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Validation of targeted next-generation sequencing panels in a cohort of Polish patients with epilepsy: assessing variable performance across clinical endophenotypes and uncovering novel genetic variants
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Introduction: Targeted Next-Generation Sequencing Panels (TNGSP) have become a standard in global clinical practice. Instead of questioning the necessity of next-generation sequencing in epilepsy patients, contemporary large-scale research focuses on factors such as the size of TNGSP, the comparative advantages of exome or genome-wide sequencing over TNGSP, and the impact of clinical, electrophysiological, and demographic variables on genetic test performance. This study aims to elucidate the demographic and clinical factors influencing the performance of TNGSP in 138 Polish patients with epilepsy, recognizing the pivotal role of genetic testing in guiding patient management and therapy.

Methods: A retrospective analysis was conducted on patients from a genetic clinic in Poznań, Poland, who underwent commercial gene panel studies at Invitae Corporation (USA) between 2020 and 2022. Patient groups were defined based on the age of onset of the first epileptic seizures, seizure type, gender, fever dependence of seizures, presence of intellectual disability or developmental delay, abnormalities in MRI, and the presence of dysmorphic features or congenital malformations. Seizure classification followed the 2017 ILAE criteria.

Results: Among the 138 patients, 30 (21.7%) exhibited a pathogenic or likely pathogenic variant, with a distribution of 20.7% in males and 22.5% in females. Diagnostic performance correlated with the patient’s age at the onset of the first seizure and the type of seizure. Predominant variants were identified in the SCN1A, PRRT2, CDKL5, DEPDC5, TSC2, and SLC2A1 genes. Additionally, 12 genes (CACNA1A, SCN2A, GRIN2A, KCNQ2, CHD2, DYNC1H1, NEXMIF, SCN1B, DDX3X, EEF1A2, NPRL3, UBE3A) exhibited single instances of damage. Notably, novel variants were discovered in DEPDC5, SCN1A, TSC2, CDKL5, NPRL3, DYNC1H1, CHD2, and DDX3X.

Discussion: Identified variants were present in genes previously recognized in both European and non-European populations. A thorough examination of Variants of Uncertain Significance (VUSs), specifically focusing on gene copy number changes, may unveil more extensive chromosomal aberrations. The relatively frequent occurrence of pathological variants in X chromosome-linked genes in girls warrants further investigation, challenging the prevailing notion of male predominance in X-linked epilepsy.
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Introduction

Physicians’ perception of the importance of genetic testing in patients with neurological and neurodevelopmental disorders has changed dramatically over the last two decades. In particular, this applies to epilepsy. Back in 2010, in the ILAE (International League Against Epilepsy) report on genetic testing in epilepsy, there was a statement based on the work from 2006 that monogenic epilepsy constitutes a “tiny” proportion of all epilepsy (1). It has been argued that the low rate of familial epilepsy suggests the multifactorial nature of the condition (1). The methods described at that time, used in diagnosing genetic causes of epilepsy, made it possible to determine the underlying cause in a few patients. These were variant detection screening methods, such as DHPLC (denaturing high-performance liquid chromatography), CSGE (conformation sensitive gel electrophoresis), DGGE (denaturing gradient gel electrophoresis), Sanger sequencing, Array Comparative Genomic Hybridization (array-CGH), fluorescent in situ hybridization (FISH), single nucleotide polymorphism arrays (SNP arrays), multiplex ligation-dependent probe amplification (MLPA), Southern blot analysis (1). These methods were tedious, long-lasting, requiring much laboratory work, and relatively expensive. At that time, they already allowed for a comprehensive examination of patients for small chromosomal changes, but the diagnosis of individual genes took months. Laboratories specialized in studying a few or a dozen genes and, with great effort, tested the gene-by-gene method of carefully selected patients with epilepsy.

With the advent of next-generation sequencing on the genetic testing market and the gradual reduction of testing costs, people with epilepsy were increasingly willing to undergo high-throughput genetic testing. Targeted Next-Generation Sequencing Panels (TNGSP) are now commonly used in everyday clinical practice worldwide. Commercial laboratories can furnish results from the analysis of a panel comprising 70 genes in 8,565 epilepsy patients. Additionally, there is a TNGSP study encompassing 89–133 genes, conducted on a substantial cohort of 2,008 adults with epilepsy (2, 3). The methodology of population studies, based on the analysis of 104 genes in the entire population of Scottish children with epilepsy diagnosed up to 3 years of age, impresses with its complexity (4). Not only is epilepsy caused by a single gene variant not uncommon, but they account for at least one-tenth of the causes of epilepsy (5–8). Common variants in multiple genes are still believed to be responsible for the majority of epilepsy cases. Complex inheritance explains the vast majority of idiopathic generalized epilepsies, such as childhood absence epilepsy, juvenile myoclonic epilepsy, juvenile absence epilepsy, and epilepsy with generalized tonic–clonic seizures alone (9). Additionally, multifactorial inheritance influences factors such as the age of first seizures, the severity of epilepsy, and the response to antiepileptic drugs (10, 11). Nevertheless, even in patients previously thought to have a multifactorial cause for their epilepsy, such as those with a structural cortical malformation, a monogenic cause is increasingly identified. Notably, variants in genes affecting the GATOR1 or MTOR pathway serve as prime examples of such monogenic causes (12, 13).

Every clinical geneticist now has Targeted Next-Generation Sequencing Panels at their fingertips, which shortens the time to establish a diagnosis of monogenic epilepsy to a few weeks or months. The identification of a monogenic cause of epilepsy refines the diagnosis and has far-reaching implications for treatment decisions, prognosis assessment, and participation in research initiatives aimed at advancing personalized medicine for epilepsy (2, 14). Some epilepsy medications may be less effective or even contraindicated based on the underlying genetic cause. Knowledge of the specific genetic mutation can help avoid the use of ineffective treatments, reducing the risk of adverse effects (2). Analyzes of the impact of genetic testing results on clinical decisions become more cautious over the years in estimating the positive effects of obtaining a diagnosis of monogenic epilepsy, which does not change the fact that the importance of such a diagnosis for genetic counseling and the possibility of providing more precise information to the family about the natural history of the disease is invaluable (15, 16). Large-scale researchers are no longer trying to prove that the use of next-generation sequencing tools in patients with epilepsy is essential but are investigating whether TNGSP size matters, investigating the superiority of exome or genome-wide sequencing over TNGSP, and determining what clinical electrophysiological and demographic factors affect the performance of genetic tests (6–8, 15–17).

This study aims to assess the variable performance of Targeted Next-Generation Sequencing Panels across different clinical endophenotypes in a cohort of 138 Polish patients with epilepsy.



Methods


Patients

The retrospective analysis included 138 patients of a genetic clinic in Poznań (Poland) who performed a commercial gene panel study at Invitae Corporation (USA) in 2020–2022. Patients were sent to our center by family doctors and child neurologists or presented without a doctor’s referral, which is also possible in Poland. The study was performed according to the actual review of the Declaration of Helsinki (18). As the study is a retrospective analysis, no major risks and burdens to the research subjects occurred. A precaution has been taken to protect the privacy of research subjects and the confidentiality of their personal information. All patients or caregivers gave their written consent for molecular tests.

Demographic data of the group covered by the analysis is presented in Table 1.



TABLE 1 Demographic and clinical characteristics of patients under study.
[image: Table1]

The patients under examination were aged from several weeks to 516 months at the time of the examination. The median age was 79 months. Boys and girls did not differ significantly in age (Mann–Whitney test, p = 0.48). The patients were categorized into different epilepsy endophenotypes for analysis, taking into consideration several factors. These factors included the age of onset of the first epileptic seizures, the type of epileptic seizures, gender, the association of seizures with fever, the presence of intellectual disability or developmental delay, the presence of dysmorphic features or congenital malformations, and the identification of abnormalities in magnetic resonance imaging (MRI) of the brain. This comprehensive approach allowed for a nuanced exploration of distinct subgroups within the patient population, enabling a more detailed examination of the relationship between genetic variants and specific clinical features associated with epilepsy.

In this study, patients were categorized into three groups based on the type of epilepsy they presented: those with focal seizures, those with generalized seizures, and those with developmental and epileptic encephalopathy (DEE). The classification criteria for seizures, as outlined in the 2017 International League Against Epilepsy (ILAE) classification, were employed (19). This classification approach is well-established and widely used in clinical settings, enhancing the comprehensibility and scalability of the study results for neurologists and other medical professionals. The categorization of patients into specific groups was carried out by a collaborative team comprising a clinical geneticist and a pediatric neurologist with expertise in epileptology. This multidisciplinary approach involved considering various factors, including the type of seizures experienced by the patients, the age of onset of seizures, findings from EEG recordings, and co-morbidities. Patients with GEFS+ phenotype were included in the group with generalized seizures. A group of patients with DEE had epilepsy early in life, with delayed psychomotor development caused by underlying etiology and poorly controlled seizures (19). Patients were qualified to the group with dysmorphic features by a clinical geneticist with experience in dysmorphology. By leveraging the insights of both a clinical geneticist and a pediatric neurologist specialized in epileptology, the team aimed to ensure a comprehensive and accurate classification of patients into distinct groups based on their clinical characteristics. In some patients, it was impossible to determine whether psychomotor development was normal due to their young age. The remaining patients were qualified for the group with intellectual disability/intellectual developmental disorder according to the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) (20). The yield was defined as the percentage of patients with pathogenic/likely pathogenic variants in genes in the patients included in the disease categories.



Genetic testing and variant interpretation

Genomic DNA was obtained from the submitted samples (blood or buccal swab) and epilepsy-related genes from a multigene panel were targeted and sequenced via a short-read next-generation sequencing (NGS) assay as previously published (21). Each gene on Invitae’s NGS panels is targeted with oligonucleotide baits (Agilent Technologies, Santa Clara, CA) to capture exons, the 10–20 bases of introns flanking exons, and several sequences in non-coding sequences of interest. The test obtained an average of 350x depth-of-sequence read coverage (21).

A bioinformatics pipeline aligned sequencing reads and used community standard and custom algorithms that identified single nucleotide variants, small insertions or deletions (indels), large indels, structural variants, and exon-level copy number variants (CNVs), as described previously (21–23). The gene panel included 104–304 genes and, in most patients, 290 genes or more (Supplementary Table S2). The content of genetic testing panels related to epilepsy has been updated and expanded over time by Invitae as new genes were discovered. In two cases, with a clinical suspicion of tuberous sclerosis, a smaller panel of 104 and 150 genes was used, aiming to analyze mainly the TSC1 and TSC2 genes.

Variants identified by the bioinformatics pipeline were analyzed by Sherloc, a proprietary, points-based framework based on the joint consensus guidelines from the American College of Medical Genetics and Genomics and the Association for Molecular Pathology (24). Multiple evidence types are considered during variant classification, including population data (from Exac and GnomAD database), the variant type, clinical observations, experimental studies, and indirect and computational methods (considered evidence types for variants defined as pathogenic and likely pathogenic can be found in Supplementary Table S1). Based on the evidence above, variants were classified as benign or likely benign (B/LB), variant(s) of uncertain significance (VUS), or pathogenic or likely pathogenic (P/LP). Once a variant is classified in 1 case, subsequent cases in which the variant is observed are automatically assigned the same interpretation in the absence of new data (i.e., new publications or internal inheritance/clinical information). The report included variants classified as P/LP or VUS, while B/LB variants were not reported.

Confirmation of the presence and location of reportable variants was performed based on stringent criteria established by Invitae Corporation (1400 16th Street, San Francisco, CA 94103, #05D2040778), as needed, using one of several validated orthogonal approaches (22). After high-throughput sequencing using Illumina technology, the output reads were aligned to a reference sequence (genome build GRCh37; custom derivative of the RefSeq transcriptome) to identify the locations of exon junctions through the detection of split reads. The relative usage of exon junctions in a test specimen was assessed quantitatively and compared to that seen in control specimens. The Sherloc variant interpretation framework evaluated abnormal exon junction usage as evidence. When a whole gene deletion was found, chromosomal rearrangements were confirmed in cases where patients consented by MLPA, qPCR or array- CGH techniques. All reportable variants observed at Invitae were de-identified and deposited in the Clinvar database and are available for research studies.

Oligonucleotide array-CGH analysis was performed using Agilent SurePrint G3 CGH ISCA v2, 8x60K microarray. The data were analyzed using AgilentCytoGenomics 5.0.2.5 software, and GRCh37/hg19 build was used as reference genome assembly. The analysis was conducted with the following parameters: 0.10 Mb detection level, the filter 5 probes in line, and DLR spread <0.3.

A VUS or a single pathogenic or likely pathogenic variant in a gene for the autosomal recessive disease was considered non-diagnostic.



Statistical analyses

Statistical analyses were carried out using PQStat Software v.1.8. Before conducting the statistical tests, continuous data were assessed for normality using the Shapiro–Wilk test. A significance level of p-value < 0.05 was predetermined. To compare the two groups, the Mann–Whitney rank test was employed.

Dunn’s post-hoc analysis with Bonferroni correction for ANOVA Kruskal-Wallis test was employed to compare multiple groups. Additionally, Fisher’s test explored potential dependencies or associations among the variables under investigation.

Logistic regression models were utilized to explore predictors for prediction and classification, focusing on specific variables of interest. Common clinical baseline parameters were considered as potential predictors in these models.

The logistic regression analysis yielded odds ratios (ORs) and their corresponding 95% confidence intervals (CIs) as results.

To identify the most appropriate model, we thoroughly compared the logistic regression models using the Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC).




Results


Performance of targeted panel genetic testing in the entire group of Polish patients with epilepsy and in different epilepsy endophenotypes

In 30 out of 138 patients from the study group, a pathogenic or likely pathogenic variant was found (21.7%) in 20.7% of males and 22.5% of females. Table 2 shows the diagnostic performance of the test in each clinical subcategory of patients. For most categories (sex, induction of seizures by fever, intellectual disability, presence of dysmorphic features and/or multiple congenital anomalies) the differences were statistically insignificant (Table 2; Figure 1).



TABLE 2 The yield of TNGSP in clinical subgroups of patients with epilepsy.
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FIGURE 1
 Diagnostic yield achieved with TNGSP in different epilepsy endophenotypes.


The diagnostic performance of the test was related to the patient’s age at the time of the first seizure.

Below the optimal age limit at 12 months (calculated from the ROC curve), it was nearly six times more likely (OR = 5.99) to detect the causative variant using a panel based on next-generation sequencing. Further logistic analysis (p-value < 0.000058) of the likelihood ratio test confirmed that the chances of detecting the causative variant decrease significantly (p = 0.003182) with each month of the child’s age: OR = 0.98 (0.96; 0.99).

The Fisher–Freeman–Halton test (p = 0.020108) confirmed that most often, in 34.09% of cases, the genetic cause was identified in patients with epileptic and developmental encephalopathy. A genetic cause was identified less frequently in patients with focal epilepsy (20.69%) and least frequently in patients with generalized epilepsy, according to the ILAE classification (8.33%). Using multiple comparisons with the Benjamini-Hochberg correction, no statistically significant difference was found between the efficiency of the method between patients with focal epilepsy and patients with generalized epilepsy, as well as between patients with focal epilepsy and patients with epileptic and developmental encephalopathy. A statistically significant difference was found between diagnostic performance in patients with generalized epilepsy compared to patients with epileptic encephalopathies (p = 0.01817).



Diagnostic yield of TNGSP depending on MRI findings

We conducted an analysis of the diagnostic yield of targeted panel testing in a cohort of 94 patients for whom brain MRI data were available. The identified MRI abnormalities were categorized into two groups: those indicative of an environmental etiology for epilepsy (such as cerebral hemorrhage, extensive ischemic changes in hemispheres and basal ganglia) and those suggestive of a genetic origin (including significant brain atrophy, cortical dysplasia, changes typical for tuberous sclerosis, and hypoplasia of the corpus callosum). Among the patients, 64 exhibited either no MRI abnormalities or only minor ones (e.g., small arachnoid cyst, minimal white matter hyperintense changes in T2/FLAIR sequence, mild ventricular asymmetry). In 16 patients, the MRI findings pointed toward an environmental cause of epilepsy, while in 14 patients, a genetic basis was suggested.

Figure 2 illustrates the diagnostic yield of genetic testing based on the MRI findings. The highest diagnostic yield was observed in patients with indications of a genetic cause on imaging, while the lowest yield was found in patients with indications of an environmental cause. However, it is noteworthy that these outcomes did not attain statistical significance.

[image: Figure 2]

FIGURE 2
 Diagnostic yield of TNGSP testing depending on MRI findings.




Likely pathogenic and pathogenic variants identified with TNGSP in our cohort

The most common variants were found in the SCN1A, PRRT2, CDKL5, DEPDC5, TSC2, and SLC2A1 genes. The remaining 12 genes were damaged in single children (CACNA1A, SCN2A, GRIN2A, KCNQ2, CHD2, DYNC1H1, NEXMIF, SCN1B, DDX3X, EEF1A2, NPRL3, UBE3A) (Figure 3). Fifteen variants were missense, 8 nonsense, 2 splicing, and 5 deletions involving a part or the entire gene. We identified 9 novel variants in DEPDC5, SCN1A, TSC2, CDKL5, NPRL3, CHD2, DYNC1H1, and DDX3X.

[image: Figure 3]

FIGURE 3
 Number of patients with epilepsy with a likely pathogenic (LP) or pathogenic (P) variant in a particular gene, identified with TNGSP.


In patient E122, with drug-resistant focal epilepsy, and normal brain MRI, we have identified a novel variant in the DEPDC5 gene, a deletion of the entire coding sequence. Smaller deletions of several exons of the gene have been described previously (8 deletions in this gene, involving exons 28–38, 1–8, 2–3, 31–42, 40, 8–19) are included in the Human Gene Mutation Database (HGMD). According to Franklin loss of function variants in this gene are pathogenic. Described deletions caused focal epilepsy with variable loci, the same type of epilepsy as in our patient.

In a young boy experiencing fever-induced focal seizures since the age of 7 years, along with microcephaly and mild dysmorphic signs, we detected a novel variant in the SCN1A gene [c.5379del, p.(Glu1794Lysfs7)], Clinvar ID 1375417. This variant is expected to disrupt the last 216 amino acids of the SCN1A protein. Notably, this disruptive effect occurs within a region of the SCN1A protein where a previously identified variant [p.(Arg1922*), p.(Arg1882*)] has been established as pathogenic (25). Fukuma described these two variants in three children. In our patients the phenotype is milder than in reported patients, who had first seizures before the age of 1 year, moderately retarded psychomotor development, and myoclonic seizures (with a diagnosis of SMEI- Severe Myoclonic Epilepsy in Infancy) (25). According to the Franklin database, loss-of-function variants in this gene are pathogenic (26).

In a female patient (E100), aged 3 months, presenting with subcortical and periventricular tubers, hypomelanotic nevi, focal epilepsy, and diminished eye contact, we identified a novel variant in the TSC2 gene (c.5068 + 2 T > C), Clinvar ID 165914071. This variant is absent in the Genome Aggregation Database (gnomAD) and segregates with tuberous sclerosis in the family. The patient’s father exhibits angiofibroma and normal intellectual development, and two brothers display multiple hypomelanotic nevi. The identified variant affects a donor splice site in intron 39 of the TSC2 gene, and it is anticipated to disrupt RNA splicing. Disruption of this splice site has been observed in individual(s) with tuberous sclerosis complex (Invitae, unpublished data). In at least one individual the variant was observed to be de novo. It is splice-altering according to the Splice AI program (0.95, while score 1.00 is a maximal score, high probability of the variant being splice-altering) (27), dbscSNV Ada (0.98, while score 1.00 is a maximal score), dbscSNV RF (0.55, while 1 is the highest score) (28). In HGMD there are 117 pathogenic splicing variants in the TSC2 gene.

Furthermore, in a female patient (E49) with developmental and epileptic encephalopathy characterized by seizures of various types, starting at 7 weeks of age and resistant to antiseizure medication, we identified a deletion of exons 4–18 in the CDKL5 gene. The patient exhibits features reminiscent of Rett syndrome, including bruxism, hyperventilation, small hands, and feet. This deletion, found to be out of frame, introduces a premature translational stop signal, resulting in an absent or disrupted protein product. Notably, this variant was not detected in the patient’s parents. According to Franklin LOF variants in this gene are pathogenic (26). There are 48 gross deletions in this gene in HGMD, causing developmental and epileptic encephalopathy (29).

Additionally, another novel variant in the CDKL5 gene, a frameshift variant [c.2009_2012dup, p.(Thr672Argfs*12), Clin Var ID 2026466], was identified in a 3-month-old girl (E131) presenting with recurrent myoclonic and focal seizures, oculogyric crises, and poor eye contact. This variant, absent in gnomAD, is expected to result in an absent or disrupted protein product. Parental samples were not tested for this variant.

In a 7-year-old girl (E55) with focal epilepsy and a normal brain MRI, we identified a novel de novo variant (c.629 + 1G > T, Clinvar ID 1489034) in the NPRL3 gene. This variant, absent in gnomAD, affects a donor splice site in intron 7 of the NPRL3 gene. Disruption of this splice site has been previously observed in individuals with clinical features consistent with NPRL3-related conditions (data unpublished by Invitae). According to Splice-AI it is splice-altering (score 0.97) (27). According to Franklin, LOF variants in this gene are pathogenic (26). Splicing variants in this gene have not been recorded in HGMD (29).

In a severely affected 13-month-old girl (E128) presenting with focal epilepsy since infancy, deafness, lack of eye contact, severe global developmental delay, and brain malformations including cortical heterotopia, pachygyria, and enlarged ventricles, a novel de novo variant in the DYNC1H1 gene was identified: c.10016G > A, p.(Arg3339His). This variant is not present in the Genome Aggregation Database (gnomAD). Notably, it has been observed in individuals exhibiting clinical features consistent with DYNC1H1-related intellectual disability (data unpublished by Invitae). Biophysical properties and protein sequence modeling performed at Invitae suggest that this missense variant is likely to disrupt the function of the DYNC1H1 protein. According to many predictive tools the variant is disease-causing or probably damaging [SIFT score 0.03 (deleterious), Polyphen- score 1.0, damaging, Mutation Taster- disease-causing, Mutation Assessor- score 3.34, pathogenic (30–33)].

In the case of patient E43, an 8-year-old boy exhibiting epilepsy characterized by atonic seizures, focal seizures, and permanent EEG changes since the age of 16 months, along with intellectual disability and microcephaly, we identified a deletion encompassing exons 2–28 of the CHD2 gene. Oligonucleotide array Comparative Genomic Hybridization (aCGH) analysis using the Agilent GenetiSure Cyto CGH Microarray 8x60K revealed an abnormal male pattern with a deletion in the long arm (q) of chromosome 15 (region 15q26.1; size of the detected deletion: 1.8 Mb; genomic position according to HG19: 91737109_93534368) (Figure 4). Loss-of-function mutations in the CHD2 gene are known to be pathogenic (34).
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FIGURE 4
 Visual presentation of a deletion 15q26.1, identified by array-CGH (Agilent SurePrint G3 CGH ISCA v2, 8x60K) in patient E43, with a deletion of the CHD2 gene.


Furthermore, in a 6-year-old girl manifesting a phenotype resembling atypical Rett syndrome (including bruxism, lack of speech, focal epilepsy since the age of 2 years, severe motor delay, stereotypies, and no hand apraxia), we identified a novel frameshift de novo variant in the DDX3X gene: c.1658_1661del, p.(Thr553Argfs*18). This variant is not present in the Genome Aggregation Database (gnomAD) and is expected to result in an absent or disrupted protein product. Loss of function variants in DDXCX gene are pathogenic, according to Franklin (26).

Supplementary Table S1 presents detailed clinical and molecular data of all 30 patients with the identified causative variant (novel and already described).



Detection of other copy number variants with TNGSP

In three patients, the identification of larger chromosomal deletions was prompted by the suspicion that such deletions might be present, based on the observation of the deletion of an entire gene or its initial or final segment.

Patient E56 exhibited a common deletion in the 16p11.2 region, initially detected by the panel as a deletion encompassing the entire PRRT2 gene and subsequently confirmed through Multiplex Ligation-dependent Probe Amplification (MLPA).

In the case of patient E7, a 43-year-old man and the eldest in the cohort, the presence of a deletion affecting the entire UBE3A and GABRB3 genes led to the suspicion of Angelman syndrome. This diagnosis was subsequently confirmed by MLPA, where all three probes in the SALSA® MLPA® P245 Probemix specific to the 15q11.2 region indicated a heterozygous deletion. Despite lacking the typical behavioral features associated with Angelman syndrome, patient E7 exhibited dark hair, brown eyes, severe intellectual disability, absent speech, and early-onset epilepsy. Notably, the NGS panel was the initial diagnostic test conducted for this patient.

In our cohort, one patient received a dual diagnosis of epilepsy with both a documented alteration in the TSC2 gene and a substantial deletion within the long arm of chromosome 18. This individual exhibited symptoms of tuberous sclerosis and focal epilepsy from early infancy. However, the patient also manifested a syndrome of multiple defects that could not be solely attributed to tuberous sclerosis, including microphthalmia and coloboma of the iris. Beyond the pathogenic variant identified in the TSC2 gene through the NGS panel, a significant finding was the detection of a deletion encompassing the entire RAX gene associated with autosomal recessive microphthalmia. Confirmation of the heterozygous deletion in the 18q23 region was achieved through two MLPA tests (SALSA® MLPA® Probemix P036 and P070), specifically using the probe designed for this region (Figure 5). Subsequent array CGH analysis unveiled the presence of an 18q21.3q23 deletion, leading to the conclusive diagnosis of 18q deletion syndrome in this patient.

[image: Figure 5]

FIGURE 5
 The results of MLPA analysis using SALSA® MLPA® P070 Probemix and Coffalyser Net software in a patient with a deletion in the subtelomeric region of the long arm of chromosome 18 (indicated by an arrow).





Discussion


The yield of TNGSP in patients with epilepsy

The yield of multigene tests based on next-generation sequencing in the studied group of Polish patients with epilepsy was 21.7%. It does not differ significantly from the diagnostic yield in other populations. Leduc-Passah et al. tested 227 patients with the TNGSP, achieving an efficiency of 17% (35). The most frequently impaired genes were similar to those identified in our cohort: SCN1A, KCNQ2, PCDH19, and PRRT2 (35). In a Scottish study, among all consecutive children under 3 years of age with epilepsy, the yield was 24% (4). Symonds et al. found a diagnostic variant in one of nine genes in 66% of their patients (PRRT2, SCN1A, KCNQ2, SLC2A1, TSC2, CDKL5, DEPDC5, PCDH19, and SLC6A2). We identified a diagnostic variant in seven genes from this list, even though the ethnicity of the patients in our cohort was different. Costain et al. achieved an efficiency of 19.7%, Fernandez- 23% (5, 36). The larger the panel, the greater the diagnostic yield, especially in patients without DEE (8). In all patients, we used large panels of more than 100 genes.



The yield of TNGSP in different endophenotypes of epilepsy

Willimsky et al. showed that the diagnostic yield significantly depended on patient age when epilepsy occurred (32% less than 1 year old, 1% more than 3 years old) (8). Meta-analysis of 72 research studies by Stefanski et al. showed that in the group of patients with epilepsy, the overall diagnostic yield of NGS techniques (panels, WES) was 29.3% in neonatal/infantile seizures (37). Our research shows that in children who started having seizures before the age of 13 months, it was nearly 6 times more likely to discover the cause of monogenic epilepsy. This is due only in part to the early start of seizures in DEE but also to the infantile manifestation of focal seizures in benign familial infantile epilepsies, which may be caused by variants in the PRRT2, KCNQ2, SCN2A, like in our cohort.

There were no statistically significant differences in the diagnostic yield of the test between the sexes.

The type of seizures influenced the yield in our cohort. It was the highest in DEE, like in other populations. It was surprisingly high in patients with focal seizures and lowest in patients with generalized seizures. It is difficult to find a similar relationship in the works of other authors. It was usually found that the monogenic cause of epilepsy is most often determined in patients with DEE, less often in epilepsy with generalized seizures, and less often in epilepsy with focal seizures (37). We reached statistical significance only for the differences between patients with epileptic encephalopathies and patients with generalized seizures (p = 0.01817).

In our group, there is a clear relationship between the occurrence of seizures in a child with elevated body temperature and the chance of detecting a genetic variant. A genetic variant was found in 25.9% of children with seizures sensitive to elevated temperature and in 10.7% of children with seizures not related to fever. Still, this relationship did not reach statistical significance. The association of seizures with temperature in the work of Bayat et al. increased the chance of detecting a genetic cause by WES and array-CGH (72% of “solved cases” had a history of febrile seizures) (16).

On the other hand, the presence of dysmorphic features and/or congenital malformations slightly lowered the chances of detecting the causative variant in our group (diagnostic yield of 10.7% in the group with dysmorphic features/MCA and 24.5% in the group without any dysmorphic features/MCA). This relationship may be coincidental, although, from a clinical point of view, patients with congenital malformations and/or significant facial dysmorphic features are first screened by clinical microarray in search of rare syndromes of chromosomal micro aberrations. In these patients we consider also rare dysmorphic syndromes, mostly not covered by TNGSP, better detectable in WES analysis. In the extensive work of Costain et al., the chance of detecting a variant by TNGSP and WES among patients with dysmorphic features was 31% (5). The same author recommends the TNGSP as a first-choice test in children with onset of seizures less than 3 years of age with no dysmorphic features and normal brain MRI (5).

In our study, all children with epilepsy underwent testing with TNGSP, irrespective of the presence or absence of abnormalities in MRI brain imaging. Indeed, it is noteworthy that some authors advocate for the exclusion of children with structural brain lesions from analyses. However, the impact of this exclusion on the yield of genetic testing appears to be inconsistent across studies. In Korean studies, even after implementing this exclusion criterion, the yield of genetic testing in patients with epileptic encephalopathies remained comparable to our cohort, reaching 37.8 and 37.1% with a panel of 172 genes (38). Lee analyzed patients with early-onset epilepsy lacking structural abnormalities on brain MRI, utilizing a panel of 76 genes, and achieved a high yield of 34.5% (17).

Costain et al. observed that, in their cohort, the presence of any abnormality in brain MRI did not significantly alter the yield of genetic testing. However, it’s noteworthy that their group seemingly lacked patients with cortical dysplasia (5). The likelihood of detecting a genetic variant increased slightly with the presence of white matter hyperintensities, corpus callosum abnormalities, and myelin abnormalities, while brain atrophy had a mild lowering effect on the diagnostic yield. Intriguingly, white matter hyperintensities (rather related to environmental injury) were identified in 32.4% of patients with a genetic diagnosis and in 24.2% of patients without any genetic diagnosis (5).

In the aforementioned study, a total of 72.1% of patients with a confirmed genetic diagnosis (following Targeted Next-Generation Sequencing Panel or Whole Exome Sequencing) exhibited brain MRI abnormalities. In contrast, 63.7% of patients without a discerned genetic diagnosis demonstrated such abnormalities (5).

MRI findings suggestive of an environmental cause of epilepsy contributed to a reduction in the diagnostic yield within our cohort, amounting to 18.8%, compared to the overall yield of 27.7% observed in the entire group of patients with available imaging data.

Among the 94 patients studied by us with available MRI data, 14 exhibited imaging abnormalities indicative of a genetic origin of epilepsy. These abnormalities encompass cortical dysplasia, characteristic cortical and subcortical alterations associated with tuberous sclerosis, hypoplasia of the cerebellum, and cerebral atrophy. Remarkably, in 7 of these 14 patients with such findings, we successfully identified a pathogenic or likely pathogenic (P/LP) variant in one of the genes examined. For the remaining 7 patients, there is merit in pursuing further genetic testing through Whole Exome Sequencing (WES) analysis and array-CGH analysis to explore potential small copy number variations (CNVs) and investigate exceedingly rare syndromes.

In general, patients without a clear diagnosis after TNGSP should undergo further analysis using either WES or WGS. Both WES and WGS are robust techniques that allow the analysis of all coding sequences in the genome. One additional positive aspect is the possibility of reanalysis, which can be valuable for updating information or identifying new findings over time. Reanalysis should be considered after 6–12 months (39). WGS permits the analysis of 5′UTR [5′ untranslated region) variants and small Copy Number Variations (CNVs)]. According to the study of Grether et al., when comparing the coverage of the coding region between WES with 120x coverage and 30x WGS, genome sequencing improved coverage in only 1% of the exome (6). Lionel et al. advocate for Whole Genome Sequencing (WGS) as the primary genetic test, particularly for individuals presenting with neurological, ophthalmological, and psychological disorders. Their study involved the examination of 103 patients exhibiting diverse neurological, ophthalmological, and neurodevelopmental conditions, with 8.7% of the subjects born from consanguineous unions.

The implementation of Whole Genome Sequencing identified a diagnostic variant in 41% of the pediatric cohort. Notably, in cases where both Whole Exome Sequencing (WES) and WGS were employed, 25.7% of the children exhibited variants that were exclusively detected by WGS. These encompassed deep intronic Single Nucleotide Variants (SNVs), small Copy Number Variations (CNVs), SNVs within non-coding RNA, mitochondrial variants, and exonic SNVs within regions inadequately covered by WES.

The findings of the study underscore the superior diagnostic efficacy of WGS compared to WES, emphasizing its capacity to uncover variants that may elude detection by the latter. This is particularly pertinent in instances involving consanguinity and autosomal recessive conditions (7).



X-linked inheritance in females

Interestingly, pathogenic variants in genes located on the X chromosome were found in five girls. These were variants in the gene CDKL5 (three girls), NEXMIF (one girl), and DDX3X (one girl) (Supplementary Table S1). No variants in the genes on the X chromosome were found in the males in the study group. The higher incidence of variants in genes located on the X chromosome in girls may come as a surprise. This result did not reach statistical significance; however, it may be an impulse to study this relationship in larger groups of patients. Variants in genes on the X chromosome are classically associated with symptoms of intellectual disability in boys, less often with a milder degree of intellectual disability in females (40, 41). However, it has long been known that in the case of epilepsy, the matter is much more complicated. There are genetic syndromes caused by variants in genes on the X chromosome that are restricted to females or occur significantly more often in females, such as epileptic and developmental encephalopathy associated with the PCDH19 gene (42, 43). As males with a mosaic variant may be affected, cellular interference as the pathogenic mechanism is postulated. In the case of SMC1A, gene missense variants cause Cornelia de Lange (CDLs) in both males and females (44). Still, loss-of-function variants are found only in females without the phenotype of CDLs but presenting with epilepsy (45). Missense variants in ALG13 are found mainly (but not only) in females with severe infantile spasms (46). Finally, there are genes, such as IQSEC2, CDKL5, and NEXMIF, whose alteration causes epilepsy in both sexes. In the work of Bayat et al., variants in genes related to the X chromosome were found in ten cases (15). Five of the six genes found to be damaged may cause epilepsy in females (PCDH19, MECP2, IQSEC2, CDKL5, NEXMIF) (15). Lindy et al. studied 8,565 patients with epilepsy with a panel of 70 genes and array-CGH. In 7.6% of positive cases in the cohort, a causative variant was found in the CDKL5 gene; in 5.7% a causative variant in PCDH19; in 3.5% in MECP2 (3). McKnight et al. first noted a significantly higher diagnostic yield of testing with TNGSP in female individuals with epilepsy and intellectual disability/developmental delays than in male individuals with epilepsy plus intellectual disability/developmental delays (2). According to these authors, it is mainly due to diagnostic findings in X-linked genes. The idea of the predominance of males in X-linked epilepsy should be revised. It may turn out that in large groups of patients with epilepsy and variants in genes on the X chromosome, girls predominate.



CNVs detected in the cohort under study

The cases with CNVs detected in the frame of this study underscore the importance of vigilance in cases where the initial test is a Targeted Next-Generation Sequencing Panel (TSNGSP). Special attention should be given to heterozygous changes involving the complete deletion of a gene or a substantial fragment. If such changes occur in a gene associated with an autosomal recessive disorder, there is a risk of overlooking their significance. Consequently, it becomes imperative to explore the possibility of larger chromosomal alterations that may encompass additional genes not covered by the panel, requiring the use of MLPA or array-CGH for comprehensive assessment.



Benefits of determining the cause of epilepsy

The identification of a monogenic cause of epilepsy confers several potential benefits, primarily revolving around the prospect of modifying antiepileptic treatment strategies. Notably, variants in frequently implicated genes such as SCN1A, TSC2, PRRT2, and SCN2A may prompt alterations in clinical management, including the introduction of specific antiepileptic drugs or the avoidance of certain medications. While this study did not delve into the introduction of these modifications and their efficacy, insights from studies by Belestrini et al. offer a cautionary perspective. In their cohort of 84 children with recognized monogenic causes of epilepsy, personalized therapy was feasible for only 56 individuals, with implementation in 33 children. The reduction in seizure frequency by more than 50% was achieved in merely 10 children (47).

Bayat et al. contributed valuable observations on personalized seizure treatment in patients with monogenic epilepsy causes. Although the study group, drawn from The Danish Epilepsy Center, a tertiary hospital in Denmark, likely influenced the results (encompassing a substantial number of patients with refractory epilepsy), precision therapy following genetic testing demonstrated effectiveness in 93% of patients. However, only 12.5% achieved seizure freedom (16).

For specific genetic variants, such as those in SLC2A1, the ketogenic diet has shown remarkable efficacy in substantially reducing seizure frequency. The prognosis for children with variants in PRRT2 is generally favorable for further development and a positive response to antiepileptic drugs. Variants in genes like DEPDC5, NPRL3, and others within the GATOR1 pathway emphasize the imperative to conduct imaging tests for the localization of epileptic foci. Genetic counseling is always possible when a pathogenic variant is identified. It is difficult for genes with reduced penetrance (DEPDC5, SCN1A, KCNQ2), various expressivity, and located on the X chromosome. In the latter case, it is challenging due to the possibility of a lack of manifestation in female or male relatives.



Limitations

The main limitation of this study is that it is a retrospective analysis of patients who underwent TNGSP testing at their own expense. In Poland, patients with epilepsy are referred to a genetic clinic by their family doctor, pediatrician, or child neurology specialist. Not all patients are referred to a genetic clinic, and their referral does or does not depend on the referring physician’s experience, determination, and knowledge. It can be assumed that patients with treatment-resistant seizures, dysmorphic features, congenital developmental defects, or developmental delays are more often referred to a genetic clinic. Polish patients can also benefit from consultations without a referral from a family doctor or a pediatric neurologist. They are driven by the desire to determine the cause of epilepsy because they plan to have another child. This may result in the younger age of patients being tested. Not all patients have the opportunity to reach a genetic clinic located in a large academic center. The test cost, which is not refundable, is also an obstacle for many Polish families. For the above reasons, the study group is not representative of the entire Polish group of epilepsy patients.

The decision to use either saliva or blood as the source of DNA for Next-Generation Sequencing (NGS) in this study was made on an individual basis, taking into account parental preferences and the availability of a pediatric nurse. Both blood and saliva are commonly employed for DNA extraction in NGS studies. A study published in BMC Medical Genomics compared the quality of whole genome sequencing (WGS) between blood and saliva-derived DNA in cardiac patients. The findings indicated that high-quality saliva samples meeting stringent quality control criteria can be effectively utilized for WGS, especially when blood-derived DNA is either unavailable or deemed unsuitable (48).

The study noted that saliva-derived DNA provides a satisfactory yield of Single Nucleotide Variant (SNV) calls but exhibits a lower yield for Copy Number Variant (CNV) calls in comparison to blood-derived DNA (48). Another study that compared genetic variant detection from human whole blood, saliva, and buccal samples found that the quality of DNA obtained from saliva and buccal samples is comparable to that from blood samples (49). Notably, the choice of DNA source may introduce biases into the analyses, as exemplified by a study demonstrating the presence of a variant in a mosaic state in the SMC1A gene in a patient with Cornelia de Lange syndrome, which was detectable in DNA extracted from saliva but not in blood-derived DNA (50). Therefore, the selection of DNA sources warrants careful consideration to mitigate potential biases in the analytical outcomes.

The utilization of panels with varying gene counts represents a limitation of this study, as panels with a greater number of genes may potentially offer enhanced diagnostic efficiency. Truty et al. studied the yield of TNGSP in a large group of 9,769 patients with epilepsy (21). Eight genes constituted 50% of positive diagnoses, 22 genes contributed to 80%, whereas the remaining 76 genes made a 20% contribution to positive diagnoses (21). It proves that even smaller panels than the ones used in our study should prove adequate in elucidating a significant proportion of cases, provided they include the key players in the genetics of epilepsy. The variance in the number of genes analyzed in different patients within the study cohort is attributed to several factors. Primarily, the increasing number of genes tested by the Invitae laboratory over subsequent years contributes significantly to the observed differences. Additionally, the personal choices of the consulting clinical geneticist played a role in determining the scope of genetic testing for individual patients. For instance, broader testing was opted for in more complex cases, while a lower number of genes were analyzed in instances where there was a suspicion of a specific syndrome. Notably, the smallest panels, applied in only two individuals with suspected tuberous sclerosis (comprising 104 and 150 genes), lacked coverage for the PRRT2 gene. In all other cases, a comprehensive panel encompassing all genes associated with identified pathogenic and potentially pathogenic variants was employed. This variability in the gene panel size underscores the evolving landscape of genetic testing capabilities and the importance of tailored approaches based on the clinical context and suspected genetic etiology.

In several cases, familial variant testing could not be performed. This is due to the lack of parental consent to such tests. Refusal to undergo a family test may be due to various reasons: fear of revealing the person as an asymptomatic carrier of a variant in the case of an incompletely penetrant or X-linked gene (which may make the carrier feel guilty), not planning to have more children and lack of interest in family tests for this reason, perhaps also for other, more complicated reasons (fear of revealing incorrectly assigned paternity). In the case of potentially pathogenic variants, determining whether the variant arose de novo or was inherited from a healthy parent is crucial. Parents’ decisions must be respected and cannot be questioned, even in such a case.




Conclusion

Research utilizing panels based on next-generation sequencing (NGS) in the Polish population has revealed a monogenic cause of epilepsy in over 20% of patients. These identified variants are found in genes whose defects have been previously identified in both European and non-European populations, indicating a common etiology of epilepsy in different parts of the world. Notably, a meticulous analysis of heterozygous variants in the form of gene copy number changes has the potential to unveil more extensive chromosomal aberrations.

An intriguing observation is the relatively frequent occurrence of pathological variants in genes associated with the X chromosome in girls. This pattern warrants further in-depth research to elucidate the underlying mechanisms and implications of such occurrences in the context of epilepsy.
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(calculated from the ROC curve), it was nearly six times more likely (OR =5.99) to detect the
causative variant using a panel based on next-generation sequencing.
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