS+ (Table 1 and Figure 1). The heterozygotes were inherited from their asymptomatic parents, indicating that PKD1 variants in FS and EFS+ followed an autosomal recessive mode of inheritance.


TABLE 1. Clinical feature of the individuals with PKD1 mutations.
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FIGURE 1. Genetic data of cases with PKD1 mutations. (A) Pedigrees of eight cases with compound heterozygous PKD1 missense mutations and their corresponding phenotypes. FS, febrile seizure; CPS, complex partial seizure; GTCS, generalized tonic-clonic seizure. (B) DNA sequencing chromatogram of PKD1 mutations. Arrows indicate the positions of the mutations. (C) Amino acid sequence alignment of the sixteen missense variants show that residues P2293L, N2915S, E4131L, D3368N, and T1606S are highly conserved in various species; S1121N, P1801S, L3897F, T1196M, L1738F, and F2236L were likely to be highly conserved across mammalian species; while L656V, A2894T, R3439W, A3578V, and A3587V are less conserved.


All heterozygous variants presented no or low allele frequencies in the gnomAD database (Table 2). Homozygotes of these variants were not listed in any public databases. None of the variants were observed in the 296 normal controls. When the burden of recessive variants was analyzed (Martin et al., 2018), the PKD1 variants in the present cohort were significantly more than the expected number by chance in the East Asian population [minor allele frequency (MAF) < 0.005, p = 0.0004208]. Furthermore, the aggregate frequency of the variants in this cohort was significantly higher than that in the five controls (Table 2), including the gnomAD-all population (16/628 vs. 248/221464, p = 2.2 × 10–16), the controls of gnomAD-all population (vs. 112/88270, p = 1.43 × 10–15), the gnomAD-East Asian population (vs. 162/16258, p = 0.001014), the controls of the gnomAD-East Asian population (vs. 76/7610, p = 0.002089), and the 296 normal controls (vs. 0/296, p = 3.06 × 10–5). None of the eight affected patients had pathogenic or likely pathogenic mutations in the 977 genes known to be associated with epileptic phenotypes (Wang et al., 2017).


TABLE 2. A gene-based burden analysis for PKD1 mutations identified in this study.
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The missense mutations P2293L, N2915S, E4131L, D3368N, and T1606S affected amino acid residues that are highly conserved in various species, and the residues S1121N, P1801S, L3897F, T1196M, L1738F, and F2236L were likely to be highly conserved across mammalian species, while the missense mutation L656V, A3578V, and A3587V were less conserved by sequence alignment, but were predicted to be conserved by in silico tools (Supplementary Table 1).



Molecular Location and Effect of PKD1 Variants

The 4303-residue PC1 comprises a long N-terminal extracellular region, eleven transmembrane helices, and a C-terminal coiled-coil domain7. The N-terminal extracellular portion contains leucine-rich repeats (LRR), a C-type lectin domain, immunoglobulin (Ig)-like PKD repeat domains, a single low-density lipoprotein (LDL) receptor motif, the receptor for egg jelly (REJ) domain, and G protein-coupled receptor proteolysis site (GPS; Hughes et al., 1995; Rondeau, 1995; Gallagher et al., 2010; Arac et al., 2012; Ha et al., 2020). The majority (10/16) of missense mutations were located in the N-terminal extracellular region, among which five variants were located in the PKD repeat domains, including S1121N, T1196M, T1606S, L1738F, and P1801S. This region of PC1 likely plays an important role in cell-cell and cell-matrix interactions (Babich et al., 2004). The other six variants were located in transmembrane helices and C-terminal coiled-coil domain, including R3439W and L3368F in TM3–TM4 linker, A3578V in TM4 domain, A3587V in TM5 domain, L3897F in S1–S2 linker and E4131L in C-terminal (Figure 2). No hotspot variant or region was observed.


[image: image]

FIGURE 2. Schematic illustration of the PC1 and locations of the PKD1 mutations identified in this study.


The molecular effect of the missense variants was further analyzed by protein modeling using I-TASSER (Figure 3). Two pairs of compound heterozygous variants (c.8744A > G/p.N2915S and c.11689C > T/p.L3897F, c.12391_12392delinsTT/p.E4131L and c.10315C > T/p.R3439W) had hydrogen bonding changes in both biallelic variants. Another three pairs (c.3362G > A/p.S1121N and c.8680G > A/p.A2894T, c.10102G > A/p.D3368N and c.5212C > T/p.L1738F, c.1966C > G/p.L656V and c.4817C > G/p.T1606S) had hydrogen bonding changes in one of the paired variants. The other three pairs (c.5401C > T/p.P1801S and c.6878C > T/p.P2293L, c.3587C > T/p.T1196M and c.10733C > T/p.A3578V, c.6706T > C/p.F2236L and c.10760C > T/p.A3587V) showed no hydrogen bond changes, but P1801S and F2236L were predicted to decrease the protein stability measured by ΔΔG.
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FIGURE 3. Hydrogen bond changes of the PKD1 mutants. Variants with changes on hydrogen bonding or free energy stability are highlighted in red.




Clinical Features of the Cases With PKD1 Mutations

The detailed clinical characteristics of the eight cases with compound heterozygous PKD1 variants were summarized in Table 1. All patients began with FS, which started ranged from 1 to 6 years old, with a median onset age of 2.7 years. Seven patients developed afebrile seizures and were diagnosed as epilepsy with antecedent FS, and one patient (case 7) was affected by only FS. Six of the patients had complex partial seizures. Five patients showed generalized tonic-clonic seizures (GTCS), whom all had one of paired variants that was located in the PKD domains. All patients suffered infrequent seizures that ranged from several episodes to monthly seizures and became seizure-free finally, including two without AEDs treatment (case 2 and 7), four after monotherapy of AEDs (case 1, 5, 6, and 8), and two with combination of two AEDs (case 3 and 4). The EEGs in the seven patients with epilepsy showed focal discharges or diffused discharges with predominance in focal regions (Table 1 and Figure 4). Brain MRI was normal in all cases. All the patients had normal development and showed no enlarged kidneys or kidney cysts.


[image: image]

FIGURE 4. Representative EEG recordings from patients with compound heterozygous PKD1 mutations. (A) Interictal EEG in case 3 showed spike-slow and slow waves in the right anterior frontal and temporal regions. (B) Interictal EEG in case 4 showed spike-slow and slow waves in the bilateral occipital lobes and diffused spike-slow waves. (C) Interictal EEG in case 5 showed irregular diffused spike-slow waves with predominance in the right areas. (D) Interictal EEG in case 8 showed spike-slow waves in the right frontal and temporal regions.


In summary, the patients with compound heterozygous PKD1 variants showed several common features: all began with febrile seizures; suffered infrequent seizures and became seizure-free; focal discharges in EEGs; and normal neurodevelopment.



The Expression Profile of PKD1

The expression of PC1 is ubiquitously distributed and developmentally regulated, predominantly during embryonic, infant, and adult stage. Tissue-specific expression is the basis of gene function and subsequently the clinical phenotype. We thus compared the expression of PKD1 in the human brain and the kidney. In UniGene database, PKD1 in the brain is expressed 1.79 times as much as that in the kidney (Figure 5A)8. Furthermore, data from the GTEx database showed that PKD1 was highly and widely expressed in all sub-regions of the brain, including the cortex, hypothalamus and hippocampus. Expression of PKD1 in these sub-regions of the brain was higher than that in the kidney, for example, the expression in the brain cortex was 6.10 times higher than that in the kidney cortex (Figure 5B)9.
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FIGURE 5. Tissue expression of PKD1. (A) The overall expression of PKD1 in different tissues retrieved from NCBI. (B) Comparison of PKD1 expression in the sub-regions of human brain and kidney retrieved from GTEx.




Genotype-Phenotype Association of PKD1 Variants

To explore the mechanism underlying phenotypic variations, we systematically reviewed PKD1 mutations and analyzed correlations between genotypes and phenotypes. To date, a total of 2599 mutations have been registered to be associated with ADPKD or sporadic PKD in the HGMD database and ADPKD Mutation Database. ADPKD/PKD-associated PKD1 mutations were mainly monoallelic mutations (90.9%, 2360/2599), among which majority (72.3%, 1706/2360) were destructive mutations, including nonsense, splicing defects, frameshifting, in frame deletion/insertions, and large rearrangements. A small portion (9.1%) of the 2599 mutations were reported as biallelic mutations in ADPKD/PKD, including 114 pairs of compound heterozygotes and nine pairs of homozygotes. It was noticed that the nine pairs of PKD1 homozygotes were associated with a severe phenotype in 14 individuals, and 21.4% of the patients with homozygotes (3/14) were premature neonate died and others (71.4%, 10/14) exhibited in utero onset ADPKD (Cornec-Le Gall et al., 2018; Al-Hamed et al., 2019; Garel et al., 2019; Durkie et al., 2021).

In contrast, in the present study, FS/EFS+ associated PKD1 mutations were all compound heterozygous missense mutations (100%, 16/16).



Evaluation of Epilepsy as a Novel Phenotype of PKD1 Variants

We evaluated the PKD1-epilepsy correlation by using ClinGen Clinical-Validity Framework. The total allowable points from clinical-genetic aspect were 7.5 points and that from experimental aspect were 6 points. The results of clinical validity summary matrix were 13.5 points that was categorized as “Strong,” supporting the association between PKD1 variants and FS/EFS+ (Table 3).


TABLE 3. Evaluating the clinical validity of PKD1-epilepsy associations based on the framework developed by the clinical genome resource.
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DISCUSSION

PKD1 encodes PC1, a large transmembrane protein that plays multiple roles in cell proliferation, apoptosis, cell polarity, and cation transport (Paul and Vanden Heuvel, 2014). Previous studies have demonstrated that PKD1 is the major causative gene of ADPKD, of which mutations are responsible for 85% of ADPKD cases (Paul and Vanden Heuvel, 2014; Kim and Park, 2016). However, the expression of PC1 in the brain is much higher than that in the kidney (Figures 5A,B), suggesting a role in the function of the brain. In the present study, compound heterozygous PKD1 mutations were identified in eight unrelated cases with FS and epilepsy with antecedent FS. The frequency of the PKD1 variants in the cohort of epilepsy was significantly higher than that in control populations in gnomAD. These findings suggested that PKD1 was potentially associated with epilepsy. The evaluation from ClinGen Clinical-Validity Framework also supports a strong association between PKD1 mutations and epilepsy.

The transmembrane protein PC1 comprises a large extracellular N terminus, eleven membrane-spanning domains, and a short cytoplasmic C terminus. It functions as a channel subunit, cell surface receptor, and G-protein coupled receptor (Hu and Harris, 2020). PC1 may form ion channel pore by itself or contribute to channel pore via formation of heteromultimeric channels with PC2 (Babich et al., 2004). Generally, PC1 interacts with PC2 through the C-terminal tail to form a voltage-regulated Ca2+ channel, which regulates intracellular calcium influx. The simultaneous presence of both PC1 and PC2 amplify the inositol trisphosphate-induced Ca2+ release (Mekahli et al., 2012). Expression of PC1 can also regulate channel activity independent of the channel activity of PC2 (Babich et al., 2004). As a constitutive activator of G-proteins, PC1 activates endogenous voltage-activated Ca2+ channels and G protein-activated inward rectifying K+ channels in sympathetic neurons (Delmas et al., 2002). Deletion of PC1 caused complete loss of ionic currents (Babich et al., 2004). The calcium homeostasis is critical for neuronal stability and excitation, and the intracellular Ca2+ is essential for many basic cellular processes of neurons. Besides, PC1 is extensively expressed in the brain, especially in the cortex and hippocampus. These findings provide an electrophysiological and an anatomical basis for epileptogenesis.

As a receptor, PC1 is involved in multiple signaling pathways, such as Wnt signaling pathway, AP-1, PI3kinase/Akt, GSK3β, STAT6, and the mammalian target of rapamycin (mTOR) pathway (Boca et al., 2007; Boletta, 2009; Holditch et al., 2019). PC1 inhibits mTOR activity by stabilizing the tuberous sclerosis 1-tuberous sclerosis 2 (TSC1–TSC2) complex, which is known as a negative regulator of the mTOR complex (Boletta, 2009; Distefano et al., 2009). Through mediating signaling, PC1 regulates cell proliferation, differentiation, and apoptosis (Paul and Vanden Heuvel, 2014). Homozygous Pkd1 knockout mice have exhibited neural tube defects and embryonic lethality (Lu et al., 2001; Lantinga-van Leeuwen et al., 2007), indicating that PKD1 is important for the development of the brain. In the present study, the seven patients with EFS+ and PKD1 mutations had complex partial seizures and/or focal discharges in EEGs, suggesting potential neurodevelopmental abnormalities. However, whether the PKD1 variants were associated with brain malformation warrants further studies with large cohorts and advanced neuroimaging techniques.

It was noticed that five patients with GTCS had one of the paired missense variants that was located in the Ig-like PKD repeat domains of the N terminus. The PKD repeat domains play an important role in the PC1-dependent channel activity (Babich et al., 2004), possibly through regulating homophilic cell-cell/cell-matrix interactions (Ibraghimov-Beskrovnaya et al., 2000). Extracellular application of antibodies against the Ig-like PKD domains disrupted cell-cell adhesion, and reduces PC1-dependent ionic currents (Ibraghimov-Beskrovnaya et al., 2000; Babich et al., 2004). These data suggested that mutations in the PKD domains were possibly associated with GTCS, which warrants further validation by large cohorts and functional studies.

Previously reported PKD1 mutations were mainly associated with ADPKD. From the genotype aspect, ADPKD-associated PKD1 mutations were mainly monoallelic, and majority of the mutations were destructive (Sandford, 2009; Cornec-Le Gall et al., 2014; Lanktree et al., 2021), implying that monoallelic mutations with haploinsufficiency of PKD1 potentially caused kidney disease. Less commonly, truncating PKD1 mutations were identified in families ADPKD (Lanktree et al., 2021). Homozygotes of PKD1 mutations caused severe phenotype with in utero onset ADPKD or premature neonate death (Cornec-Le Gall et al., 2018; Al-Hamed et al., 2019; Garel et al., 2019; Durkie et al., 2021), consistent with the embryonic lethality in homozygous Pkd1 knockout mice (Lu et al., 2001; Lantinga-van Leeuwen et al., 2007). A quantitative correlation between genetic impairment and phenotypic severity was suggested. In the present study, the PKD1 mutations identified in our patients with FS/EFS+ were all compound heterozygous missense mutations. All patients showed infrequent seizures and became seizure-free without AEDs treatment or after treatments of one or two AEDs. All the children showed no enlarged kidney or kidney cysts at present. Whether they will develop kidney abnormalities in later adulthood needs further follow-up. On the other hand, attention should be paid to whether the PKD patients with compound heterozygous variants had self-limited FS or mild seizures in their early life.

This study has several limitations. The direct functional effects of the mutations were not examined. The whole spectrum of phenotype of PKD1 mutations warrants further determination with large cohorts.



CONCLUSION

This study identified eight pairs of compound heterozygous missense mutations in patients with FS/EFS+. These mutations presented significantly higher frequency in case cohort than that in the control populations. Taken together the data from gene expression profile, gene functions, and PKD1 deficiency animal model, it is suggested that PKD1 was potentially a novel cause of epilepsy. Further analysis revealed that monoallelic mutations with haploinsufficiency of PKD1 were associated with PKD, homozygotes with complete loss of PC1 would be embryonically lethal, whereas compound heterozygotes with superimposed effects of two missense mutations were potentially associated with epilepsy with good prognosis. The genotype-phenotype correlation helps explaining phenotypical variations.
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SHROOM4 Variants Are Associated With X-Linked Epilepsy With Features of Generalized Seizures or Generalized Discharges

Wen-Jun Bian†‡, Zong-Jun Li‡, Jie Wang, Sheng Luo, Bing-Mei Li, Liang-Di Gao, Na He and Yong-Hong Yi*†

Institute of Neuroscience and Department of Neurology, Key Laboratory of Neurogenetics and Channelopathies of Guangdong Province and the Ministry of Education of China, The Second Affiliated Hospital of Guangzhou Medical University, Guangzhou, China

Edited by:
Qian Chen, Massachusetts Institute of Technology, United States

Reviewed by:
Xiaofeng Yang, Bioland Laboratory, China
Nigel CK Tan, National Neuroscience Institute (NNI), Singapore

*Correspondence: Yong-Hong Yi, yyh168@sina.com

†ORCID: Wen-Jun Bian, orcid.org/0000-0002-7175-1210; Yong-Hong Yi, orcid.org/0000-0002-6075-2015

‡These authors have contributed equally to this work

Specialty section: This article was submitted to Molecular Signalling and Pathways, a section of the journal Frontiers in Molecular Neuroscience

Received: 26 January 2022
Accepted: 25 April 2022
Published: 17 May 2022

Citation: Bian W-J, Li Z-J, Wang J, Luo S, Li B-M, Gao L-D, He N and Yi Y-H (2022) SHROOM4 Variants Are Associated With X-Linked Epilepsy With Features of Generalized Seizures or Generalized Discharges. Front. Mol. Neurosci. 15:862480. doi: 10.3389/fnmol.2022.862480

Objective: SHROOM4 gene encodes an actin-binding proteins, which plays an important role in cytoskeletal architecture, synaptogenesis, and maintaining gamma-aminobutyric acid receptors-mediated inhibition. SHROOM4 mutations were reported in patients with the Stocco dos Santos type of X-linked syndromic intellectual developmental disorder (SDSX; OMIM# 300434). In this study, we investigated the association between SHROOM4 and epilepsy.

Methods: Trios-based whole-exome sequencing was performed in a cohort of 320 cases with idiopathic generalized epilepsy or idiopathic partial epilepsy. Protein modeling was used to assess the damaging effects of variations.

Results: Six hemizygous missense SHROOM4 variants, including c.13C > A/p. Pro5Thr, c.3236C > T/p.Glu1079Ala, c.3581C > T/p.Ser1194Leu, c.4288C > T/p.Arg1430Cys, c.4303G > A/p.Val1435Met, c.4331C > T/p.Pro1444Leu, were identified in six cases with idiopathic epilepsy without intellectual disability. All patients presented with features of generalized seizures or generalized discharges. These hemizygous variants had no or extremely low allele frequencies in controls and showed statistically higher frequency in the case cohort than controls. All variants were predicted to alter hydrogen bond with surrounding amino acids or decreased protein stability. The SHROOM4 variants reported in patients with SDSX were mostly destructive or duplicative variants; in contrast, the SHROOM4 variants were all missense variants, suggesting a potential genotype-phenotype correlation. The two missense variants associated with SDSX were located in the middle of SHROOM4 protein, whereas variants associated with idiopathic epilepsy were located around the N-terminal PDZ domain and the C-terminal ASD2 domain.

Significance: SHROOM4 was potentially a candidate pathogenic gene of idiopathic epilepsy without intellectual disability. The genotype-phenotype correlation and sub-regional effect helps understanding the mechanism underlying phenotypic variation.

Keywords: epilepsy, SHROOM4 gene, whole-exome sequencing, intellectual disability, genotype-phenotype correlation, sub-regional effect


INTRODUCTION

SHROOM4 gene (OMIM* 300579) (also known as KIAA1202 gene) resides on Xp11.22 and encodes a member of the actin-binding proteins of shroom family (Hagens et al., 2006), which contain a PDZ and an ASD2 domain. The SHROOM4 protein is broadly distributed, including the brain and predominantly during embryonic and adult period. SHROOM4 and members of this protein family have been shown to localize at the cytoskeleton, and play a role in neurulation, cellular architecture, actin remodeling, ion channel function, and synaptogenesis (Hagens et al., 2006; Zapata et al., 2017). SHROOM4 mutations have been demonstrated to be associated with Stocco dos Santos type of X-linked syndromic intellectual developmental disorder (SDSX; OMIM# 300166) (Froyen et al., 2007; Honda et al., 2010; Armanet et al., 2015; Farwell et al., 2015). Knockdown of SHROOM4 in rat severely impairs gamma-aminobutyric acid (GABA) receptors activity causing increased anxiety-like behavior and susceptibility to seizures (Zapata et al., 2017). However, the relationship between SHROOM4 gene mutations and epilepsy is not determined.

In this study, we performed trio-based whole-exome sequencing (WES) in a cohort of patients with idiopathic epilepsy. Six novel hemizygous missense variants of SHROOM4 were identified in six unrelated cases with epilepsy with generalized seizures or generalized discharges on electroencephalography (EEG). To understand the mechanism of phenotypic variation, we analyzed the genotype-phenotype correlation and the sub-regional effect of SHROOM4 variants.



MATERIALS AND METHODS


Patients

A total of 320 cases (trios) with epilepsy without acquired causes (idiopathic epilepsies) were recruited in this study from the Epilepsy Center of the Second Affiliated Hospital of Guangzhou Medical University in China between January 2013 and December 2020. The complete pedigree and clinical data of the probands were collected, including age, gender, age of seizure onset, type, course, and frequency of seizure, family history, therapy, prognosis, general and neurological examination, long-term video EEG, and brain magnetic resonance imaging (MRI). Epilepsy syndromes and epileptic seizures were diagnosed according to the criteria of the Commission on Classification and Terminology of the ILAE (1981, 1989, 2001, 2010, and 2017). Idiopathic generalized epilepsy were diagnosed based on a range of seizure types including absence, spasms, myoclonus, clonic, atonic, tonic, and tonic-clonic seizures, supported by typically generalized discharges on EEG. Idiopathic partial epilepsy had partial seizures and features of bilateral discharge or tendency of generalized discharge. EEG examinations showed focal abnormalities with features of idiopathic epilepsies, including shifting, bilateral, or multiple focal discharges with normal backgrounds. Patients with acquired causes were excluded. All subjects were followed up for at least one year.

This project was approved by the Ethics Committee of the Second Affiliated Hospital of Guangzhou Medical University and was conducted according to the guidelines of the International Committee of Medical Journal Editors regarding patients’ consent for research or participation. Written informed consent was obtained from the patients and their legal guardians.



Whole-Exome Sequencing and Genetic Analysis

Peripheral blood samples were obtained from the probands, parents, and other available family members to determine the origin of the identified genetic variants. Genomic DNA was extracted as previously reported (Wang et al., 2018; Shi et al., 2019). Trio-based Whole-Exome Sequencing (WES) was performed with the Illumina HiSeq 2500/4000 platform by BGI-Shenzhen (Shenzhen, China). Deep sequencing data were aligned to the reference GRCh37 build (hg19) and variants were called according to the standard procedures as previously reported (Shi et al., 2019). A case-by-case analytical approach was used to identify candidate causative variants in each trio. Generally, the rare variants with a minor allele frequency < 0.005 were first prioritized in the 1000 Genomes Projects, Exome Aggregation Consortium, and Genome Aggregation Database (gnomAD) (Genomes Project et al., 2015; Karczewski et al., 2020). Next, potentially pathogenic mutations were retained, including frameshift, nonsense, canonical splice site, initiation codon, and missense mutations predicted as being damaging by in silico tools1. Finally, potential disease-causing variants were screened under following five models: (1) epilepsy-associated gene model; (2) de novo dominant inheritance model; (3) autosomal recessive inheritance model, including compound heterozygous and homozygous variants; (4) X-linked inheritance model; (5) co-segregation model. To identify novel epilepsy-associated genes, the known epilepsy-associated genes (Wang et al., 2017) were not analyzed in the present study. Genes with repetitively identified de novo variants, bi-allelic variants, hemizygous variants, or variants with segregations, were selected for further studies to define the gene-disease association. SHROOM4 appeared as one of the candidate genes with recurrent hemizygous variants in this cohort. All variants in SHROOM4 were annotated based on transcript NM_020717.5. Positive findings and the variant origination were validated by Sanger sequencing.



Mutation Analysis

Protein modeling was conducted via Iterative Threading ASSEmbly Refinement (I-TASSER) software to predict the effect of candidate variants on molecular structure (Zhang, 2008; Yang and Zhang, 2015). Three-dimensional protein structure and hydrogen bonds alteration were visualized and analyzed by using PyMOL 1.7.

I-Mutant server was used to predict protein stability alteration caused by single nucleotide mutations-related amino acid change (Capriotti et al., 2005). Protein stability was measured with free energy change value (DDG, kcal/mol).

To evaluate the genotype–phenotype correlation, SHROOM4 variants were systematically reviewed through PubMed database and human gene mutation database up to December 2021.



Statistical Analysis

IBM SPSS Statistics 19 was used for statistical analysis. Fisher’s exact test was applied to access the allele frequencies of SHROOM4 variants in the cohort of this study and the control populations, and the proportions of missense variants between epilepsy and intellectual disability. A p value of < 0.05 was considered to be statistically significant.




RESULTS


Identification of SHROOM4 Variants

Six hemizygous missense variants in SHROOM4, including c.13C > A/p.Pro5Thr, c.3236C > T/p.Glu1079Ala, c.3581C > T/p.Ser1194Leu, c.4288C > T/p.Arg1430Cys, c.4303G > A/p.Val1435Met, and c.4331C > T/p.Pro1444Leu, were identified in six unrelated cases with idiopathic epilepsy (Figure 1 and Table 1). All of the hemizygous missense variants were inherited from their asymptomatic mothers, consisted with a classical X-linked recessive (XLR) inheritance pattern (Figures 1A,B).


[image: image]

FIGURE 1. Genetic data of cases with SHROOM4 variants. (A) Pedigrees of the six cases with SHROOM4 mutations and their corresponding phenotypes. (B) DNA sequence chromatogram of the SHROOM4 mutations. Arrows indicate the positions of the mutations. (C) The amino acid sequence alignment of the six missense mutations shows that the residues Pro5, Glu1079, Ser1194, Arg1430, Val1435, and Pro1444 are highly conserved across species.



TABLE 1. Clinical features of the individuals with SHROOM4 variants.

[image: Table 1]
No hemizygote of these variants were found in the controls of gnomAD-all populations, except the variant Ser1194Leu with an extremely low frequency (1/87,776) (Table 2). All of the hemizygous variants were not found in the controls of gnomAD-East Asian populations.


TABLE 2. Analysis of the aggregate frequency of SHROOM4 variants identified in this study.

[image: Table 2]
The aggregate frequency of the hemizygous variants in this cohort was significantly higher than that in controls (Table 2), including the gnomAD-all population (6/448 vs. 2/180,876; p = 6.134 × 10–15), the controls of gnomAD-all population (vs. 1/79,656; p = 4.273 × 10–13), the gnomAD-East Asian population (vs. 0/13,792, p = 9.386 × 10–10), and the controls of the gnomAD-East Asian population (vs. 0/6,901, p = 9.462 × 10–8).

All SHROOM4 variants identified in this study were predicted to be damaging by one of the silico tools (Supplementary Table 1). Protein sequence alignment indicated that five of six variants are located at residues that are highly conserved across species (Figure 1C). The Arg1430 was less conserved but was predicted to be conserved by GERP (score = 4.15) and phyloP (score = 2.907) (Supplementary Table 2). None of the six affected patients had pathogenic or likely pathogenic variants in genes known to be associated with epileptic phenotypes (Wang et al., 2017).



Clinical Features

The clinical features of the six cases with SHROOM4 variants were summarized in Table 1. The onset age of seizures ranged from 3 years to 16 years old, with a median age of onset of 5.5 years. The patient of case 1 was diagnosed as childhood absence epilepsy (CAE) characterized by absence seizure and 3 Hz generalized spike-slow waves on EEGs (Figure 2A). The patients of case 3, case 4, and case 5 were diagnosed as generalized epilepsy, including Lennox-Gastaut syndrome (LGS), idiopathic generalized epilepsy (IGE), and childhood myoclonic epilepsy (CME); and the three cases had both generalized and focal discharge features on EEGs (Figures 2C−E). The patients of case 2 and case 6 were diagnosed as partial epilepsy, i.e., benign childhood epilepsy with centrotemporal EEG spikes (BECTS) and idiopathic partial epilepsy (IPE), but their EEGs had generalized discharges (asymmetric) (Figures 2B,F). In a word, these patients mainly present with generalized epilepsy, or idiopathic partial epilepsy with generalized seizures or generalized discharge on EEGs. All patients showed normal development. Their brain MRI were normal. These patients all presented good responses to antiepileptic drug and achieved seizure-free.
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FIGURE 2. Changes of interictal EEGs and MRI in the cases with SHROOM4 variants. (A) Interictal EEG of case 1 showed 3 Hz generalized spike-slow waves (obtained at the age of 7 years). (B) Interictal EEG of case 2 showed bilateral central-temporal independent sharp waves and spikes (obtained at the age of 7 years). (C) Interictal EEG of case 3 showed generalized slow waves and left temporal spike-slow waves (obtained at the age of 14 years). (D) Interictal EEG of case 4 showed irregular generalized spike-slow waves (obtained at the age of 16 years). (E) Interictal EEG of case 5 showed irregular polyspike-slow waves and bilateral temporal independent spike-slow waves (obtained at the age of 4 years). (F) Interictal EEG of case 6 showed right predominant generalized spike-slow waves, bilateral temporal independent spike-slow waves (obtained at the age of 3 years).




Molecular and Molecular Sub-Regional Effects of the SHROOM4 Variants

The SHROOM4 protein contains two evolutionarily conserved domains, i.e., an N-terminal PDZ domain, and a C-terminal ASD2 domain (Hagens et al., 2006; Yoder and Hildebrand, 2007). In the present study, variant Pro5Thr was located in the N-terminal PDZ domain, while Glu1079Ala, Ser1194Leu, Arg1430Cys, Val1435Met, and Pro1444Leu were located in or near to the C-terminal ASD2 domain (Figure 3A).
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FIGURE 3. Schematic illustration of SHROOM4 variants. (A) Linear schematic of missense SHROOM4 mutations and their locations on SHROOM4 protein. Mutations associated with epilepsy were shown in red color. Mutations associated with ID were shown in blue. ΔThe mutation was found in this study (B) Changes of hydrogen bonds and free energy change value (DDG) of the mutations. (C) The proportion of missense mutations in epilepsy and ID. *The proportion of missense mutations in epilepsy is significantly higher than that in ID.


The molecular effect of the missense variants was analyzed by using I-TASSER for protein modeling and PyMOL 1.7 for visualization (Figure 3B). Three of the variants, including Glu1079Ala, Ser1194Leu, and Arg1430Cys, changed hydrogen bonds with the surrounding residues. Originally, Glu1079 formed two hydrogen bonds with residues Leu1080 and Lys1083, respectively. When glutamine was replaced by alanine, the hydrogen bonds with Leu1080 was destroyed. Ser1194 formed two hydrogen bonds with His1190. When serine was replaced by leucine, one of the hydrogen bond was destroyed. Arg1430 formed seven hydrogen bonds with residues Asp1371, Glu1423, His1427, Asp1429, and Arg1431, respectively. When arginine was replaced by cystine, five hydrogen bonds with Asp1371, Glu1423, and Asp1429 were destroyed, and only the hydrogen bonds with His1427 and Arg1431 were kept.

The other three variants, including Pro5Thr, Pro1444Leu, and Val1435Met, have no changed in hydrogen bonds, but they were predicted to decrease the protein stability significantly (ΔΔG values < −0.5 kcal/mol) (Figure 3B).



Genotype-Phenotype Correlation

Previously, 12 SHROOM4 variants have been reported, including 3 missense (Hagens et al., 2006; Farwell et al., 2015; Routier et al., 2019), 2 duplications (Froyen et al., 2007; Isrie et al., 2012), and 7 destructive variants (1 nonsense, 3 gross deletion variants (Honda et al., 2010; Armanet et al., 2015; Danyel et al., 2019; Heide et al., 2020), and 3 complex rearrangements (Hagens et al., 2006; Dong et al., 2021)) (Supplementary Table 2). Eleven of the variants associated with intellectual disability (ID), of which 9 were destructive mutations or duplications (Figure 3C). Among the three missense variants, one missense variant was associated with ID (Farwell et al., 2015) and one missense variant was associated with ID and seizures (Hagens et al., 2006). Additional one missense variant (His401Tyr) was reported to be associated with myoclonic-atonic epilepsy (MAE) (Routier et al., 2019). These variants are all hemizygous. In this study, all hemizygous variants were missense variants, which were associated with idiopathic epilepsy without ID (Figure 3A). The proportion of missense variants in epilepsy (7/7) was significantly higher than that in ID (1/10) (p < 0.001) (Figure 3C), suggesting a genotype-phenotype correlation.




DISCUSSION

SHROOM4 gene encodes an actin-binding proteins, which plays an important role in cytoskeletal architecture, synaptogenesis, and maintaining GABAB receptor-mediated inhibition. Hemizygous missense variants were identified in six cases with idiopathic epilepsy without intellectual disability (Figure 1A). All patients presented with features of generalized seizures or generalized discharges. These hemizygous variants had no or extremely low allele frequencies in controls and showed statistically higher frequency in the case cohort than controls (Table 2). All variants were predicted to alter hydrogen bond with surrounding amino acids or decreased protein stability. This study suggests that SHROOM4 is potentially a candidate causative gene of X-link epilepsy with features of generalized seizures or generalized discharges.

The SHROOM4 gene is widely expressed in the brain2. It plays a critical role in regulating dendritic spine morphology and controls the cell surface expression and intracellular trafficking of GABAB receptor (Zapata et al., 2017), which inhibit neuronal activity through G protein-coupled second-messenger systems (Euro, 2014; Yoo et al., 2017). In rat, Shrm4 were found to influence hippocampal excitability by modulating tonic inhibition in dentate gyrus granule cells. Knockdown of Shrm4 cause increased susceptibility to seizures (Zapata et al., 2017). Previously, a study identified a hemizygous missense variant in a family with ID and seizures (Hagens et al., 2006). Recently, a missense variant with unknown origin was also found in a male with MAE (Routier et al., 2019). However, the relationship between SHROOM4 mutations and epilepsy remains uncertain. In this study, we identified six novel hemizygous missense variants in six unrelated cases with idiopathic epilepsy but without ID, suggesting that SHROOM4 is potentially a candidate gene of epilepsy.

Previous studies have shown that mutations of the GABA receptors, such as, GABRA1, GABRA5, GABRA6, GABRB3, GABRD, GABRG2, were associated with idiopathic generalized epilepsy (Cossette et al., 2002; Hirose, 2006; Moller et al., 2017; Lee et al., 2018; May et al., 2018). Mutations of the GABAB receptor cause generalized epilepsy by impairing inhibitory network neurodevelopment (Samarut et al., 2018). Recent study found that knockdown of Shrm4 severely impairs GABAB receptor-mediated inhibition and thus potentially associated with generalized epilepsy. In the present study, patients with SHROOM4 variants presented mainly generalized epilepsy, such as CAE, MAE, LGS, IGE, and those with partial seizures also had bilateral or generalized discharge or generalized seizures (Table 1 and Figure 1), potentially suggesting an association between SHROOM4 variants and generalized epilepsy. The patients with SHROOM4 mutations showed good responses to proper antiepileptic treatment and got seizure free, in spite of frequent daily seizures in several cases. These findings suggested that the establishment of SHROOM4-epilepsy association would be potentially significant in management of the patients with SHROOM4 mutations.

Previously, 11 variants were reported in patients with ID (Ng et al., 2004), 9 of which were destructive mutations or duplications (Figure 3C and Supplementary Table 2). Only two of those variants were missense variants. In contrast, epilepsy-associated variants were all missense variants (Figure 3C), suggesting a genotype-phenotype correlation.

SHROOM4 gene encodes a member of the Shroom family, which contains an N-terminal PDZ domain and a C-terminally positioned motif termed ASD2 (Hagens et al., 2006; Yoder and Hildebrand, 2007). The PDZ domain interacts with C terminus of GABAB receptors, while the ASD2 domain is capable of inducing myosin II-dependant changes in cell shape. The central portion of the protein appears to be an actin targeting sequence and mediated Shrm4 localization (Yoder and Hildebrand, 2007). The current data demonstrated that two missense variants located in or closed to N-terminal PDZ domain were associated with generalized epilepsy; two missense variants located in the middle of protein were associated with ID, one of which was located near to C-terminal ASD2 domain and associated with epilepsy (Hagens et al., 2006; Farwell et al., 2015); missense variants located in or near to C-terminal ASD2 domain were associated with epilepsy with both focal and generalized seizures or discharges. These evidences suggested a possible molecular sub-regional effect of SHROOM4 variants, as that in several genes reported previously (Wang et al., 2018; Liu et al., 2020; Tang et al., 2020). However, further studies are required to determine the function details of each region and their association with different phenotypes.

This study has several limitations. Knockdown, i.e., LOF of Shrm4, in rat resulted in severely impaired synaptogenesis and reduced GABAB receptor-mediated inhibition, causing susceptibility to seizures. The probability of being LOF intolerant (pLI) score was high for SHROOM4 (pLI = 0.997), suggesting that SHROOM4 is intolerant to LOF variants. However, the specific mechanism of epileptogenesis of the SHROOM4 variants remains unknown; and further experimental studies are required to determine the functional consequence of the variants. Additionally, although these missense variants were associated with generalized epilepsy, the patients presented different epilepsy syndromes. The mechanism of phenotype variation warrants further studies.

In conclusion, we identified six novel SHROOM4 hemizygous missense variants in epilepsy patients with features of generalized seizures or generalized discharges. Further analysis revealed that a potential genotype-phenotype correlation and sub-regional molecular implication of SHROOM4 variants. This study potentially extends the spectrum of diseases phenotype associated with SHROOM4 variants and helps to understand the mechanisms of phenotypic variation.
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Recessive LAMA5 Variants Associated With Partial Epilepsy and Spasms in Infancy
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Objective: The LAMA5 gene encodes the laminin subunit α5, the most abundant laminin α subunit in the human brain. It forms heterotrimers with the subunit β1/β2 and γ1/γ3 and regulates neurodevelopmental processes. Genes encoding subunits of the laminin heterotrimers containing subunit α5 have been reported to be associated with human diseases. Among LAMAs encoding the laminin α subunit, LAMA1-4 have also been reported to be associated with human disease. In this study, we investigated the association between LAMA5 and epilepsy.

Methods: Trios-based whole-exome sequencing was performed in a cohort of 118 infants suffering from focal seizures with or without spasms. Protein modeling was used to assess the damaging effects of variations. The LAMAs expression was analyzed with data from the GTEX and VarCards databases.

Results: Six pairs of compound heterozygous missense variants in LAMA5 were identified in six unrelated patients. All affected individuals suffered from focal seizures with mild developmental delay, and three patients presented also spasms. These variants had no or low allele frequencies in controls and presented statistically higher frequency in the case cohort than in controls. The recessive burden analysis showed that recessive LAMA5 variants identified in this cohort were significantly more than the expected number in the East Asian population. Protein modeling showed that at least one variant in each pair of biallelic variants affected hydrogen bonds with surrounding amino acids. Among the biallelic variants in cases with only focal seizures, two variants of each pair were located in different structural domains or domains/links, whereas in the cases with spasms, the biallelic variants were constituted by two variants in the identical functional domains or both with hydrogen bond changes.

Conclusion: Recessive LAMA5 variants were potentially associated with infant epilepsy. The establishment of the association between LAMA5 and epilepsy will facilitate the genetic diagnosis and management in patients with infant epilepsy.

Keywords: LAMA5 gene, infant-onset epilepsy, laminins, trios-based WES, spasms


INTRODUCTION

The LAMA5 gene (OMIM* 601033) encodes the laminin subunit α5, expressed in the human brain, especially in the cortex and during the early stages of life (Durkin et al., 1997). The laminin subunit α5 forms heterotrimers with subunits β1/β2 and γ1/γ3 and regulates neurodevelopmental biological processes, including epiblast polarization, neurite outgrowth, neuronal migration, synaptic stability, and cell adhesion, differentiation, migration, and signaling (Liang and Crutcher, 1992; Luckenbill-Edds, 1997; Domogatskaya et al., 2012; Mukherjee et al., 2020). In mice, homozygous knock-out of LAMA5 caused lethality throughout fetal growth and development, and led to exencephaly, megalencephaly, and other neural tube defects (Miner et al., 1998; Kikkawa and Miner, 2006). Genes encoding subunits of the laminin heterotrimers containing subunit α5 have been reported to be associated with human diseases. Among LAMAs encoding the laminin α subunit, LAMA1-4 have also been reported to be associated with human disease. The association between the LAMA5 gene, which encodes the most abundant laminin α subunit in the human brain, and human diseases, has not been determined.

Epilepsy is one of the most common neurological disorders in children with an estimated prevalence of 4–5 per 10,000. Infancy is the critical period of brain development, and epilepsy presents the highest incidence in infancy (Wirrell et al., 2011; Eltze et al., 2013; Hirose, 2013). Multiple seizures may appear in infancy epilepsy, such as focal (partial), myoclonic, spasms seizures, and spasms typically occur in infancy (Bayat et al., 2021). Clinically, both spasms and focal seizures are common in infancy. A proportion of infants with epilepsy have acquired causes, such as trauma, infection, and immune, but the etiologies in the majority are unknown. Previous studies have shown that genetic factors play an important role in the etiology of infant epilepsy (Gan et al., 2019; Kang et al., 2019). The established causative genes include PRRT2, KCNQ2, SCN1A, SCN2A, STXBP1, CDKL5, and ARX, which contribute to approximately 19% of patients with infant-onset epilepsy (Song et al., 2021).

In this study, trios-based whole-exome sequencing (WES) was performed in a cohort of infants with epilepsy. Six pairs of compound heterozygous missense variants in LAMA5 were detected in six unrelated cases. The present study suggests that recessive LAMA5 variants were potentially associated with infant epilepsy.



MATERIALS AND METHODS


Subjects

One hundred and eighteen infants who suffered from focal seizures without any acquired causes were recruited from four hospitals, including the Second Affiliated Hospital of Guangzhou Medical University, Foshan Maternal and Child Health Hospital, the Second Affiliated Hospital of Shandong University, and Children’s Hospital of Shandong University, from June 2019 to July 2021. Clinical information of the affected individuals was collected, including age at onset, type and frequency of seizures, family history, systemic and neurological findings, and effective antiepileptic drugs. The structural abnormalities were detected by brain magnetic resonance imaging (MRI) scans. Long-term (24 h) video electroencephalography (EEG) monitoring records were performed with electrodes being arranged according to the international standard of 10–20 reduced montage system. The procedures of open-close eyes test, hyperventilation, intermittent photic stimulation, and sleeping recording were obtained. The EEG results were reviewed by at least two qualified electroencephalographers. The Chinese version of the Gesell development scales was utilized in the neurodevelopment evaluation of the participants according to their ages. Its scores were evaluated using tests for gross motor, fine motor, adaptive behavior, language, and personal-social behavior. Epileptic seizures and epilepsy syndromes were diagnosed according to the criteria of the Commission on Classification and Terminology of the International League Against Epilepsy (1981, 1989, 2001, 2010, and 2017). All patients were followed up for more than 1 year.

For the controls, WES was performed on 296 healthy Chinese volunteers who served as a normal control group as our previous report (Wang et al., 2018). Frequencies of the identified variants were also compared with that in the other control populations, including East Asian and general populations in the Genome Aggregation Database (gnomAD1), and the 8,364 persons without known neuropsychiatric conditions in the Epi25 WES Browser2 (Epi25 Collaborative, 2019; Karczewski et al., 2020).

This study adhered to the principles of the International Committee of Medical Journal Editors concerning patient consent for research or participation and received approval from the Ethics Committee of the Second Affiliated Hospital of Guangzhou Medical University. Written informed consents were provided by the patient’s legal guardians.



Whole Exon Sequencing

Blood samples of the probands, their parents, and other available family members were collected to identify the source of the genetic variation and to aid in the analysis of the pathogenicity of variants. Genomic DNAs were extracted from blood samples using the Qiagen Flexi Gene DNA kit (Qiagen, Hilden, Germany). WES was performed using a NextSeq500 sequencing instrument (Illumina, San Diego, CA, United States) following the standard procedures previously described (Wang et al., 2018). The sequencing data were generated by massively parallel sequencing with an average depth of >125× and >98% coverage of the capture region on the chip for obtaining high-quality reads that were mapped to the Genome Reference Consortium Human genome build 37 by Burrows–Wheeler alignment. Single-nucleotide point variants and indels were called with the Genome Analysis Toolkit.



Genetic Analysis

A case-by-case analytical approach was adopted to identify candidate causative variants in each trio. Primarily, the rare variants were prioritized with a minor allele frequency <0.005 in the Genome Aggregation Database (see Text Footnote 1). Then, potentially pathogenic variants were retained, including frameshift, nonsense, canonical splice site, initiation codon, and missense variants predicted as being damaging in silico tools. Lastly and importantly, the potentially disease-causing variants in each trio were analyzed with an individualized protocol. The variants in each trio were sorted according to the following five models: (1) epilepsy-associated gene model (Wang et al., 2017); (2) de novo variant dominant model; (3) autosomal recessive inheritance model, including homozygous and compound heterozygous variants; (4) X-linked model; (5) co-segregation analysis model. To identify novel epilepsy-associated genes, the known epilepsy-associated genes were put aside. Genes with de novo variants, bi-allelic variants, hemizygous variants, or variants with segregations, which represent the genetic difference between the patients and normal individuals in a family and potentially explain the occurrence of disease, were selected for further studies to define the gene-disease association. LAMA5 emerged as one of the candidate genes with recurrent bi-allelic variants in this cohort of infancy epilepsy. Sanger sequencing was used to validate the candidate variants. All LAMA5 variants identified in this study were annotated into the reference transcript NM_005560.4.



Bioinformatic Analyses

Protein modeling was performed by using the Iterative Threading ASSEmbly Refinement software (I-TASSER3) to evaluate the damaging effect of candidate variants (Yang and Zhang, 2015). The confidence of each model was quantitatively measured by a C-score in the range of [−5, 2]. PyMOL Molecular Graphics System (Version 2.3.2; Schrödinger, LLC; New York, NY, United States) was used for three-dimensional protein structure visualization and analysis. I-Mutant Suite server was used for the prediction of protein stability changes upon single-nucleotide variants that lead to changes in the amino acid4 (Capriotti et al., 2005). The alteration of the protein stability was assessed by the free energy change value (ΔΔG, kcal/mol). Values greater than 0.5 kacl/mol imply a large increase in protein stability, values less than −0.5 kacl/mol are considered to be a large decrease in protein stability, and others imply neutral stability. The consequences of all the missense variants were predicted by several common tools, including SIFT, PolyPhen2_HVAR, CADD, MutationTaster, GenoCanyon, fitCons, M_CAP, and GERP.



Statistical Analysis

R (version 4.0.3) was used for data processing. The frequencies of the LAMA5 variants between the epilepsy cohort and the controls were compared by a two-sided Fisher exact test (CONVERGE Consortium, 2015). The burden of recessive variants was analyzed according to the method recommended recently (Martin et al., 2018). P-value < 0.05 was considered statistically significant.




RESULTS


Identification of LAMA5 Variants

Six pairs of compound heterozygous missense variants, i.e., (c.1337G > A/p.Arg446Gln and c.10699C > T/p.Pro3567Ser), (c.1418G > A/p.Pro473Leu and c.3608C > T/p.Arg1203Gln), (c.5426G > A/p.Arg1809His and c.7394G > A/p.Arg2465Gln), (c.3170C > T/p.Ser1057Leu and c.6388C > T/p.Arg2130Cys), (c.9448G > A/p.Gly3150Ser and c.10744C > T/p.Arg3582Trp), and (c.1963G > A/p.Gly655Ser and c.2192C > G/p.Ala731Gly), were identified in six unrelated cases with focal seizures, including three infants with also spasms (Figures 1A,B and Table 1). The compound heterozygous variants originated from their asymptomatic mothers and fathers, consistent with a classical recessive inheritance pattern.
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FIGURE 1. Genetic data of cases with LAMA5 variants. (A) Pedigrees of the six cases with LAMA5 mutations and their corresponding phenotypes. (B) DNA sequence chromatogram of the LAMA5 mutations. Arrows indicate the positions of the variants.



TABLE 1. Clinical features of the patients with LAMA5 variants.
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These variants presented no or low frequencies (MAF < 0.005) in the gnomAD databases (Table 2). Nine of the variants did not present in the normal control of Epi25 WES Brower, and the other three variants presented extremely low frequencies (MAF < 0.0005). None of the variants, except p.Ala731Gly, were presented in the 296 normal controls.


TABLE 2. Analysis of the aggregate frequency of LAMA5 variants identified in this study.
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When the burden of recessive variants was analyzed, (Martin et al., 2018) the LAMA5 variants in the present cohort were significantly more than the expected number by chance in the East Asian population (MAF < 0.005, P = 6.4654 × 10–6). Furthermore, the aggregate frequency of the variants in this cohort was significantly higher than that in the six controls (Table 2), including the controls of 296 normal individuals (12/236 vs. 1/592, p = 2.243 × 10–6), the normal control of Epi25 WES Browser (vs. 6/16844, p < 2.2 × 10–16), the gnomAD-all population (vs. 472/248,058; p = 8.306 × 10–14), the controls of gnomAD-all population (vs. 218/100,060; p = 4.728 × 10–13), the gnomAD-East Asian population (vs. 167/18250, p = 3.36 × 10–6), and the controls of the gnomAD-East Asian population (vs. 71/8836, p = 1.749 × 10–6).

All LAMA5 variants identified in this study were predicted to be damaging by at least two in silico tools (Supplementary Table 1). The probability that transcript falls into distribution of recessive genes (pRec) is 0.99353 for the LAMA5 gene, indicating that it is very likely intolerant to recessive loss-of-function variations (Karczewski et al., 2020). None of the six affected individuals had pathogenic or likely pathogenic variants in genes known to be associated with epilepsy (Wang et al., 2017).



Clinical Features of the Cases With LAMA5 Variants

The main clinical features of the six patients with LAMA5 variants were summarized in Table 1. All patients showed infant-onset epilepsy with onset ages ranging from 1 to 9 months. The patients of cases 1, case 2, and case 3 suffered from infrequent focal seizures or secondary tonic-clonic seizures (monthly or yearly) and became seizure-free after treatment with valproate monotherapy or valproate in combination with levetiracetam. Their EEGs showed bilateral, unilateral, and multiple discharges, predominantly at the frontal, central, and temporal lobe, mainly during sleep (Figure 2A). The patients of case 4 and case 5 had daily focal seizures with spasms. Seizure-free was achieved after treatment with a combination of adrenocorticotropic hormones and topiramate. The patient of case 6 also had focal seizures and spasms (daily). The spasms and focal seizures disappeared after treatment, but myoclonic seizures appeared, which were infrequent (3–4 times/month). Interictal multifocal and generalized discharges were recorded in the three cases with spasms (Figure 2B).
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FIGURE 2. Ictal and interictal EEG in the cases with LAMA5 variants. (A) Interictal EEG in case 1 at the age of 8 months showed irregular spike-slow waves in the middle and posterior temporal region. (B) Interictal EEG in case 4 at the age of 3 months showed diffuse high amplitude spike and spike-slow waves, and focal spike-slow waves in the anterior region.


These patients were full-term and delivered without abnormalities. Brain MRI was normal in the six cases. All patients showed mild global developmental delays.



Molecular Alteration of Laminin Subunit α5

The laminin subunit α5 contains one signal peptide, one Laminin N terminal domain, 22 Laminin EGF-like domains, one Laminin IV type A domain, and five Laminin G-like domains (Uniport-id: O15230) (Figure 3A). Five of the variants were located in Laminin EGF-like domains, including p.Arg446Gln, p.Pro473Leu, p.Gly655Ser, p.Ala731Gly, and p.Arg2130Cys. Three variants, p.Glu3150Ser, p.Pro3567Ser, and p.Arg3582Trp, were located in the Laminin G-like domains. Variant p.Val1809His was located in the Laminin IV type A domain. The other three variants p.Ser1057Leu, p.Arg1203Gln, and p.Arg2465Gln are located between structural domains (Figure 3A).
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FIGURE 3. Schematic illustration of LAMA5 variants. (A) Schematic illustration of the laminin subunit α5 and the location of the LAMA5 variants identified in this study. Two variants of the same height represent a pair of biallelic mutations. The variants of red-colored represent cases with both spasms and focal seizures; those of blue-colored represent cases with only focal seizures. (B) Hydrogen bond changes and free energy stability changes (ΔΔG, Kcal/mol) value of the variants from the present study.


The molecular effects of the variants were analyzed by using I-TASSER for protein modeling and PyMOL for visualization. Eight of the variants, including p.Arg446Gln, p.Pro3567Ser, p.Arg1203Gln, p.Arg2465Gln, p.Ser1057Leu, p.Arg2130Cys, p.Arg3582Trp, and p.Ala731Gly changed their hydrogen bonds with surrounding residues. The other four variants, p.Pro473Leu, p.Gly655Ser, p.Arg1809His, and p.Gly3150Ser, did not change their hydrogen bonds but were predicted to decrease the protein stability significantly with ΔΔG values less than −0.5 kcal/mol. In each pair of compound heterozygous variants, at least one variant had hydrogen bonds change (Figure 3B).

It is notable that among the compound heterozygous variants in the three cases with only focal seizures (case 1, case 2, and case 3), two variants of each pair were located in different structural domains or domains/links (Figure 3A). Case 1 had the compound heterozygous variants with two variants located furthest apart (p.Arg446Gln and p.Pro3567Ser); the patient showed a milder phenotype than the others, e.g., the latest onset age (8-month-old) and infrequent seizure frequency (yearly). In the three cases with spasms, two pairs of compound heterozygous variants (case 5 and case 6) were constituted by two variants in the identical functional domains. The two variants of case 4 were in non-identical structural domains but presented the most pronounced hydrogen bonding changes (a total of eight hydrogen bonds disrupted).



The Expression Profile of LAMAs

The functional laminins are cruciform heterotrimers that consist of three short arms formed by the N-terminal portion of α, β, and γ subunits, respectively, and a long arm polymerized by the C-terminal parts of the three subunits (Figure 4A). The laminin short arms (N-terminus) are involved in laminin’s ability to polymerize with those of other laminins to form a polygonal network, while the laminin long arm interacts with the extracellular matrix components to regulate biological processes (Hohenester, 2019). Laminin subunit α5 appears in laminin-511 (with β1 and γ1), laminin-521 (with β2 and γ1), and laminin-523 (with β2 and γ3). Previous studies show that laminins containing subunit α5 play an essential role in embryonic development and are intensely expressed on the surface of the ectoderm (Copp et al., 2011). Tissue-specific expression is the basis of gene function and subsequently the clinical phenotype. We thus compared the expression of LAMAs in the human brain from the data in VarCards and Genotype-Tissue Expression databases (GTEx Consortium, 2013). The LAMA5 gene presented the highest expression in the human brain (Figure 4B). Furthermore, it was more abundant in the cerebral cortex, substantia nigra, frontal cortex, hippocampus, and anterior cingulate cortex (Figure 4C).
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FIGURE 4. Schematic illustration of laminin heterotrimers and the expression profile of LAMAs. (A) Schematic illustration of the heterotrimers containing laminin subunit α5. Laminin subunit α5 formed laminin-511 with subunit β1 and γ1, laminin-521 with subunit β2 and γ1, and laminin-523 with subunit β2 and γ3. (B) The overall expression of LAMAs in the human brain. RPKM, Reads Per Kilobase per Million mapped reads. (C) Heatmap and hierarchical clustering of LAMAs expression in the sub-regions of human brain. Columns represent individual sub-region and rows represent individual genes. The darker the color, the higher the expression. The lines represent cluster analysis. More details were presented in the GTEx database (www.gtexportal.org).





DISCUSSION

The LAMA5 gene, predominantly expressed in the early stage of life, plays a vital role in neurodevelopmental biological processes such as neurite outgrowth, epiblast polarization, neuronal migration, synaptic stability, and cell adhesion, differentiation, migration, and signaling. A functional study suggested that the laminin subunit α5 was deposited at synapses in the brain and was essential for dendritic spine structural regulation and synapse stability (Omar et al., 2017). Experimentally, mutant protein of LAMA5 resulted in decreased binding to the synaptic vesicle protein encoded by SV2A (Maselli et al., 2018). Abnormalities in the central nervous system were monitored in the conditional allele knockout LAMA5 mice (Omar et al., 2017). In this study, six pairs of biallelic variants in LAMA5 were identified in patients with infant-onset epilepsy. All variants presented no or low allele frequencies in controls. The aggregate frequency of the LAMA5 variants identified in the case cohort was significantly higher than that in controls. The recessive burden analysis also showed that the LAMA5 variants in the present cohort were significantly more than the expected number in the East Asian population. These findings suggest a potential association between LAMA5 variants and epilepsy.

Previously, a de novo canonical splice site variant (c.10828 + 1G > A) was identified in a patient with developmental delays and epilepsy (Han et al., 2018). In a patient with cortical developmental malformations, a pair of compound heterozygous variants (p.Glu3567Lys and p.Asp2372Asn) were identified (Wiszniewski et al., 2018). One pair of homozygous variants in LAMA5 (p.Arg2659Trp) and one homozygous variant in LAMA1 were identified in a patient with the presynaptic congenital myasthenic syndrome who has non-classified facial tics or tics (Maselli et al., 2018). A heterozygous variant in LAMA5 (p.Val3140Met) was identified in a family with a complex multisystem syndrome, in which several family members with the LAMA5 variant had seizures (Sampaolo et al., 2017). These data provided clues for the possible association between LAMA5 and epilepsy, but the pathogenic role of LAMA5 variants in epilepsy could not be determined due to the variable phenotype, co-appearance of variants in other potentially pathogenic genes, or the single affected case. In the present study, we identified LAMA5 variants in six unrelated cases, and the other possible pathogenic genes were excluded. Therefore, this study provided direct evidence in supporting the association between LAMA5 and epilepsy.

In animals, the homozygous LAMA5 knockout mice model showed preweaning lethality with complete penetrance5, while the heterozygous knockout mice showed fewer abnormalities, suggesting a dose-effect. The pRec, a metric for intolerant of biallelic loss-of-function variants, is 0.99353 for the LAMA5 gene, indicating that it is highly intolerant for recessive loss-of-function variations (Karczewski et al., 2020). The LAMA5 variants identified in the present study were all biallelic variants. It was noted that among the compound heterozygous variants in the three cases with only focal seizures, two variants of each pair variant were located in different structural domains or domains/links. In the three cases with spasms, two pairs of variants were constituted by two variants in the identical functional domains, and another pair of variants presented the most pronounced hydrogen bonding changes. Taken together that homozygous LAMA5 knockout mice displayed preweaning lethality with complete penetrance, it was considered that homozygous variants in LAMA5 would cause the most severe damage effect and resulted in the most severe phenotype or even early death; the compound heterozygous variants with two variants located in identical functional domains potentially created relatively severe damage effect and caused severe epilepsy such as spasms; and the compound heterozygous variants with two variants located in non-identical functional domains potentially caused relatively mild damage effects and led to mild phenotypes. It is suggested that the location of variants in compound heterozygous variants was potentially associated with the phenotype severity, providing one of the explanations for the phenotype variation.

Structurally, the laminin subunit α5 forms heterotrimers with laminin subunits β1/β2 and γ1/γ3, which were encoded by LAMB1, LAMB2, LAMC1, and LAMC3 that were associated with neurodevelopmental diseases and epilepsy. The LAMB1 gene is the responsible gene of lissencephaly 5 (OMIM #615191) characterized by focal and spasmodic seizures and psychomotor development delay (Radmanesh et al., 2013; Tonduti et al., 2015). The LAMB2 gene is the causative gene of Pierson syndrome (OMIM #609049), with which the majority of patients died early and the survivors presented severe neurodevelopmental delays (Pierson et al., 1963; Zenker et al., 2004). The LAMC1 gene has been repeatedly reported in Dandy–Walker malformation with occipital cephalocele, and most of the affected individuals had an infant-onset intellectual disability with or without seizures (Carvalho et al., 2006; Darbro et al., 2013). Variants in LAMC3 were the causes of occipital cortical malformations (OMIM #614115), and the affected individuals experienced seizures (Barak et al., 2011). Experimentally, these genes caused neurological abnormalities through a common mechanism of disrupted function of laminin heterotrimers in regulating neuronal migration and other biological processes (Pierson et al., 1963; Zenker et al., 2004; Carvalho et al., 2006; Darbro et al., 2013; Radmanesh et al., 2013; Tonduti et al., 2015). However, the LAMA5 gene, which encodes one of the indispensable parts of the heterotrimers, has not been confirmed to be associated with neurological disorders. In this study, the patients with biallelic LAMA5 variants presented focal seizures and developmental delays, suggesting a potential role of LAMA5 in epilepsy with the involvement of neurodevelopment.

Regarding LAMAs that encode the laminin α subunits, the associations between LAMA1-4 and human diseases have been established. Variants in LAMA1 cause Poretti–Boltshauser syndrome (OMIM #615960), characterized by delayed motor development, speech delay, and cognitive function; and seizures, tics, and spasticity have also been observed (Aldinger et al., 2014; Elmas et al., 2020). LAMA2 is the causative gene of autosomal recessive limb-girdle muscular dystrophy-23 (OMIM #618138) and congenital merosin deficient or partially deficient muscular dystrophy (OMIM #607855), in which epilepsy was regarded as one of the core features (Chan et al., 2014; Xiong et al., 2015; Salvati et al., 2021). The LAMA3 gene is the responsible gene of Herlitz type junctional epidermolysis bullosa (OMIM #226700), generalized atrophic benign epidermolysis bullosa (OMIM #226650), and laryngo-onycho-cutaneous syndrome (OMIM #245660) (Kivirikko et al., 1995; McGrath et al., 1995; Vidal et al., 1995; Nakano et al., 2002; McLean et al., 2003). The LAMA4 gene is the causative gene of dilated cardiomyopathy 1JJ (OMIM #615235) (Knoll et al., 2007). Compared with the other LAMAs genes, the LAMA5 gene had the highest expression in the human brain and was abundant in the cerebral cortex, substantia nigra, frontal cortex, hippocampus, and anterior cingulate cortex. Generally, tissue-specific expression is the basis of gene function and subsequently the clinical phenotype. The highest expression of LAMA5 in the human brain provided an anatomical basis for the association between LAMA5 and neurological diseases.

The proteins encoded by LAMAs are of tissue-specific expression and independent function, while the protein encoded by LAMA5 interacts with that encoded by LAMBs and LAMCs. Therefore, the possibility of digenic or polygenic mechanisms could not be excluded. No pathogenetic or likely pathogenetic variants in LAMBs, LAMCs, or other epilepsy genes were identified in these patients, suggesting a potential monogenic role of LAMA5. However, the patients with LAMA5 variants presented a relatively moderate phenotype, and several variants presented in the population with low frequency. Thus, a modifier role of LAMA5 could not be excluded. Further studies with large cohorts are needed to validate the pathological nature of LAMA5 variants.

Among the disease-causing genes in humans (OMIM6), 1,008 genes were associated with disease in a dominant inheritance pattern, whereas 1,936 genes were in a recessive inheritance pattern. Considering that the genome in humans is diploid, it is possible that recessive variants were more common than dominant variants in the etiology of human diseases. Currently, most infantile spasms-related genes (36/47) (Bayat et al., 2021) and all focal epilepsy-associated genes were of autosomal dominant inheritance. Thus, more attention should be paid to recessive variants in epilepsy. This study revealed LAMA5 as a potential novel autosomal recessive gene in infant epilepsy, enriching the genetic etiology of epilepsy.

This study has several limitations. The direct functional effects of the variants were not examined. The consequences of the variants on the interactions of the alpha subunit with its partners warrant further studies. Besides point variants, whether CNV in the LAMA5 gene was pathogenic should also be considered.



CONCLUSION

The association between LAMA5 and epilepsy was supported by multiple pieces of evidence, such as common clinical features, unique gene functions, and statistical evidence. The establishment of the association between LAMA5 and epilepsy will facilitate the genetic diagnosis and management in patients with infant epilepsy.
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Peng Zhou1†‡, Heng Meng2‡, Xiaoyu Liang1, Xiaoyun Lei2, Jingwen Zhang3, Wenjun Bian1, Na He1, Zhijian Lin4, Xingwang Song1, Weiwen Zhu1, Bin Hu1, Bingmei Li1, Limin Yan5, Bin Tang1, Tao Su1, Hankui Liu6, Yong Mao6, Qiongxiang Zhai3* and Yonghong Yi1*† for the China Epilepsy Gene 1.0 Project


1Key Laboratory of Neurogenetics and Channelopathies of Guangdong Province and the Ministry of Education of China, Department of Neurology, Institute of Neuroscience, The Second Affiliated Hospital, Guangzhou Medical University, Guangzhou, China

2Department of Neurology, The First Affiliated Hospital of Jinan University, Clinical Neuroscience Institute of Jinan University, Guangzhou, China

3Department of Pediatrics, Guangdong Provincial People's Hospital, Guangdong Academy of Medical Sciences, Guangzhou, China

4Department of Neurology, Affiliated Hospital of Putian University, Putian, China

5Department of Neurology, The Second Affiliated Hospital of Hainan Medical University, Haikou, China

6BGI-Shenzhen, Shenzhen, China

Edited by:
Qian Chen, Massachusetts Institute of Technology, United States

Reviewed by:
Saima Siddiqi, Institute of Biomedical and Genetic Engineering (IBGE), Pakistan
 Elena Dmitrievna Belousova, Pirogov Russian National Research Medical University, Russia

*Correspondence: Qiongxiang Zhai, zhaiqiongxiang@sina.com
 Yonghong Yi, yyh168@sina.com

†ORCID: Peng Zhou orcid.org/0000-0002-5503-1774
 Yonghong Yi orcid.org/0000-0002-6075-2015

‡These authors share first authorship

Specialty section: This article was submitted to Molecular Signalling and Pathways, a section of the journal Frontiers in Molecular Neuroscience

Received: 28 January 2022
 Accepted: 25 April 2022
 Published: 23 June 2022

Citation: Zhou P, Meng H, Liang X, Lei X, Zhang J, Bian W, He N, Lin Z, Song X, Zhu W, Hu B, Li B, Yan L, Tang B, Su T, Liu H, Mao Y, Zhai Q and Yi Y (2022) ADGRV1 Variants in Febrile Seizures/Epilepsy With Antecedent Febrile Seizures and Their Associations With Audio-Visual Abnormalities. Front. Mol. Neurosci. 15:864074. doi: 10.3389/fnmol.2022.864074



Objective: ADGRV1 gene encodes adhesion G protein-coupled receptor-V1 that is involved in synaptic function. ADGRV1 mutations are associated with audio-visual disorders. Although previous experimental studies suggested that ADGRV1 variants were associated with epilepsy, clinical evidence is limited and the phenotype spectrum is to be defined.

Methods: Trio-based targeting sequencing was performed in a cohort of 101 cases with febrile seizure (FS) and epilepsy with antecedent FS. Protein modeling was used to assess the damaging effects of variants. The genotype-phenotype correlations of the ADGRV1 variants in epilepsy and audio-visual disorders were analyzed.

Results: ADGRV1 variants were identified in nine unrelated cases (8.91%), including two heterozygous frameshift variants, six heterozygous missense variants, and a pair of compound heterozygous variants. These variants presented a statistically higher frequency in this cohort than that in control populations. Most missense variants were located at CalX-β motifs and changed the hydrogen bonds. These variants were inherited from the asymptomatic parents, indicating an incomplete penetrance. We also identified SCN1A variants in 25 unrelated cases (24.75%) and SCN9A variants in 3 unrelated cases (2.97%) in this cohort. Contrary to SCN1A variant-associated epilepsy that revealed seizure was aggravated by sodium channel blockers, ADGRV1 variants were associated with mild epilepsy with favorable responses to antiepileptic drugs. The patients denied problems with audio-visual-vestibular abilities in daily life. However, audio-visual tests revealed auditory and visual impairment in the patient with compound heterozygous variants, auditory or vestibular impairment in the patients with heterozygous frameshift, or hydrogen-bond changed missense variants but no abnormalities in the patients with missense variants without hydrogen-bond changes. Previously reported ADGRV1 variants that were associated with audio-visual disorders were mostly biallelic/destructive variants, which were significantly more frequent in the severe phenotype of audio-visual disorders (Usher syndrome 2) than in other mild phenotypes. In contrast, the variants identified in epilepsy were monoallelic, missense mainly located at CalX-β, or affected isoforms VLGR1b/1c.

Significance: ADGRV1 is potentially associated with FS-related epilepsy as a susceptibility gene. The genotype, submolecular implication, isoforms, and damaging severity of the variants explained the phenotypical variations. ADGRV1 variant-associated FS/epilepsy presented favorable responses to antiepileptic drugs, implying a clinical significance.

Keywords: ADGRV1, febrile seizures, audio-visual disorders, genotype-phenotype correlation, submolecular effect


INTRODUCTION

The human adhesion G protein-coupled receptor V1 (ADGRV1) gene (OMIM: 602,851) encodes a very large G protein-coupled receptor-1 (VLGR1), which is localized at synaptic junctions and acts in concert to regulate synaptic function (Neubig and Siderovski, 2002; Togashi et al., 2002). It has also been termed the monogenic audiogenic seizures-susceptibility 1 (MASS1) gene, G protein-coupled receptor 98 (GPR98) gene, or VLGR1 gene. Three VLGR1 mRNA isoforms, namely VLGR1a, VLGR1b, and VLGR1c, are expressed in the brain, cochlea, eyes, and connective tissues. VLGR1b, the largest full-length isoform, has a large extracellular domain, encompassing a signal peptide, seven epilepsy-associated repeats (i.e., epitempin repeats), and 35 calcium exchanger β (CalX-β) motifs (Beckmann et al., 1998; Scheel et al., 2002; Staub et al., 2002; Pons et al., 2003; McMillan and White, 2010). Its cytoplasmic domain contains a class I PDZ (i.e., PSD95, Dlg, and ZO-1/ZO-2) binding motif, which is recognized as a ligand for several proteins and is involved in maintaining the structural integrity of hair bundles in the inner ears (Sun et al., 2013). Variants in ADGRV1 gene are associated with audio-visual disorders, typically Usher syndrome type 2 (USH2), which is characterized by moderate-to-severe congenital sensorineural hearing loss and postnatal retinitis pigmentosa.

Previous studies suggested a potential association between ADGRV1 gene and epilepsy. The seven epitempin repeats were first identified in the leucine-rich glioma-inactivated 1 gene (Staub et al., 2002), which is associated with autosomal dominant lateral temporal lobe epilepsy with auditory features (Kalachikov et al., 2002). Experimental studies have demonstrated associations between the Adgrv1/Mass1/Vlgr1 genes and audiogenic seizures in mice. A truncating variant (c.7009delG) of the Mass1 gene was determined to cause audiogenic seizures in Frings mice (Skradski et al., 2001). Vlgr1-knockout mice presented a much higher susceptibility to audiogenic seizures (Yagi et al., 2009). Recombinant mutant mice with the deletion of VLGR1 transmembrane and cytoplasmic domains were susceptible to audiogenic seizures (McMillan and White, 2004). A previous study on 48 families with epilepsy with febrile seizures (FSs) identified a nonsense ADGRV1 variant in a family with two affected siblings, which provided initial clinical evidence on the association between ADGRV1 and epilepsy (Nakayama et al., 2002). Recent studies have identified ultra-rare ADGRV1 missense variants in patients with myoclonic epilepsy, FS, genetic generalized epilepsy, and atypical Rolandic epilepsy (Myers et al., 2018; Han et al., 2020; Dahawi et al., 2021; Liu et al., 2022). However, the clinical evidence is generally limited, and the phenotype spectrum of epilepsy is to be defined.

In this study, we screened epilepsy-related genes in 101 unrelated cases with FS or epilepsy with antecedent FS (EFS+) using a targeted sequencing approach and identified eight heterozygous variants and a pair of compound heterozygous variants of ADGRV1 in nine unrelated cases. The possible impairments of auditory, visual, and vestibular function were also evaluated. We reviewed all reported ADGRV1 variants and analyzed the correlation between genotype and phenotype, aimed to determine the roles of ADGRV1 variants in epilepsy and its relationships with audio-visual abnormalities.



SUBJECTS AND METHODS


Subjects

Patients were recruited from the Epilepsy Center of the Second Affiliated Hospital of Guangzhou Medical University and Guangdong Provincial People's Hospital from 2015 to 2021. The cohort consisted of 101 cases with FS-related epilepsy, including 19 cases with FS and 82 cases with EFS+. The detailed clinical information was collected, which contains seizure onset age, seizure type and frequency, course of seizure, response to antiepileptic treatment, family history, and general and neurological examination. Brain magnetic resonance imaging (MRI) scan was conducted to identify structure abnormality. Video electroencephalography (EEG) was performed, and the results were reviewed using two qualified electroencephalographers. Epileptic seizures and epilepsies were diagnosed according to the criteria of the Commission on Classification and Terminology of the ILAE (1981, 1989, 2001, 2010, and 2017). We used the term FS plus (FS+), as in previous reports (Scheffer and Berkovic, 1997; Singh et al., 1999), to denote individuals with FS extending outside the age range definition of 3 months to 6 years or with afebrile generalized tonic-clonic seizures. The activities of the daily life of the patients with ADGRV1 variants and their parents (asymptomatic carriers) were evaluated to reflect the subjective characteristics of hearing loss, nyctalopia, constriction of the visual fields, and decreased visual acuity. Further audiometric, ophthalmologic, and vestibular tests were performed to detect any subclinical abnormalities. An audiologic evaluation included pure tone audiometry, transient-evoked otoacoustic emission, and auditory brain stem-evoked response recording using the standard protocol. The ophthalmic test included a general ophthalmic examination, Goldmann perimetry, funduscopy, and full-field electroretinography (ERG). The vestibular function was evaluated using infrared video nystagmography, positional nystagmography, and binaural bithermal caloric testing (Smith et al., 1994).

For the controls, whole-exome sequencing (WES) was performed on 296 healthy Chinese volunteers who served as a normal control group as in our previous report (Consortium, 2013). Frequencies of the identified variants were also compared with that in the other control populations, including East Asian and general populations in the Genome Aggregation Database (gnomAD, gnomad.broadinstitute.org) (Karczewski et al., 2020).

This study adhered to the guidelines of the International Committee of Medical Journal Editors with regard to patient consent for research or participation and received approval from the ethics committee of the hospitals. Written informed consents were provided by the patient's legal guardians.



Targeted Sequencing

All cases were recruited in trios. Blood samples of the probands, their parents, and other available family members were collected to ascertain the source of the variants. Genomic DNA was extracted from blood using the Qiagen Flexi Gene DNA Kit. A gene panel was designed for targeted sequencing on 480 epilepsy-related genes to uncover disease-causing variants (Supplementary Table 1). These genes include 62 epilepsy genes, 34 neurodevelopmental epilepsy genes, 159 epilepsy-related genes, 52 potential epilepsy-associated genes, and 173 genes that are suspected to be related to epilepsy, according to the classification of epilepsy-associated genes (Wang et al., 2017).

Raw read data were aligned on the human assembly genome reference consortium human genome build 37 (GRCh37, also known as hg19) using the Burrows-Wheeler Alignment (Li and Durbin, 2010). The single nucleotide variant and indel calling and filtering were performed using the Genome Analysis Toolkit as previously described (DePristo et al., 2011). According to the guidelines for investigating causality of sequence variants in human disease proposed by the U.S. National Human Genome Research Institute (MacArthur et al., 2014) and the interpretation methods in a previous study (Torkamani et al., 2014), a series of filters were applied to derive a set of candidate disease-causing variants in this study. First, population-based filtration removed variants presenting a minor allele frequency (MAF) ≥0.005 in the Genome Aggregation Database (gnomad.broadinstitute.org), except for those variants previously reported in the Human Gene Variant Database (HGMD) and/or OMIM database. Second, annotation-based filtration removed variants in segmental duplication regions that are prone to produce false-positive variant calls due to mapping errors. Third, functional impact-based filtration retained frame-shift and nonsense variants. Missense variants were included when predicted to be deleterious in sequence conservation or damaging in protein function by one or more in silico tools (http://varcards.biols.ac.cn/). Splice-site variants were included when predicted to have altered splicing using the Human Splicing Finder. Fourth, phenotype-based filtration retained variants based on clinical concordance between the phenotypes of patients and previously reported phenotypes of the mutated genes. Following filtering, Sanger sequencing was employed to validate the potential pathogenic variants. The position number for the variants has been obtained from the start codon, i.e., ATG, of the full-length ADGRV1 isoform sequence (RefSeq accession number: NG_007083.2).



Molecular Modeling of VLGR1b

Protein modeling was performed by using the Iterative Threading ASSEmbly Refinement (I-TASSER) (Roy et al., 2010) software to evaluate the damaging effect of the amino acid substitution on the VLGR1b protein structure. The confidence of each model was quantitatively measured by a C-score in the range of [−5,2]. The PyMOL Molecular Graphics System (Version 2.3.2; Schrödinger, LLC; New York, USA) was used for three-dimensional protein structure visualization and analysis.



Analysis of Genotype-Phenotype Correlation and Statistics

We reviewed all ADGRV1 variants from the HGMD (http://www.hgmd.cf.ac.uk/ac/index.php) and PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) up to December 2021.

The audio-visual disorders associated with ADGRV1 variants were classified into clinical subtypes as Usher type 2 (USH2), Usher type 3 (USH3), nonsyndromic hearing loss, and nonsyndromic retinitis pigmentosa based on the representations in the original reports. USH2 is characterized by moderate to severe congenital sensorineural hearing loss and later development of retinitis pigmentosa. USH3 is relatively milder and characterized by postlingual hearing loss and variable retinitis pigmentosa and vestibular dysfunction (Millan et al., 2011).

Variants are generally classified into destructive and missense variants. Destructive variants are referred to as those causing gross protein malformations and haploinsufficiency, including truncating variants (i.e., nonsense and frameshifting), splice-site variants, and variants with genomic rearrangement (Wei et al., 2017).

The statistical analysis was performed using SPSS version 22.0 (SPSS Inc., Chicago, IL). The frequencies of the ADGRV1 variants between the epilepsy cohort and the controls were compared by a two-sided Fisher's exact test. Fisher's exact test and the chi-square test were used to analyze the variants between epilepsy and audio-visual disorders. Values of p <0.05 (two-sided) were considered significant.




RESULTS


ADGRV1 Variants

In this cohort, 10 ADGRV1 variants were identified in 9 unrelated cases with FS or FS+ (Figure 1 and Table 1). ADGRV1 variants identified in this study included two heterozygous frameshift variants (i.e., c.7560delA/p.Asn2521IlefsX19 and c.10724_10725insG/p.Ile3575MetfsX2), six heterozygous missense variants (i.e., c.1970A>G/p.Asn657Ser, c.8086A>G/p.Thr2690Ala, c.9096G>C/p.Arg3023Ser, c.9459A>G/p.Ile3153Met, c.9701C>T/p.Ala3234Val, and c.13616T>A/p.Val4539Glu), and a pair of compound heterozygous variants (i.e., c.43T>A/p.Leu15Ile and c.8306T>C/p.Leu2769Ser). The variant p.Thr2690Ala was identified in a pair of affected twins (Case 4). These variants were inherited from their asymptomatic parents.


[image: Figure 1]
FIGURE 1. The ADGRV1 variants identified in the nine cases of febrile seizures or epilepsy with antecedent febrile seizures. (A) Pedigrees of the nine cases with ADGRV1 variants and their corresponding phenotypes. (B) DNA sequence chromatograms of the ADGRV1 variants. Arrows indicate the positions of the nucleotide changes.



Table 1. Clinical features of individuals with ADGRV1 variants.
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The 8 missense variants were absent or presented as rare (MAF <0.005) in the gnomAD database (Table 2). The aggregate frequency of these variants in this cohort was significantly higher than that in the controls of 296 normal individuals (11/202 vs. 2/592; p = 1.10×10−5), the gnomAD-all population (vs. 89/203,608; p < 2.20×10−16), the controls of the gnomAD-all population (vs. 43/81,262; p < 2.20×10−16), the gnomAD-East Asian population (vs. 87/14,282, p = 1.15×10−7), and the controls of the gnomAD-East Asian population (vs. 42/6,074, p = 6.82×10−7).


Table 2. Analysis of the aggregate frequency of ADGRV1 variants identified in this study.
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We also identified 25 SCN1A variants (including 18 de novo) in 25 unrelated cases (24.75%) and 3 SCN9A variants in three unrelated cases (2.97%) in this cohort (Supplementary Table 2). We did not detect variants in the other potential FS-associated genes (such as SCN1B, GABRG2, GABRD, and CPA6) (Wang et al., 2017) in this cohort.



Clinical Features of Epilepsy

Clinical data of the nine cases with ADGRV1 variants are shown in Table 1. Onset ages of FS ranged from the third day of life to 5 years. All cases experienced a few febrile or afebrile generalized tonic-clonic seizures or secondarily generalized tonic-clonic seizures per year.

The representative abnormal EEGs of these cases are shown in Figure 2. Initial interictal EEGs were normal in two cases (i.e., cases 4 and 7). A variety of EEG abnormalities was found in the other seven cases. Interictal EEGs of four cases (i.e., cases 2, 5, 6, and 9) showed generalized spike-slow wave discharges, which were less regular or asymmetric in cases 2, 6, and 9 (Figures 2B,D,E). Focal sharp, spike, or spike-slow waves were observed in three cases (i.e., cases 1, 3, and 8). The epileptiform waves of cases 1 and 3 were apparently aggravated during slow sleep (Figures 2A,C).


[image: Figure 2]
FIGURE 2. Electroencephalography (EEG) changes in the cases with ADGRV1 variants. (A) Interictal EEG of case 1 at the age of 4 months showed spike-slow waves in the posterior right frontal and central lobes. (B) Interictal EEG of case 2 at the age of 6 years showed irregular generalized spike-slow waves. (C) Interictal EEG of case 3 at the age of 11 years showed spike-slow waves in the right temporal lobe. (D) Interictal EEG of case 6 at the age of 5 years showed asymmetric generalized spike-slow waves. (E) Interictal EEG of case 9 at the age of 8 years showed irregular and asymmetric generalized spike-slow waves.


All cases presented favorable outcomes. Cases 4, 5, and 7 became seizure-free without any antiepileptic treatment. The other five cases with heterozygous variants had been seizure-free on monotherapy of valproate or oxcarbazepine or lamotrigine. The case with compound heterozygous variants also responded well to antiepileptic drugs (AEDs), but the seizures occasionally recurred, induced by fatigue mostly. The EEGs of all cases became normal with the achievement of seizure control until the last follow-up.



Clinical Features of Audio-Visual Abnormalities

All cases and the unaffected variant carriers denied problems of audio-visual-vestibular abilities in daily life. A total of six cases (i.e., cases 1, 2, 3, 4, 7, and 9) received audiometric, ophthalmologic, and vestibular tests (Table 3). Both cases 4 and 7 did not present any auditory or visual problems. Case 2 revealed mild hearing impairment of the right ear. Case 3 revealed mildly decreased sensitivity of the right horizontal semicircular canal in the caloric test. Case 9, who had compound heterozygous variants, presented both subclinical auditory and visual abnormalities, including mild hearing impairment of the right ear, abnormal visual field, moderately reduced cone function of bilateral eyes, and mildly reduced rod function of the right eye. His father, who carried variant p.Leu15Ile, revealed mildly reduced cone function of bilateral eyes.


Table 3. Audio-visual examination of six patients and their variant-carried parent(s).
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Molecular Alteration of VLGR1

Variants p.Asn2521IlefsX19 and p.Ile3575MetfsX2 resulted in frame shifting and premature termination codons. The two mutants were expected to lack not only the functional domains of epitempin and CalX-β but also the entire membrane-spanning region. Among the 8 missense variants, p.Leu15Ile was located in the signal peptide, and p.Ala3234Val was located in epilepsy-associated repeat 1. The remaining six variants were located in CalX-β domains, namely p.Asn657Ser (CalX-β 5), p.Thr2690Ala (CalX-β 19), p.Leu2769Ser (CalX-β 19), p.Arg3023Ser (CalX-β 21), p.Ile3153Met (CalX-β 22), and p.Val4539Glu (CalX-β 31) (Supplementary Table 3). In short, the majority of these missense variants potentially affect the function of CalX-β domains.

To evaluate the potentially damaging effect of the missense variants, protein modeling was performed to analyze the protein structure affected by the substitutions (Figure 3). Variants p.Thr2690Ala (from case 4) and p.Ala3234Val (from case 7) did not change their hydrogen bonds. Both cases 4 and 7 presented normal EEGs, were seizure-free without any treatment, and had a normal audio-visual function. Four variants, namely, p.Asn657Ser, p.Arg3023Ser, p.Ile3153Met, and p.Val4539Glu, resulted in new hydrogen bonds with surrounding amino acid residues. Among the compound heterozygous variants, p.Leu15Ile resulted in an extended α-helix structure of the signal peptide, and p.Leu2769Ser formed a new hydrogen bond.


[image: Figure 3]
FIGURE 3. Molecular modeling of VLGR1b and the mutants. Hydrogen bonds were changed in four heterozygous missense variants, namely, Asn657Ser, Arg3023Ser, Ile3153Met, and Val4539Glu. Mutant Thr2690Ala and Ala3234Val did not change any hydrogen bond. Among the compound heterozygous variants, Leu15 is located near an α-helix structure of the signal peptide, and the α-helix structure was extended in the L15I mutant. A new hydrogen bond was formed in the mutant Leu2769Ser. The hydrogen bonds are indicated by dotted red lines.




Genotype-Phenotype Correlation

To date, a total of 268 variants in 155 unrelated cases have been reported (Supplementary Table 3). Most variants have been identified in patients with audio-visual disorders (240 variants in 130 cases); additional 28 variants have been identified in 25 cases with epilepsy, including 10 variants in this study.

Among the cases with audio-visual abnormalities, USH2 was the most common phenotype with 98 cases reported. There were 23 cases with nonsyndromic hearing loss, four cases with nonsyndromic retinitis pigmentosa, and three cases with USH3. Additionally, two cases with ADGRV1 variants were reported as unclassified USH, which were not included for further analysis due to the lack of clinic details. The majority of patients with audio-visual disorders (85.16%, 109/128) had biallelic variants (i.e., homozygous and compound heterozygous). In contrast, monoallelic variants were more common in patients with epilepsy (88.00%, 22/25) (Figure 4A).


[image: Figure 4]
FIGURE 4. Systematic analysis of ADGRV1 variants in epilepsy and audio-visual disorders. (A) The frequency of biallelic variants in epilepsy and audio-visual disorders. (B) The frequency of the missense variants located at the CalX-β motif in epilepsy and audio-visual disorders. (C) The frequency of missense variants in different phenotypes of audio-visual disorders. (D) The location distribution of the variants in epilepsy and audio-visual disorders. The values are expressed as the percentage of the variants located at the N-terminal segment (residues 1–2,295), central segment (residues 2,296–4,339), and C-terminal segment (residues 4,340–6,306). Fisher's exact test and chi-square test were used for statistical analysis. *means P <0.05.


CalX-β motifs are the most recurrent function domains in the ectodomain of VLGR1b. To explore the correlation between the dysfunction of CalX-β motifs and diseases, we analyzed the location of the missense variants identified in different phenotypes (Supplementary Table 3). Compared with audio-visual disorders (51.32%, 39/76), the frequency of missense variants located at the CalX-β motif was significantly higher in epilepsy (80.00%, 20/25) (Figure 4B).

To explore the relationship between genotype and phenotypic severity among audio-visual disorders, we analyzed the variant constituents of USH2, nonsyndromic deafness, nonsyndromic retinitis pigmentosa, and USH3. Missense variants accounted for 18.38% (34/185) of the variants in USH2, whereas it was 78.05% (32/41) in nonsyndromic hearing loss, and it occurred as the unique variant type in nonsyndromic retinitis pigmentosa (8/8) and USH3 (3/3). There was a significant difference in the frequencies of missense variants between USH2 and nonsyndromic hearing loss or nonsyndromic retinitis pigmentosa or USH3 (Figure 4C).

Three main mRNA isoforms, namely VLGR1a, VLGR1b, and VLGR1c, are expressed in humans. Variants at the N-terminal segment (residues 1–2,295) potentially affect isoforms VLGR1b and 1c. Variants at the central segment (residues 2,296–4,339) affect only isoform VLGR1b. Variants at the C-terminal segment (residues 4,340–6,306) affect isoforms VLGR1b and 1a (Figure 4D). The frequency of the variants located at the C-terminal segment was significantly higher in audio-visual disorders (38.91%, 93/239) than that in epilepsy (17.85%, 5/28) (Figure 4D). Subsequently, the variants associated with epilepsy mainly affected VLGR1b and 1c rather than VLGR1a.




DISCUSSION

This study identified ADGRV1 variants in nine unrelated cases with FS-related epilepsy, including two heterozygous frameshift variants, six heterozygous missense variants, and a pair of compound heterozygous missense variants. The aggregate frequency of these variants in the case-cohort was significantly higher than that in control populations. The missense variants were located in the functional domains and were predicted to affect the molecular structures by changing the original hydrogen bonds. These clues suggested that ADGRV1 variants were potentially associated with epilepsy. However, these variants were inherited from their asymptomatic parents, and the affected patients presented few seizures and responded well to AEDs. The incomplete penetrance and mild phenotype indicated that ADGRV1 variants potentially caused changes in susceptibility.

Febrile seizures are the most common convulsive events in childhood, which may be accompanied by unprovoked seizures and epilepsy. Previously, five genetic loci have been reported to be responsible for FS including FEB1 on chromosome 8q13–21, FEB2 on chromosome 19p13.3, FEB3 on chromosome 2q23–24, FEB4 on chromosome 5q14-15, and FEB5 on chromosome 6q22–24 (Johnson et al., 1998; Peiffer et al., 1999; Nakayama et al., 2000). Genes potentially associated with FS-related epilepsy include SCN1A, ADGRV1, SCN1B, SCN9A, GABRG2, GABRD, and CPA6 (Wang et al., 2017). SCN1A variants are the most common causes of FS-related epilepsy, with more than 1,200 variants identified (www.gzneurosci.com/scn1a/database/) (Meng et al., 2015). In this cohort, 24.75% of patients had SCN1A variants, which confirmed the causative role of SCN1A in FS-related epilepsy. ADGRV1 variants were identified in 8.91% of the cases and listed as the second, suggesting that ADGRV1 was one of the candidate genes associated with FS or FS-related epilepsy. The incomplete penetrance suggests that ADGRV1 variants caused a relatively lower pathogenicity (susceptibility) to epilepsy, coincident with the relatively mild phenotype of FS-related epilepsy shown in this study.

The patients with ADGRV1 variants presented favorable responses to AEDs, including sodium channel blocker AEDs. In contrast, most patients with FS and FS-related epilepsy caused by SCN1A variants, such as Dravet syndrome (Brunklaus et al., 2012) and partial epilepsy with FS plus (Liao et al., 2010), were at risk of seizure aggravation induced by sodium channel blocker AEDs. Therefore, the present findings implied the significance of genetic testing in clinical treatment and management.

ADGRV1 variants p.Asn2521IlefsX19 and p.Ile3575MetfsX2 resulted in the massive deletion of the main functional domains of the VLGR1 protein. Similarly, a nonsense variant p.S2832X of ADGRV1 (p.S2652X in the MASS1 isoform) was identified in two FS-affected siblings (Nakayama et al., 2002). Taken together with the evidence from genetic experiments that Mass1 truncating mutation caused audiogenic seizures in the Frings mouse (Skradski et al., 2001; McMillan and White, 2004; Yagi et al., 2009), it is suggested that the loss of function or haploinsufficiency of ADGRV1 potentially contributed to the epileptogenesis. Except for p.Leu15Ile and p.Ala3234Val, the remaining twelve missense variants, including six possible pathogenic variants reported previously (Myers et al., 2018), were located at or close to CalX-β motifs and proposed to affect the structures. This evidence suggested that CalX-β motifs were critical for VLGR1 function, and missense variants ruining the CalX-β motif were potentially associated with epilepsy. Indeed, the maintenance and the existence of a highly repeated structure of the VLGR1 protein, such as the multiple CalX-β motifs, were suggested to be essential for protein function (McMillan et al., 2002). The variant p.Ala3234Val was located at epilepsy-associated repeat 1, which is a common domain that existed in proteins encoded by epilepsy-associated genes such as LGI1 and was proposed to play an important role in the pathogenesis of epilepsy (Staub et al., 2002). Further functional studies are required to determine the impacts of the variants on these functional domains and their roles in epileptogenesis.

On the contrary, most of the currently reported ADGRV1 variants have been identified in audio-visual disorders. Further analysis demonstrated that biallelic variants were more common in audio-visual disorders than epilepsy (Figure 4A). For audio-visual disorders, a destructive variant was the major genotype of the severe phenotype (USH2). In contrast, missense variants were identified in most cases with relatively mild phenotypes, including nonsyndromic hearing loss, nonsyndromic retinitis pigmentosa, and USH3 (Figure 4C). These findings suggest that the genetic impairment of ADGRV1 was associated with the phenotypic severity of audio-visual disorders, particularly concerning hearing loss.

The patients with FS-related epilepsy in this study did not appear any obvious audio-visual symptoms. Subclinical auditory and visual abnormalities were observed in further tests. Mild hearing impairment was detected in the patient with the heterozygous frameshift variant. Both mild hearing impairment and moderate retinitis pigmentosa were detected in the patient with compound heterozygous variants. Among the patients with the heterozygous missense variant, the patient with the hydrogen bond-changed variant presented horizontal semicircular canal weakness, while the patients carrying the variant without a hydrogen bond change did not suffer from any auditory or visual abnormality. These observations were consistent with the genotype-phenotype correlation between ADGRV1 and audio-visual disorders. There was the possibility that the hearing impairment and retinitis pigmentosa would aggregate later, like the patients with USH2 or USH3, and the auditory and visual abnormalities might influence the learning and social abilities. It is, therefore, recommended to follow up the patients with ADGRV1 variants with auditory and visual tests.

A correlation between the severity of the epilepsy phenotype and ADGRV1 impairment was also suggested in this study. Cases with heterozygous variants presented relatively mild seizures and a good response to AEDs than the patient with compound heterozygous variants, who experienced relatively refractory seizures, and seizure-free was achieved after the combination treatment of AEDs. Additionally, cases 4 and 7 presented normal EEGs and became seizure-free without any treatment, in whom the variants (i.e., p.Thr2690Ala and p.Ala3234Val) did not change the hydrogen bonds in protein modeling. However, the severe phenotype of epilepsy had not been observed in the USH2 cases that carried ADGRV1 variants of severe genetic impairment. The mechanism underlying the perplexing phenomenon is unknown, for which two clues from this study may be helpful to explain.

First, the isoforms involved may differ in audio-visual disorders and epilepsy. This study showed that the variants in isoforms VLGR1b and VLGR1c rather than that in VLGR1a appeared more frequently in patients with epilepsy (Figure 4D). A previous study suggested that ADGRV1 variants in USH2 involved isoforms VLGR1b and 1a (Weston et al., 2004). The tissue-specific expression of isoforms is potentially the pathogenic bases of the diverse phenotypic spectrum associated with ADGRV1. The RT-PCR study on the mouse embryo demonstrated that Vlgr1b and Vlgr1c were expressed predominantly in the brain ventricular zone and participated in the neurogenesis process (McMillan et al., 2002). Both Vlgr1-knockout and recombinant mutant mice presented high susceptibility to audiogenic seizures. This experimental evidence suggested that the isoforms VLGR1b and VLGR1c were associated with the pathogenesis of epilepsy. In contrast, several experimental studies demonstrated that VLGR1a and VLGR1b were critical for the pathogenesis of audio-visual disorders. In hair cells of cochlea, VLGR1 mainly localizes at the ankle region of the stereocilia (McGee et al., 2006). The PDZ domain-binding motifs at the C-terminal end of VLGR1a and VLGR1b have been identified to mediate the interaction with several proteins, the majority of which are members of the ankle-link complex in stereocilia of hair cells. The ankle-link complex plays crucial roles in maintaining the stereociliary integrity and stability and in the hearing signal transduction process (Goodyear et al., 2005). Therefore, the structures and function of VLGR1a and VLGR1b supported their roles in hair cells and auditory disorders.

Second, this study showed that the epilepsy-associated missense variants occurred more frequently in the CalX-β motif than that in audio-visual disorders (Figure 4B). The extracellular domain of VLGR1b contains 35 CalX-β motifs, which resemble the regulatory domains of Na+/Ca2+ exchangers (Nikkila et al., 2000). In the central nervous system, Na+-Ca2+ exchanges play a fundamental role in controlling changes in the intracellular concentrations of Na+ and Ca2+ ions that occur in physiologic conditions such as neurotransmitter release, cell migration and differentiation, and gene expression, as well as neurodegenerative processes (Canitano et al., 2002). Therefore, the disrupted function caused by variants in the CalX-β motif was potentially involved with epileptogenesis.

This study has several limitations. Functional studies are needed to determine the damage effects of the variants. The relationships between the functional domains of VLGR1 and epilepsy also warrant further studies. The audio-visual abnormalities in patients with ADGRV1 variants should be followed up.

In conclusion, we identified 10 ADGRV1 variants in nine unrelated cases with FS or epilepsy with antecedent FS. The incomplete penetrance and mild phenotype indicated that ADGRV1 variants potentially caused changes in susceptibility. The genotype, submolecular implication, isoforms, and damaging severity of the variants explained the phenotypical variations. ADGRV1 variants associated with FS/epilepsy presented favorable responses to AEDs, implying a clinical significance.
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semicircular canal
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Case-level Evidence type Case information Suggested points/case Points given Max score
data
Default Range
Variant evidence Autosomal dominant OR Variant is de novo 2 0-3 0 12
X-linked disorder
Proband with predicted or proven null variant 15 0-2 0 10
Proband with other variant type 0.5 0-1.5 0
with some evidence of gene
impact
Autosomal recessive Two variants in trans and at least 2 0-3 0 12
one de novo or a predicted/proven
null variant
Two variants (not predicted/proven 1 0-15 7.52
null) with some evidence of gene
impact in trans
Segregation evidence Evidence of LOD score 3 5 0-7 0 7
segregation in one or example
more families
2 4
1.5 3
1 0.5
Case-control Case-control study type Case-control quality criteria Suggested points/study Points given Max score
data
Single variant analysis e Variant detection methodology 0-6 12
o Power
e Bias and confounding factors
o Statistical significance
Aggregate variant analysis 0-6 6b
Total allowable points for genetic evidence 7.5 12
Evidence category Evidence type Suggested points Points given Max score
Default Range
Function Biochemical function 0.5 0-2 0.5° 2
Protein interaction 0-2 0.59
Expression 0-2 1€
Functional alteration Cells from affected individual 1 0-2 0 2
Engineered cells 0.5 0-1 0
Models and rescue Animal model 2 0-4 3f 4
Cell culture model system 1 0-2 19
Rescue in animal model 2 0-4 0
Rescue in engineered equivalent 1 0-2 0
Total allowable points for experimental evidence 6 6 6
Clinical validity summary matrix 135 Strong

@Two pairs of compound heterozygous variants had hydrogen bonding changes and were predicted to be damaging in both biallelic variants; three pairs had hydrogen bonding changes in one variant and free energy
stability changes (A AG) or predicted damaging effect in the other paired variant; three pairs had free energy stability changes (A AG) or predicted damaging effect in one of the paired variants (1.5 pt x 2 cases + 1.0
pt x 3 cases + 0.5 pt x 3 case = 7.5 pts).

bThis is an aggregate analysis. Comparing to allele number in gnomAD-control populations and in controls of gnomAD-East Asian populations, the frequency of the variants in the present cohort is significant higher
(Table 2) (Assigned 6 pts). The points are not included in total allowable points for genetic evidence.

¢PC1plays multiple roles in cell proliferation, apoptosis, cell polarity, and cation transport, which is involved in neuronal excitation and synaptic plasticity (Assigned 0.5 pt).

dPC1 interacts with PC2 to form a voltage-requiated Ca®* channel that regulates calcium homeostasis. As a receptor, PC1 is involved in multiple signaling pathways, such as Wnt signaling pathway, AP-1, PI3kinase/Akt,
GSK3B, STAT6, and mTOR pathway, regulating cell proliferation, differentiation, and apoptosis (Assigned 0.5 pt).

®PC1 is ubiquitously distributed and highly expressed in the brain (Assigned 1 pt).

fHomozygous Pkd1 knockout mice have exhibited neural tube defects and embryonic or perinatal lethality (Assigned 3 pt).

9In human cells, mitochondrial abnormalities were identified both in the cells with homozygous PKD1 mutation and in those carrying heterozygous PKD1 mutation (Assigned 1 pt).
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Case

Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

Case 7

Case 8

Variants

¢.3362G >
A/p.S1121N ¢.8680G
> Ap.A2894T
¢.5401C > T/p.P1801S
.6878C > T/p.P2293L
C.8744A >
G/p.N2915S ¢.11689C
> T/p.L3897F
¢.10315C >
T/p.R3439W
¢.12391_12392delinsTT/
p.E4131L

¢.3587C >
T/p.T1196M ¢.10733C
> T/p.A3578V
¢.5212C > T/p.L1738F
c.10102G >
A/p.D3368N

.6706T > C/p.F2236L
¢.10760C >
T/p.A3587V

c.1966C > G/p.L656V
c.4817C >
G/p.T1606S

Sex

ale

ale

Female

ale

Age
(year)

10

3.5

10

11

4.5

2.5

9

Onset
(year)

25

Seizure course

FS, CPS, GTCS
(twice a year)

FS, CPS, GTCS
(twice a month)
FS, CPS (three
imes a year)

FS, CPS (5-6 times
amonth)

FS, GTCS (four

imes a month)

FS, CPS, GTCS
(four times a month)

FS (twice)

FS, CPS, GTCS
(once a month)

EEG

Diffused spikes and
spike-slow waves,
obviously in the foreheads
Spikes in the bilateral
frontal and central regions
Spike-slow and slow waves
in right frontal and temporal
regions
Bilateral occipital
spike-slow and slow waves;
diffused spike-slow waves

Irregular diffused
spike-slow waves,
obviously in the right areas
Spikes and spike-slow
waves in the frontal, central,
and temporal regions

NA

Spike-slow waves in the
right frontal and temporal
regions

Brain
MRI

Normal

Normal

Normal

Normal

Normal

Normal

NA

Normal

Development Treatment

(AEDs)

Normal LEV
Normal -
Normal OXC, LTG
Normal CNZ, LEV
Normal VPA
Normal VPA
Normal -
Normal LTG

Seizure-free
duration

1 year

6 months

1 year

1 year

5 months

3 months

2 years

3 months

Diagnosis

AEDs, antiepileptic drugs; FS, febrile seizure; CNZ, clonazepam; CPS, complex partial seizure; EEG, electroencephalogram,; EFS+, epilepsy with antecedent FS; GTCS, generalized tonic-clonic seizure; LEV, levetiracetam;
LTG, lamotrigine; MRI, magnetic resonance imaging; NA, not available; OXC, oxcarbazepine; VPA, valproate.





OPS/images/fnmol-15-861159/fnmol-15-861159-t002.jpg
Allele count/number

Allele count/number

Allele count/number

Allele count/number

Allele count/number

Allele count/number

in this study in the gnomAD-all in the controls of in the gnomAD-East in the controls of in the controls of 296
population gnomAD-all Asian gnomAD-East Asian healthy volunteers
population
Identified PKD1 mutations
chr16: 2161806 (c.3362G > 1/628 e s == == 0
A/p.S1121N)
chr16: 2153378 (c.8680G > 1/628 17/267314 9/101036 (0.00008908) 1/19432 (0.00005146) 0/8668 (0) 0
A/p.A2894T) (0.00006360)
chr16: 21569767 (c.5401C > 1/628 8/239710 (0.00003337) 4/106082 (0.00003771) 4/17982 (0.0002224) 3/8750 (0.0003429) 0
T/p.P1801S)
chr16: 2158290 (c.6878C > 1/628 33/275052 (0.0001200) 18/118012 (0.0001525) 19/19500 (0.0009744) 10/9576 (0.001044) 0
T/p.P2293L)
chr16: 2153314 (c.8744A > 1/628 39/272678 (0.0001430) 18/116880 (0.0001540) 21/19496 (0.001077) 10/9604 (0.001041) 0
G/p.N2915S)
chr16: 2141447 (c.11689C > 1/628 4/4272 (0.0009363) 2/2036 (0.0009823) 0/62 (0) 0/40 (0) 0
T/p.L3897F)*
chr16: 2147410 (c.10315C > 1/628 51/275532 (0.0001851) 20/116618 (0.0001715) 39/19728 (0.001977) 18/9778 (0.001841) 0
T/p.R3439W)
chr16: 2140338, 2140339 1/628 e s == == 0
(c.12391_12392delinsTT/
p.E4131L)
chr16: 2161581 (c.3587C > 1/628 4/181588 (0.00002203) 3/78930 (0.00003801) 3/13498 (0.0002223) 3/6936 (0.0005054) 0
T/p.T1196M)*
chr16: 2143900 (c.10733C > 1/628 5/226808 (0.00002205) 2/80606 (0.00002481) 2/16796 (0.0001191) 1/7018 (0.0001425) 0
T/p.A3578V)*
chr16: 2159956 (¢.5212C = 1/628 5/239702 (0.00002086) 5/105408 (0.00004743) 5/20568 (0.0002431) 5/13110 (0.0003814) 0
T/p.L1738F)
chr16: 2147934 (c.10102G > 1/628 63/251880 (0.0002501) 24/108086 (0.0002220) 57/18150 (0.003140) 22/8750 (0.002514) 0
A/p.D3368N)
chr16: 2158462 (c.6706T > 1/628 5/246952 (0.00002025) 2/108614 (0.00001841) 5/17974 (0.0002782) 2/8674 (0.0002306) 0
C/p.F2236L)
chr16: 2143873 (c.10760C > 1/628 8/221464 (0.00003612) 3/88270 (0.00003399) 0/16258 (0) 0/7610 (0) 0
T/p.A3587V)
chr16: 2165510 (c.1966C > 1/628 i —/- ~/- ~/- 0
G/p.L6B56V)
chr16: 2160351 (c.4817C > 1/628 6/249556 (0.00002404) 2/109386 (0.00001828) 6/18364 (0.0003267) 2/9044 (0.0002211) 0
G/p.T1606S)
Total 16/628 248/221464 (0.001120) 112/88270 (0.001269) 162/16258 (0.009964) 76/7610 (0.009987) 0
P value 2.2 x 10716 1.43 x 10715 0.001014 0.002089 3.06 x 1075
OR (95% CI) 23.327 20.578 2.597 (1.441-4.382) 2.591 (1.401-4.518) 00 (3.705-00)

(13.042-38.887)

(11.300-35.177)

OR, odd ratio; P values and odd ratio were estimated by two-sided Fisher’s exact test. *The variants were excluded from statistical analysis because of the low-quality genotypes in gnomAD.
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Variants (NM_005560.4) Sex Age Seizure Seizure Seizure  Seizure- AEDs EEG Brain MRl Development
onset course timing free delay
duration
Case 1 €.1337G > A/p.Arg446Gin M 4yr 9 mo. sGTCS ~7/yr.  Nocturnal 3yr LEV, Spike-slow Normal Mild
¢.10699C > T/p.Pro3567Ser FS once in mostly VPA  waves in middle
3yrs. and posterior
temporal areas.
Case 2 ¢.1418G > A/p.Pro473Leu M 4yr. 5 mo. sGTCS 1-2  Diurnal and 3yr VPA Sharp and Normal Mild
¢.3608C > T/p.Arg1203GIn time/wk. nocturnal spike waves in
frontal, central,
and
pretemporal
areas.
Case 3 ¢.5426G > A/p.Arg1809His F 4y 1 mo. 1-2 time/wk. Diurnal and 4yr VPA  Spikes in the Normal Mild
€.7394G > A/p.Arg2465GIn nocturnal frontal and
central areas.
Case 4 ¢.3170C > T/p.Ser1057Leu M 15yr. 3 mo. Spasms and Diurnal 1yr TPM, Spike-slow Normal Mild
€.6388C > T/p.Arg2130Cys CPS, 1-3 mostly ATCH  waves in the
times/days anterior area
and generalized
spikes and
spike-slow
waves.
Case 5 €.9448G > A/p.Gly3150Ser F 15yr 5 mo. Spasms and  Nocturnal 1yr TPM, Spike-slow and  Normal Mild
¢.10744C > T/p.Arg3582Trp CPS, 1-2 mostly ATCH sharp-slow
times/day. waves in the
bilateral
posterior area
and generalized
spikes and
spike-slow
waves.
Case 6 €.2192C > G/p.Ala731Gly F 25yr 3 mo. Spasms and  Diurnal and - CNZ, Spikes and Normal Mild
€.1963G > A/p.Gly655Ser CPS, 2-3 nocturnal LEV, spike-slow
times/day. TPM, waves in
LTG bilateral
temporal,
frontal and

central areas.

AEDs, antiepileptic drug; ATCH, adrenocorticotropic hormone; CPS, complex partial seizure; EEG, electroencephalogram; F, female; FS, febrile seizure; LEV, levetirac-
etam; LTG, lamotrigine; M, male; mo, month; MRI, magnetic resonance imaging, SGTCS, secondary generalized tonic-clonic seizure; TPM, topiramate; VPA, valproate;
wk, week; yr, year.
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TABLE 2| Analysis of the aggregate frequency of LAMAS variants identified in this study.

Variants (NM_005560.4)  Allele countinumber Allele count/number in the six controls. Homozygotes in
in this study the controls of
gnomAD
The controls of 296 The controls of GnomAD-all The controls of GnomAD-East Asian “The controls of
healthy volunteers  Epi25 WES Brower population ‘gnomAD-all ‘gnomAD-East Asian
population
1337C > Tip ArgadeGin 11288 /16864 6280278 17109070 o084 °
14186 > AlpProdTLeu 1128 w1870 161269638 27100080 o626 °
19636 > A/p.GlESSSer 11238 71248058 27108800 8948 0
©2192C > Glp AaT31Gly 11208 141281176 6108254 69046 0
31700 > TipSe1067Leu 1206 - - -
36086 > A/p Arg1203G 1120 287270870 8104670 79516 118335 0
54266 > Alp Arg1809His 11238 11251170 1/108360 oteaze 019038 °
6388C > Tip Arg21300ys. 11238 1257261646 65110872 1019184 s °
73046 > Alp Arg2465Gn 1128 1081253406 501108836 7819018 359738 0
94483 > A/p.Gha150Ser 11236 1087272790 56117014 17/195% 719698 o
©10699C > T/p.ProBS67Ser 11208 17248280 - 1118254 - s
10744 > T/Arg3582Trp 11206 sor277032 27118348, 3819806 1619870 0
Total 12/236(5.08 x 1072) 1/592(1.69 x 107%)  6/16844(3.56 x 10° 472/248058(1.9 x 10°%)  218/100060(2.18 x 10~%)  167/18250(9.15 x 10™%)  71/8626(8.04 x 10~ o
Pao 2243100 <22x10°% 8306 x 10 4728 x 10710 336 106 1749 x 10°° -
OR(95% C) 31,580,626~ 14954551506 28104(1420-50428)  24598(12299-44504)  57992804-10599)  6.45208.139-12204) =

1848.630) 484264
Pvalues and odds ratio were estimated with 2-sided Fisher's exact fest.
I, confidence interval; gnomAD, Genome Aggregation Database; OR, odd ratio; WES, whole-exome sequencing.
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Variants (NM_020717.5)

¢.13C > A/p.Pro5Thr
¢.3236A > C/p.Glu1079Ala
¢.3581C > T/p.Ser1194Leu
©.4288C > T/p.Arg1430Cys
€.4303G > A/p.Val1435Met
¢.4331C > T/p.Pro1444Leu
Total

P value

OR

(95%Cl)

p values and odds ratio were estimated with 2-sided Fisher's exact test.

Position

chrX:50557006
chrX:50350906
chrX:50350561
chrxX:50339889
chrX:50339874
chrX:50339846

Allele
count/number in
hemizygotes in
this study (%)

1/448 (0.2232)
1/448 (0.2232)
1/448 (0.2232)
1/448 (0.2232)
1/448 (0.2232)
1/448 (0.2232)
6/448 (1.3392)

Allele
count/number in
hemizygotes of
gnomAD-all
populations (%)

1/204,757
1/180,876
0/181,847
2/180,876

6.134 x 10710
1,227.652
(247.11-6,099.01)

Cl, confidence interval; gnomAD, Genome Aggregation Database; OR, odd ratio.

Allele
Count/number in
hemizygotes in
controls of
gnomAD-all
populations (%)

1/87,776

0/79,656
1/79,656
4273 x 10-13
1,081.289
(129.91-8,999.96)

Allele
Count/number in
hemizygotes of
gnomAD-East
Asian populations
(%)

0/13,792
9.386 x 10-10
405.203
(22.72—7,225.75)

Allele
Count/Number in
the controls of
gnomAD-East
Asian populations
(%)

0/6,901
9.462 x 1078
202.756
(11.837-3,615.63)
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Case  Mutation Gender Age Onset Seizure Seizure- Effective EEG Brain imaging Development Diagnosis

(NM_001127222) age course free AEDs
duration
Case 1 p.Gly989Argfs*78 Female 24yr 3yr SPS, 1-2/mo 12yr VPA Diffuse SW, Normal Normal PE
and up to 2/wk irregular sharp
for 9 yr and spike
waves
Case2 ¢.3089+1G>A Female 3yr 1yr  1-2/mofor 1 yr 1yr VPA Bilateral Normal Normal PE
occipital SSW
Case3 ¢c4755+1G>T Female 9yr 2yr  FStwice at 2 yr, 0.5yr VPA Ictal: 10 Ab; Normal Normal CAE
Ab, 10-20/d interictal:
from 8 yr to paroxysmal 3
8.5 yr HZ SSW.
Case4 ¢.6340-1G > A Male 10yr 6yr Ab, 5-6/d for 2yr VPA Paroxysmal Normal Normal CAE
2yr generalized
3 Hz SSW
Case5 p.Arg68Leu Female 21yr 11yr sGTCS, 4yr VPA, LTG Right frontal Normal D PE, ID
1-2/mo for 6 yr and temporal
spikes and
FSW
Case 6 p.Gly1322Giu Female 4yr 3mo sGTCS and 2yr VPA, LTG Left parietal Normal D PE, ID
CPS, 3-4/d for and temporal
1.5yr sharp waves
and FSW
Case 7 p.Arg1678Cys Male 13yr 10yr SPS, 1-2/mo 1yr OXC Bilateral Normal Normal PE
for 2 yr occipital sharp
waves
Case 8 p.Ser1798Leu Male 5yr 1.5yr sGTCS and 1yr VPA Bilateral Normal D PE, ID
CPS, 1-2/mo occipital spikes
for2.5 yr and FSW
Case 9 p.Ser1078Leu Female 7 yr 4yr  FSonceat4yr, 1yr VPA, OXC Bilateral frontal Normal Normal PE
p.Glu2021Lys sGTCS and and central
CPS, 1-4/wk sharp waves
for 2 yr
Case 10 p.lle1631Val Male 10yr 1yr FS1-2/yrfor 3yr LEV Left parietal Normal Normal PE
p.Pro1993Leu 4 yr, CPS once and temporal
at 7 yr spikes

Ab, absence; AEDs, antiepileptic drugs; CAE, childhood absence epilepsy; CPS, complex partial seizure; d, days; EEG, electroencephalogram;, FS, febrile seizure; FSW,
focal sharp and slow wave; ID, intellectual disability; LEV, levetiracetam; LTG, lamotrigine; mo, months;, OXC, oxcarbazepine; PE, partial epilepsy; sGTCS, secondary
generalized tonic-clonic seizure; SPS, simple partial seizure; SSW, spike and slow wave; SW, slow waves; VPA, valproate; wk, weeks; yr, years.





OPS/images/fnmol-15-860662/fnmol-15-860662-t002.jpg
Case no. Mutation Inheritance MAF MAF-EAS SIFT? PP2_Var® MutationTaster? M_CAP2 DDG (kcal/mol) ACMG scoring ACMG

pathogenicity

Case 1 p.Gly989Argfs*78 De novo - - - - - - - PVS1 + PS2 + PM2 Pathogenic
Case 2 c.3089 4+ 1G> A De novo - - - - - - - PVS1 + PS2 4+ PM2 Pathogenic
Case 3 c47554+1G>T De novo - - - - - - - PVS1 + PS2 4+ PM2 Pathogenic
Case 4 c.6340-1G > A De novo = = —- = = - = PVS1 + PS2 4+ PM2 Pathogenic
Case 5 p.Arg68Leu De novo - - 0.002 (D) 0.319 (B) 0.999 (D) 0.753 (D) -0.73 PS2 + PM2 + PP3 Likely pathogenic
Case 6 p.Gly1322Glu De novo - - 0.011 (D) 1(D) 1(D) 0.687 (D) -1.47 PS2 + PM2 + PP3 Likely pathogenic
Case 7 p.Arg1678Cys De novo - - 0 (D) 1(D) 1(D) 0.833 (D) -0.89 PS2 + PM2 4+ PP3 Likely pathogenic
Case 8 p.Ser1798Leu De novo - - 0 (D) 0.998 (D) 1(D) 0.794 (D) -0.15 PS2 + PM2 + PP3 Likely pathogenic
Case 9 p.Ser1078Leu Paternal 14x107% 21 x10°* 0.09 (T) 0.057 (B) 1P 1(D) 0.619 (D) 0.440.28 PM2 + PP3 PM2 + PP3 Uncertain

p.Glu2021Lys Maternal 37 x107% 4.8 x 1073 0.072 (T) 0.441 (B) 0.25 (D) significance
Case 10 p.Pro1993Leu Paternal 6.1 x 1076 -19x10-3 0.304 (T) 0.738 (D) 1(D) 0.997 (D) 0.221 (D) 019-1.17 PM2 + PP3 PM2 + PP3 Uncertain

p.lle1631Val Maternal 1.3 x 1074 0.58 (T) 0.262 (B) 0.076 (D) significance

ACMG, American College of Medical Genetics and Genomics; B, benign; D, damaging; DDG, protein stability indicated by free energy change value; MAF, minor allele frequency from gnomAD; MAF-EAS, minor
allele frequency from gnomAD-East Asian population; M_CAF, Mendelian Clinically Applicable Pathogenicity; B polymorphism,; PM2, absent in population databases; PP2_Var, Polyphen2_HVAR; PP3, multiple lines
of computational evidence support a deleterious effect on the gene/gene product; PS2, De novo (paternity and maternity confirmed); PVS1, predicted null variant in a gene where loss of function (LOF) is a known
mechanism of disease; SIFT, Sorting Intolerant From Tolerant; T, tolerable.

aTypical results of damage effect prediction of the CACNA1TA mutations in this table were selected from 23 algorithms in silico missense prediction (http.//varcards.biols.ac.cn/).

*means a premature termination of the protein caused by a frameshift mutation.
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Brain region
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ENSMUSG00000009900
ENSMUSG00000054409
ENSMUSG00000041911
ENSMUSG00000021676
ENSMUSG00000038048
ENSMUSG00000069310
ENSMUSG00000043557
ENSMUSG00000026285
ENSMUSG00000030433
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ENSMUSG00000024793
ENSMUSG00000066687
ENSMUSG00000001131
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Chromosome

11
15
2

13
17
13
17

A X © B o4 N o

Name

Wnt3a
Crift
Dix1
lagap2
Cntnap5¢
H3c3
Mdga1l
Pdcd1
Sbk2
Gpr39
Tnfrsf25
Zbtb16
Timp1
Padi3

Fold change

-0
—, 0.336
—,0.494
—,0.313
—,0.377
+, infinite
—,0.488
+, 6.157
+, 5.395
+, infinite
+, 2.191
—, 0.464
+, 6.603
—,0.087

Description

wingless-type MMTYV integration site family, member 3A
cytokine receptor-like factor 1

distal-less homeobox 1

IQ motif containing GTPase activating protein 2
contactin associated protein-like 5C

H3 clustered histone 3

MAM domain containing glycosylphosphatidylinositol anchor 1
programmed cell death 1

SH3-binding domain kinase family, member 2

G protein—coupled receptor 39

tumor necrosis factor receptor superfamily, member 25
zinc finger and BTB domain containing 16

tissue inhibitor of metalloproteinase 1

peptidyl arginine deiminase, type I
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Allele Allele count/number Allele count/number in Allele count/number in 296

count/number in in gnomAD-all gnomAD-East Asian normal controls of Chinese
this study (%) populations (%) population (%) population (%)

Identified ATP6VOC mutation
c.64G > A/p.Ala22Thr 1/64 (1.56) —/— —/— —/—
¢.361_373del/p.Thr121Profs*7 1/64 (1.56) —/— —/— —/—
Total 2/64 (3.12) 0/280788 0/19750 0/592
P valuet 511 x 1078 1.03 x 107° 9.38 x 1073
OR (95% CI) Inf (840.15-Inf) Inf (58.51-Inf) Inf (1.75-Inf)

TP values and odds ratio were estimated with a 2-sided Fisher’s exact test.
Cl, confidence interval; gnomAD, Genome Aggregation Database; OR, odds ratio.
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Cases Sex Age Seizure Seizure course Seizure-free AEDs EEG Brain MRI Development Diagnosis
onset duration

Case 1 (c.64G>A/p.Ala22Thr)

I-1 M 44yr 8 mo GTCS (FS), 1-2 38 yr No NA NA Normal FS
times/yr for 5 yr

II-1 F 14 yr 8 mo GTCS (FS), 1-2 8yr No Normal Normal Normal FS
times/yr for 5 yr

-2 F o 12yr 8 mo GTCS (FS), 12 6 yr No Normal Normal Normal FS
times/yr for 5 yr

II-3 M 5yr 8 mo GTCS (FS), 5-6 Tyr VPA, NZP,  Ictal: generalized PSW; Normal Normal EFS+
times/yr for 1.5 yr; LTG interictal: generalized
myoclonic seizures, up 24 Hz SW, irregular
to 1-2 times/d for SSW and PSW
1.5yr

Case 2 (c.361_373del/p.Thr121Profs*7)

II-1 F 30yr 8 mo GTCS (FS), 0-2 25 yr No Normal NA Normal ES
times/yr for 4 yr

-1 M 3yr 7 mo GTCS (FS or aFS), 6-8 Tyr VPA Generalized 2.53.5 Hz Normal Normal EFS+

times/yr in cluster for
1.5yr

SW

AEDs, antiepileptic drugs; aFS, afebrile seizure; d, day; EEG, electroencephalogram; EFS+, epilepsy with febrile seizure plus; F, female; FS, febrile seizure; GTCS,
generalized tonic—clonic seizure; LTG, lamotrigine; M, male; mo, months; MRI, magnetic resonance imaging, NA, not available; NZF, nitrazepam; PSW, polyspike-slow
waves; SSW, spike-slow waves; SW, slow activities; VPA, valproate; wk, week; yr, years.
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A Case 1 (c.64G>A/p.Ala22Thr) Case 2 (c.361_373del/p.Thr121Profs*7)
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Gallus gallus V MG A S A|IAIMV F § AL
Danio rerio VMG AS S|IAIMV F § AL
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Variant

p.Phe17del
p.Thr18del
p.Gly58_Leu61del
p.Leu80_Asp81idel
p.lle99_Ala104del
p.Leu129del
p.Ser128_Phe130del
p.Leu129_Glu158del
p.Thr160_Tyr202del
p.Glu181del
p.Asp208_Arg219del
p.Lys246del
p.Leu247del
p.Thr303_Arg322del
p.Tyr325del
p.Met400del
p.Thr775del
p.Met815del
p.Gly854_Leu855del
p.Lys868del
p.Valg96_Ala898del
p.Met960_Cys968del
p.Thr1210del

p.lle1240_Asp1243del
p.Thr1247_Thr1250del

p.Phe1289del
p.Val1335_V1428del

p.Ala1429del
p.Asn1446_Gly2008del

p.Phe1473del
p.lle1483del
p.Glu1503del
p.Met1558del
p.Met1559del
p.Val1560_Thr1562del
p.Asn1672del
p.Gly1674_Leu1675del
p.Phe1766del
p.lle1772del
p.Met1807_Glu1810del
p.Glu1813_Phe1815del
p.Leu1835_Pro1837del
p.Thr1909del
p.GIn1914del

Length (AA)

= KO ) =k DO Bk Bk Rk =

94

563

o ) G S =k B N B ) S =k e el et

Position

N terminal
N terminal
N terminal
N terminal
N terminal
DI $1
DI $1
DI $1, S$1-S2, 82
DI 82, $2-83, S3
DI S2-S3
DI S3-84, S4
DI $4-S5
DI $4-S5
DI S5-S6
DI S5-S6
DI S6
DIl $1
DIl 82
DIl S3-S4
DIl S4
DIl S5
DIl S5-S6, S6
DII-DIll linker

Dl §1-S2
Dl §1-S2

DIl S3
DIl S4-85, S5,
55-56
Dlll S5-S6

DIll S5-S6, S6,
DIlI-DIV, DIV,
C-terminal

Dill S6
Dlll S6
DIll-DIV linker
DIV S1
DIV S1
DIV $1-S2
DIV S4-S5
DIV S5
DIV S6
DIV S6
C terminal
C terminal
C terminal
C terminal
C terminal

Phenotype

DS
DS
DS
DS
DS
DS
LGS
DS
DS
DS
DS
DS
Ep or NDD
FS+
DS
DS
DS
DEE
DS
DS
Ep or NDD
DS
DS

DEE
DS

DS
DS

DS
DS

DS
DS
DS
DS
DS
DS
DS
Ep or NDD
DS
PEFS+
DS
DS
Ep or NDD
DS
Refractory epilepsy
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DS, Dravet syndrome (SMEI); Ep, epilepsy; NDD, neurodevelopmental disorders; LGS, Lennox—-Gastaut syndrome; PEFS+, partial epilepsy with febrile seizures plus;

FS+, Febrile seizures plus.
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Mutation Mutation position Age at Seizure type Inherited Diagnosis EEG Mental AEDs PROVEAN

FS/aFS onset retardation
c.383 + 1A > G/ DIS1 (Intron 2) NA Myo, Tonic, De novo LGS GSW, Severe learning VPA+LTG+PT(A) D
p.S128_F130del Atonic, CPS, FSW disability

GTCS

c.602 +1G > A/ DIS2-S3 (Exon 4) 8 m/2 years sGTCS, CPS De novo DS FSW Normal VPA+TPM(]) D
p.T160_Y202del
C.909A > G/ DIS5-S6 (Exon 6) 2 years/— GTCs De novo FS+ NA Normal NA D
p.T303_R322del
€.1200_1202delGAT/ DIS6 (Exon 9) 8 m/— GTCS, CPS De novo DS GSW, Speech defect  VPA+LEV(]) D
p.M400del FSW
c.4284 + 2T > C/ DIlIS5-S6 (Exon 21) 6 m/6 m Myo, CPS, Paternal DS GSW, Normal VPA+TPM(A) D
p.V1335_V1428del sGTCS FSW
¢.5313_5315delCAT/ DIVS6 (Exon 26) 7 m/3 years GTCS, CPS De novo PEFS+  Normal Moderate VPA+CNZ(]) D
p.11772del
€.4853-25T > A/ DIVS3 (Exon 26) 18 m/5 years GTCS, CPS Maternal PEFS+ NA NA NA D

p.M1619Ifs*7

CPS, complex partial seizures; GTCS, generalized tonic-clonic seizures; Myo, myoclonic seizures; Tonic, tonic seizure; Atonic, atonic seizures; LGS, Lennox-Gastaut
syndrome; GSW, generalized spike waves; FSW, focal spike waves; NA, not available; VFA, valproic acid; LTG, lamotrigine; TPM, topiramate; LEV, levetiracetam; CNZ,
clonazepam; D, deleterious. (), seizure-free; ({), seizure remission.
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Case index

Variant
(NM_015016.1)
ACMG classification

Protein domain the
variant located

Age at last
examination (years)
Age at onset-seizure
Gender

Global developmental
delay/intellectual
disability (diagnosed
by Gessel or WAIS)
Epilepsy type
Epilepsy controlled
ASD (diagnosed by
ABC, CARS)
Hypotonia

Brain MRI

EEG

1
¢.302C > Tp.Ser101Phe

Likely pathogenic (PS2,
PM1, PM2)

DUF
Six

NA
male
Yes

NA
NA
Yes

No
normal
NA

2

¢.311C > T:p.Ser104Leu

Likely pathogenic (PS2,
PM1, PM2 PP3)

DUF
four and a half

NA
Male
Yes

NA
NA
Yes

No
normal
NA

3

€.15647T > C:p.Leub516Pro
Likely pathogenic (PS2, PM1, PM2)
STK
Ten

3 months
Male
Yes

LGS
No
No

Yes
Normal

15-25 Hz low amplitude fast waves and complex slow
waves burst for 1.2 s, followed by diffuse voltage
reduction for 4 s and a large number of multifocal and
1.5-2.5 Hz high amplitude spike-slow waves with sharp
waves and slow waves (3 months); 15-25 Hz spikes
burst intermittently for 2.5 s on the background of
diffuse slow waves (2 years);20-25 Hz spikes burst for
4.5 s (2 years and 3 months)

4

©.1643G > A:p.Gly515Ser

Likely pathogenic (PS2,
PM1, PM2)

STK
twelve

1 year and 11 months
male
yes

GTCS
yes
no

no
normal

spikes in bilateral central,
parietal and temporal areas
of brain

PS2, de novo (both matermnity and paternity confirmed) in a patient with the disease and no family history; PM1, Located in a mutational hot spot and/or critical and
well-established functional domain (e.g., active site of an enzyme) without benign variation; PM2, Absent from controls (or at extremely low frequency if recessive) in
Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium; PP3, Multiple lines of computational evidence support a deleterious effect on
the gene or gene product (conservation, evolutionary, splicing impact, etc.); WAIS, Wechsler Adult Intelligence Scale; ABC, Autistic Behavior Checklist; CARS, Childhood

Autism Rating Scale.
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Index Sample ID gDNA change Function Coding change Protein change SIFT Polyphen-2 CADD Inheritance gnomAD PMID Cohort size Primary
(chr19, hg19) (non-neuro) diagnosis
1 UK10K_SKUSE5080236 g.18232563C > T Missense c.140C > T p.47S > L D D a2 de novo 31981491 3,899 ASD
2 9Y0069 g9.18233551C > T Missense c.302C > T p.101S > F D D 33 de novo This study 585 ASD
3 DDN20002957 g.18233560C > T Missense c.C311T p.S104L D D 26.3 de novo This study 30,000 ASD
(co-operation)
4 DDD4K.02825 g.18234083C > G Missense c.369C > G p.123D > E T P 24.3 de novo 28135719 4,293 DD
5 1-0998-003 g9.18235153C > T Missense c.835C>T p.279P > S D D 26.9 de novo 28263302 1,625 ASD
6 DDD13k.01676 0.18241383C > T Missense c1216C>T p.406R > C D D 35 de novo 33057194 25,945 DD
7 117791 g.18241506G > C Missense c.1339G > C p.447V > L T P 27.5 de novo 33057194 25,945 DD
8 DDD13k.00098 0.18245432G > A missense  ¢.1528G > A p.510G > S D D a2 de novo 33057194 25,945 DD
9 76597 0.18245447G > A Missense  ¢.1543G > A p.515G > S D D 32 de novo 33057194 25,945 DD
10 DD18006823 0.18245447G > A Missense c.G1543A p.515G > S D D 32 de novo This study 30,000 EE
(co-operation)
iRl 9Y3441 g.18245451T > C Missense c.1547T > C p.516L > P D P 26.7 de novo This study 585 EE
12 96317 0.18245660G > T Missense c.1651G > T p.551V > L D P 27.4 de novo 33057194 25,945 DD
18 97813 g.18248126T > C Missense c.1963T > C p.655F > L D P 29.8 de novo 33057194 25,945 DD
14 2677 g.18254716G > A Missense  ¢.2396G > A p.799G > D T B 0.028 de novo 33057194 25,945 DD
15 DDD13k.00479 9.18255894C > T Missense c.2807C > T p.936P > L D D 33 de novo 0.00007704 33057194 25,945 DD
16 DDD13k.03362 g.18256565G > A Missense  ¢.2965G > A p.989G > R D D 33 de novo 33057194 25,945 DD
17 3099 g.18256649A > G Missense  ¢.3049A > G p.1017M > V T B 11.92 de novo 0.00001239 33057194 25,945 DD

Isoform, NM_015016.2; ASD, Autism Spectrum Disorder; DD, Developmental Disorder; EE, Epileptic Encephalopathy; T, Tolerable; P Possibly_damaging; B, Benign; D, Deleterious.
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AFF2 mutations
(NM_002025.4)

Diagnosis
Gender
Present age
FS onset age
aFS onset age

Intermission from
FS to EP

Seizure type
Seizure frequency

Seizure timing

Family history of
seizure
Ictal EEG

Interictal EEG

Brain MRI
Intelligence
Developmental
delay

Treatment
Seizure outcome

Case 1

.230A > T/p.N77I

PE
Male

8yr
14 mo
7 yrs
6 yrs

FS, CPS

FS once, CPS 2
times/mo

Nocturnal
None

Generalized spike
and spike-slow
wave originated

from the left

mid-central with a

partial seizure

Bilateral spike and

slow waves
predominantly in
the frontal and
central areas
Normal
Normal

No

LTG
Free for 1 yr

Case 2

¢.391C > T/p.H131Y

PE
Male
Qyr
2yr
9yrs
7 yrs

FS, CPS

FS once, CPS 3
times/mo

Diurnal
None

NA

Bilateral spike and slow
waves predominantly in
the frontal and
anterior-temporal areas

Normal
Normal
No

VPA, OXC
Free for 1 yr

Case 3

¢.15640C > T/p.R514C

PE
Male
Syr
18 mo
5yrs
4yrs

FS, CPS

FS 4 times, CPS 4-5
times/yr

Diurnal
None

Generalized slow wave
originated from the left
hemisphere with a
partial seizure

Spike and slow waves
predominantly in the left
hemisphere

Normal
Normal
No

LTG
Free for 1 yr

Case 4

€.2009G > A/p.R670H

PE
Male
10yr

10 mo
7yrs
7yrs

FS, CPS, sGTCS

Prolonged FS 2
times/yr, CPS/sGTCS
34 times/yr
Diurnal and nocturnal
None

NA

Bilateral sharp waves
predominantly in the
occipital areas

Normal
Normal
No

VPA, OXC
Free for 1 yr

Case 5

©.2074C > G/p.P692A

PE
Male
27 yr

8 yrs

CPS, sGTCS

CPS 5-6 times/mo,
sGTCS 1-2 times/yr

Diurnal and nocturnal
None

NA

Bilateral spike and slow
waves predominantly in
the frontal areas

Normal
Normal
No

VPA, LTG
Free for 5 yrs

aFS, afebrile seizures; CPS, complex partial seizure; EEG, electroencephalogram; EF, epilepsy; FS, febrile seizures; LTG, lamotrigine; MRI, magnetic resonance imaging;
mo, month; NA, not available; OXC, oxcarbazepine, PE, partial epilepsy; sGTCS, secondary generalized tonic-clonic seizure; VIPA, valproate; yr, year.
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Allele count/number  Allele count/number in male controls of Allele count/number in male controls of

in this study (%) gnomAD-all populations (%) gnomAD-East Asian populations (%)
Identified AFF2 mutations
chrX:147743478 (c.230A > T/p.N77l) 1/230 (0.43) -/- /=
chrX:147743639(c.391C > T/p.H131Y) 1/230 (0.43) -/- -/-
chrX:148035252(c.1540C > T/p.R514C) 1/230 (0.43) -/- -/-
chrX:148037584(c.2009G > A/p.R670H) 1/230 (0.43) -/- -/-
chrX:148037649(c.2074C > G/p.P692A) 1/230 (0.43) -/- =
Total 5/230 (2.17) 0/46329 (0) 0/3058 (0)
p-value 2.82 x 10~12 1.61 x 1076
OR (95% CI) Inf (186.76-Inf) Inf (12.33-Inf)

p-values and odds ratio were estimated with two-sided Fisher’s exact test.
Cl, confidence interval; gnomAD, Genome Aggregation Database; OR, odds ratio.
Ref: Cai et al. (2015).
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