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Abstract

Objective: Early-onset epileptic encephalopathy (EOEE) is a grouping comprising many conditions that may severely disable chil-
dren with developmental delay and severe epilepsy. They have variable genetic heterogeneity. In recent years, genetic causes have
started to be detected more frequently in the ethology of EOEE. We aimed to determine the genetic and phenotypic relationship in

eoee patients with the next-generation

Methods: Genetic studies were performed with a next-generation sequencing panel from 37 patients diagnosed with EOEE. For the
study, the causal variants (pathogenic, likely pathogenic and VUS) detected in the patients were examined. The phenotype-genotype
relationship of the patients was evaluated.

Results: No mutation could be detected in 10 (27%) of 37 patients. Pathogenic variant was detected in 5 (13.5%) patients, likely
pathogen in 5 (13.5%) and VUS in 7 (19%) patients. Changes of unknown clinical significance were detected in 10 patients. In total,
the causative variant (pathogenic, likely pathogenic and VUS) was detected in 17 (45.9%) patients. In this study, the diagnostic value
determined by known gene panel analysis was 27% (P, OP) and 45.9% (P, OP, and VUS).

Conclusions: The diagnostic value found in our study was 27% (P, OP) and 45.9% (P, OP and VUS), which was consistent with recent
studies using targeted gene panel analyzes in the diagnosis of patients with early-onset epileptic encephalopathy. The targeted gene
panel is seen as a practical diagnostic tool for patients with EOEE, as it enables to establish genotype-phenotype correlations and

guides treatment.
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Introduction first 3 years of life due to epileptic encephalopathies [1]. The most

Early-onset epileptic encephalopathies (EOEE) are disorders common EOEE are Ohtahara syndrome (0S), epilepsy of infancy
that are caused by recurrent clinical seizures or prominent inte- ~ with migrating focal seizures (EIMFS), West syndrome (WS), early
rictal epileptiform discharges and usually seen during the early =~ myoclonic encephalopathy (EME), and Dravet syndrome [2]. A key
infantile period. Approximately 40% of seizures occur during the  feature of these epileptic syndromes is the observation of seizures

resistant to standard antiepileptic drugs [1].
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There are numerous etiologies of EOEE’s that are mostly asso-
ciated with structural brain defects and inherited metabolic disor-
ders [3].But, pathogenic gene mutations may be involved in the de-
velopment of EOEE. EOEE is a genetically heterogeneous epileptic
phenotype. In recently, several genes have been demonstrated to
be involved in the pathogenesis of EE: ARX in OS and WS, CDKL5 in
WS, STXBP1 in OS, SLC25A22 in EME, and SCN1A in Dravet syndro-
me [4-6].

These patients with EE could be of interest to pediatric neuro-
logists, since early diagnosis would facilitate treatment planning
for patients with EOEE. In the past, seizure onset, electroencepha-
lography (EEG) findings, and neurological features were assessed
to diagnose epileptic encephalopathies [1]. Recently, utilization of
multi-gene panels via next-generation sequencing (NGS) techno-
logy has gained acceleration in order to detect and identify possible
genetic variants due to enlighten genetic etiology of heterogeneous

epileptic phenotypes [7,8].

The present study focused on the diagnostic yields of targeted
multi-gene panels for patients with clinically suspected EOEE in a
single-tertiary epilepsy center in Turkey. We aimed to investigate
the characteristics of EOEE using the epilepsy multi-gene panel. In
addition, we sought to summarize the genetic variations that are
frequently found in patients with EOEE as well as their clinical fea-

tures and treatments.

Materials and Methods

The patients who were admitted to our hospital with seizure
history whose clinical and laboratory findings indicated EOEE and
whose etiology was thought to be genetic factors between 2017
and 2020 were included in the prospective study. All patients en-
rolled to this study were met the following criteria: seizure onset
< 24 months of age; progressive developmental deterioration or
refractory seizures and clinically suspected EOEE; slow and disor-
ganized background with multiple epileptiform discharges on EEG;
no metabolic abnormalities (urine organic acids and plasma amino
acids test); and no abnormalities detected on previous genetic tests

(chromosome test or chromosomal microarray).

Peripheral blood samples of patients were collected. Genomic
DNA was extracted via an automated DNA isolation system (QIAS-
ymphony, Qiagen, Germany) using 200 pL from the collected 2 mL

peripheral blood samples. Concentration measurement and quality
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controls of isolated genomic DNAs were performed using a fluoro-
metric measuring device (Qubit 3.0, ThermoFisher, USA). Firstly,
the fragmentation process was carried out from the samples and
the genomic DNAs were fragmented. Adapter ligation was perfor-
med by marking the DNA fragments with specific molecular barco-
des. After magnetic bead-mediated purification, target enrichment
was performed via multiplex PCR with primers specific to exons
and exon-intron junctions of genes in the multi-gene NGS panel de-
signed for EE consisting of KCNQ2, MDH2, NECAP1, PCDH19, PIGA,
PLCB1, PNKB SCN1A, SCN1B, SCN2A, SCN8A, SCN94, SIK1, SLC12A5,
SLC13A5, SLC25A12, SLC35A2, SPTAN1, ST3GAL3, STXBP1, SYNJ1,
SZT2, TBC1D24, UBA5 WWOX, AARS, ALG13, AP3B2, ARHGEF9,
ARV1, ARX, CACNA1A, CAD, CDKL5, DNM1, DOCK7, EEF1A2, FGF12,
FRRS1L, GABRA1, GABRB1, GABRB3, GNAO1, GRIN2B, GRINZD,
GUF1, HCN1, HNRNPU, ITPA, KCNAZ2 and KCNB1 genes.

Purification process specific to the target regions was repeated
and tamplicons were then prepared for library generation by ad-
ding universal molecular barcodes. After the bead-mediated final
purification process, the library pool was created by qPCR quality
and quantity determination from the sample libraries. The library
pool was loaded into MiSeq (Illumina, USA) platform and sequen-

ced.

Three-stage quality controls were performed after sequencing:
sequence quality control, quality assesments of variants, bioinfor-
matics analysis of variants. As part of the sequence quality control,
the total amount of yield and the number of reads passing filter;
Within the scope of variant quality controls, the read depth, variant
type, variant frequency, number of forward/reverse reads, position
of the variant on the gene and quality score of the detected variants

were evaluated.

Finally, bioinformatics analyzes were performed to evaluate the
clinical significance of the variants in line with the data obtained.
In this context, international databanks (Human Genome Mutati-
on Database (HGMD), NCBI dbSNP database, PubMed and disea-
se-specific sources), and the pathogenicity classification of the va-
riants was made in accordance with the ACMG guideline. Possible
impacts of novel or clinically unknown variantswere evaluated via
in-silico analysis tools (SIFT, B-SIFT, Polyphen-2, MutationTaster,
BLOSUM, PROVEAN, CADD, DANN, GeneSplicer, PhyloP, MaxEntS-

can and QCI Inferred Activation etc.).
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Statistical analyses were performed using SPSS version 21.0
(IBM Corporation, NY, USA). Descriptive statistics were used and
expressed as median (range). Chi-squared test was used to evalu-
ate the differes between groups; p < 0.05 was considered statisti-
cally significant.

Ethics committee approval for this study was obtained from
xxxx University Medical Faculty Ethical Committee with year 2019
and numbered 84. Informed consent was obtained from the fami-

lies of all patients.

Results

Thirty-seven patients with clinical and laboratory findings who
were considered to have EOEE were included in the study. Among
them, 16 (43.3%) were male and 21 (56.7%) were female. The
mean age of seizure onset of the patients was 3.5 months, and the
onset of the first seizure ranged from day 1 to 24 months. There
was consanguinity between the parents of 19 (51.4%) patients.

The demographic characteristics of the patients are summarized
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in seventeen patients (46%). Classification remained unchanged
in all reanalysed VUS variants. In total, the causative variant (pat-
hogenic, likely pathogenic and VUS) was detected in 17 patients.

Mutation of unknown clinical significance was found in 10 patients.

Seventeen different causal variants were found in 13 different
genes in the patients included in the study. The most common ca-
usal variant was detected as three VUS variants in the CACNA1A
gene. Mutations of unknown clinical significance were found in
10 patients. Some patients had mutations of unknown clinical
significance in more than one gene. The distribution of mutations
detected in the patients is shown in table 2, and the clinical fea-
tures of the patients with causal variants are shown in table 3. In
this prospective study, the diagnostic value of targeted multi-gene
panel analysis in EOEE patients was found to be 27% (P,OP) and
45.9% (P,OP and VUS). The calculated diagnostic values are shown
in table 4.

in table 1. Gene n % Feature
AARS 2 4,3 Unknown
Age at onset 3.5 (1 day-24 months) ALG13 1 2,2 Unknown
Sex ARV1 1 2,2 Likely pathogenic
Boy 16 433 CACNA1A 5 10,8 3 VUS, 2 unknown
Girl 21 56.7 DOCK7 2 4,3 Unknown
Consanguinity DNM1 ! 2.2 Vus
GABRA1 1 2,2 Unknown
Yes 19 S14 GRIN2B 2 2,2 Likely pathogenic
No 18 48.6 GRIN2D | 2 | 43 1 Likely pathogenic, 1 VUS
Epilepsy diagnosis ITPA 1 2,2 Unknown
WS 24 64.8 KCNB1 1 2,2 Likely pathogenic
EME 4 10.8 MDH2 1 2,2 Unknown
0S 1 28 Normal 10 21,7
Unclassified 8 21.6 NECAPT | 1 | 22 Unknown
PCDH19 2 4,3 1 Pathogenic, 1 unknown
Table 1: The demographic findings of the patients (n:37). SCN1B 2 43 1 Pathogenic, 1 VUS
WS: West Syndrome; EME: Early Myoclonic Encephalopathy; OS: SCN2A 1 2,2 Pathogenic
Ohtahara Syndrome SCN8A 1 2,2 Pathogenic
SIK1 2 4,3 Unknown
The data obtained from the targeted multi-gene panel studied SLC12A5 1 2,2 Unknown
with the NGS method were defined with various software, segre- SLC13A5 | 2 4,3 1 Likely pathogenic, 1 unknown
gation analyzes and in silico prediction tools. No mutation could SPTAN1 2 4.3 1VUS, 1 unknown
be detected in 10 (27%) of 37 patients. Pathogenic variant was de- ST3GAL3 2 43 Unknowr.l
tected in five (13.5%) patients. Likely pathogenic was detected in TBC1D24 | 1 2.2 Pathogenic
Total 46 100

five patients (13.5%), and variant (VUS) of uncertain pathogenicity

Table 2: Distribution of detected genetic mutations.
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Patients . Seizures . .
(gender) Gene Mutation Phenotype (onset, type) EEG Neuroimaging
Likely 6. months, infantile . .
1(K) ARV1,c.523A>G pathogenic WS spasm Hypsarrhythmia KK hypogenesis
. 4. months, tonic )
2 (K) SCN8A4, c.5615G > A Pathogenic 0S ) Burst suppression Normal
spasm, myoclonic
GRINZD, c.2020A Likely .| Multifocal epileptiform
3(K) . EME 18. month, myoclonic o Normal
>C pathogenic activity
. 12. months, myoclo- | Multifocal epileptiform )
4 (K) PCDH19, c.826T > C Pathogenic EME ) . o Brain atrophy
nic, focal clonic activity
24 months, myoc- Multifocal epileptiform
5(E) SCN1B, c.452A>C Vus EME . o Normal
lonic activity
2. months, infantile )
6 (K) GRIN2D, c.14G>T VUS WS Hypsarrhythmia Normal
spasm
7 (K) SLC13A5,¢c861C>A Likely WS 2. days, myoclonic Burst suppression Normal
s pathogenic ' !
24 months, myoc- . ) .
. ; Multifocal epileptiform
8 (E) DNM1, c¢.350C> G VusS EME lonic, generalized o Normal
i ) activity
tonic-clonic
CACNA1A, ) )
9 (K) VuUS WS 6. months, myoclonic Hypsarrhythmia Normal
c.1671+3A> G
CACNA1A, c.3607_ 3. months, infantile ) )
10 (K) Vus WS Hypsarrhythmia Brain atrophy
3609delAAG spasm
CACNA1A, c.3607_ 6. months, infantile )
H11 (K) VusS WS Burst suppression Normal
3609delAAG spasm
10. months, infantile .
H12 (E) | SPTAN1,c.1073A>G VusS WS Hypsarrhythmia Normal
spasm
. 1,5. months, infantile ) .
H13 (E) | SCN24,c.5995G>T Pathogenic WS Hypsarrhythmia KK hypogenesis
spasm
. . 4,5. Months, myoclonic, Multifocal epileptiform
H14 (E) SCN1B, c.632G > A Pathogenic Unclassified ) o Normal
tonic spasm activity
Likely 7. months, infantile )
H15 (K) | KCNB1,c.1229C>G . WS Hypsarrhythmia Normal
pathogenic spasm
Likely . . Multifocal epileptiform .
H16 (E) | GRIN2ZB, c.2578A>C . Unclassified 2. days, myoclonic o Brain atrophy
pathogenic activity
. . 1. day, myoclonic, tonic| Multifocal epileptiform
H17 (E) | TBC1D24,¢c.116C>T | Pathogenic Unclassified Normal

spasm

activity

EEG: Electroencephalography, EME: Early Myoclonic Encephalopathy, OS: Ohtahara Syndrome,

Table 3: Mutations and clinical characteristics of the patients

WS: West Syndrome
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Pathogenic/ Likely pathogenic Diagnostic Value

n:10
Pathogenic/ Likely pathogenic/VUS

% 27

Diagnostic Value

n:17 % 45,9

Table 4: Diagnostic values obtained by targeted gene
panel analyzes in the patients.

Discussion

Early-onset epileptic encephalopathy is a severe form of epi-
lepsy, which affects children in early infancy and causes devastating
neurological disorders. They have variable genetic heterogeneity.
Etiology is diverse in EOEE, which can progress with different clini-
cal findings [1]. In cases where acquired causes cannot be detected,
the investigation of genetic etiology is gaining importance both to
understand the pathogenesis and to develop rational and specific
treatments for pathogenesis. Recently, multi-gene panels with NGS
technology have been used to discover possible genetic variants
responsible for EOEE’s [7,8].In a recent study, while the diagnosis
rate was reported as 15.4% with targeted single gene sequencing,
this rate increased to 46.2% with the use of epilepsy multi-gene
panels [9].In another study, with the use of targeted NGS panels for
epileptic encephalopathies, the diagnostic yield in patients increa-
sed from 10% to over 25% [10].

In our study, pathogenic in five patients, possibly pathogenic in
five patients, and VUS variant in seven patients were determined.
In this study, the diagnostic value of pathogenic and possibly pat-
hogenic variants was determined as 27%, and the diagnostic value
of all variants (P, OP, VUS) was determined as 45.9%. In a total of 13
different genes, 17 different causative variants were identified. The
genes in which variants were detected in our study are CACNA14,
GRIN2D, GRIN2B, PCDH19, SCN1B, SCN24, SCN8A, KCNB1, SLC13A5,
TBC1D24, ARV1, DNM1 and SPTAN1.

Voltage-gated sodium channels, which consist of one major
a-subunit and one or more 3-subunits, have been shown to be as-
sociated with the conduction of action potentials in the brain [11].
The best-known member of this group is the SCN14 gene, which
has hundreds of mutations in epilepsy since it was first discovered
in 2000 [12]. Sodium voltage-gated channel alpha subunit 8 (SC-
N8A) mutation causing EOEE type 13 comprises 1% of patients of
epileptic encephalopathy [13]. SCN8A-encephalopathies are auto-

21
somal dominant disorders, which is caused by de novo gain-of-fun-
ction missense mutations in the gene. This gene is part of the
voltage gated sodium channels (VGSCs) gene family. VGSCs plays
important role in controlling neuronal excitability. They are pri-
marily expressed in the central nervous system and mutation cau-
ses epilepsy [14]. The patients present with drug resistant seizure
between age 3 and 7 months (mean age, 5 months; range, 1 day to
18 months). The seizure has no definite pattern but is often provo-
ked. The common seizures are epileptic spasm, tonic, atonic, myoc-
lonic, focal and absence seizure [15]. Literature has suggested that
patients with SCN8A encephalopathy respond to the sodium chan-
nel blockers such as phenytoin, valproate, carbamazepine, lacoso-
mide, lamotrigine, rufinamide and oxcarbazepine [15]. Fatema., et
al. [16] reported that the clinical and genetic features of two cases
of SCN8A encephalopathy, presented with intractable epilepsy and
developmental delay. In our study, the patient in whom we detec-
ted SCN8A mutation had a seizure onset age of four months, had to-
nic spasm seizures, and his EEG was in burst suppression pattern.
The patient’s seizures were resistant to multiple AEDs. The patient
had motor developmental delay and intellectual disability. She was
treated with phenobarbitone, levetiracetam, vigabatrine and sodi-
um valproate, but seizure was not controlled. Later he was treated

with oxcarbazepine, which caused the 75% control of the seizure.

SCN1B encodes for f1, an immunoglobulinlike molecule that
modulates the function of voltage-gated sodium (NaV) channels,
a family of nine membrane proteins responsible for initiating an-
dpropagating action potentials [17]. As such, mutations in 1, as
well as NaV channels, have been linked to epilepsy syndromes
[18].In humans, inherited heterozygous SCN1B variants have been
associated with mild-to-moderate epileptic disorders within the
genetic epilepsy with febrile seizures plus (GEFS+) spectrum. In
contrast, biallelic variants cause EOEE 52, characterized by infan-
tile onset refractory seizures followed by cognitive decline and
neurological features such as hypotonia, spasticity, and ataxia
[19]. Only a few individuals with EOEE 52 have been reported so
far, and a disease causing mechanism remains unclear. Scala., et al.
[20] reported identified nine patients from four unrelated families
harboring three biallelic variants in SCN1B. All subjects presented
with early infantile EOEE 52, a rare, severe developmental and epi-
leptic encephalopathy featuring infantile onset refractory seizures
followed by developmental stagnation or regression. The seizures

of the patient in whom we identified a pathogenic mutation started
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when he was four months old boy, his seizures were in the form of
tonic spasm, and there was a burst suppression pattern in his EEG

in our study.

Mutations in the SCN2A gene, which encodes the a2 subunit of
the neuronal sodium channel, have been identified in association
with a number of encephalopathy phenotypes, ranging from benign
familial neonatal-infantile seizure to more severe forms of epilep-
tic encephalopathy [21]. Tian,, et al. [22] presented the case of an
infant with a de novo SCN2A mutation with EOEE who had medi-
cally refractory seizures that improved with a ketogenic diet (KD)
implemented at an age less than 2 months. On the day of his birth,
the infant presented with a pattern of convulsions with dozens of
episodes per day. The seizures previously were not controlled with
successive therapy with phenobarbital, topiramate, and levetirace-
tam. The infant’s seizures decreased significantly with a combinati-
on of KD and medication. In our study, a pathogenic mutation in the
SCN2A gene was detected in a patient with a pre-diagnosis of WS.
The patient’s seizures started at the 45th day of life. The patient
had infantile spasm seizures and EEG finding was hypsarrhythmia.
In addition, the patient had developmental delay. Corpus callosum

hypogenesis was detected in the patient’s brain neuroimaging.

PCDH19 encodes protocadherin 19 on chromosome Xq22.3.
This 1,148-amino-acid protein, highly expressed during brain de-
velopment, could play significant roles in neuronal migration or
establishment of synaptic connections. PCDH19 is composed of
six exons, with a large first exon encoding the entire extracellular
domain of the protein [23]. Heterozygous PCDH19 mutations were
initially identified in epilepsy and mental retardation limited to fe-
males, a familial disorder with a singular mode of inheritance as
only heterozygous females are affected, whereas hemizygous ma-
les are asymptomatic [24]. Recently, mutations in PCDH19, mostly
occurring de novo, were shown to be a frequent cause of sporadic
infantile-onset epileptic encephalopathy in females [25]. PCDH19
mutations were also identified in epileptic females without cog-
nitive impairment. Typical features of this new epileptic syndro-
me include generalized or focal seizures highly sensitive to fever,
and brief seizures occurring in clusters, repeating during several
days [24].In a study in which PCDH19 gene mutation was scree-
ned among 73 SCN1A negative patients (45 girls and 28 boys) with
EOEE resembling Dravet syndrome, mutations in the PCDH19 gene
were detected in 13 patients. In this study, the mean age of seizu-

re onset in patients with mutations was 9.5 months (between 7.5
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and 12 months), and most of the patients had seizures triggered or
worsened by fever. The seizure types of the patients were mostly
generalized tonic, clonic or tonic-clonic and/or focal seizures with
or without secondary generalization [26]. Our patient, in whom a
pathogenic mutation was detected in the PCDH19 gene, was fema-
le, in line with the literature. The patient’s seizures were observed
for the first time at the age of 1 year. His seizures started as focal
and generalized tonic-clonic seizures were added to the table in the
follow-up. The patient’'s EEG was consistent with multifocal epilep-
tiform activity. The patient had motor developmental delay, but in

line with the literature, our patient had language development.

The TBC1 Domain Family Member 24 (TBC1D24) encodes a
neuronally expressed GTPase activating protein that interacts with
small GTPases and regulates endosomal trafficking of synaptic ve-
sicles [27].Recent exome sequencing studies have revealed thatloss
of function variants in TBC1D24 cause a wide spectrum of neurode-
velopmental disorders, referred to as TBC1D24-related disorders,
including nonsyndromic hearing loss, familial infantile myoclonic
epilepsy, early infantile epileptic encephalopathy, and DOOR (de-
afness, onychodystrophy, osteodystrophy, mental retardation, and
seizures) syndrome which are inherited in an autosomal recessive
manner [28].Nakashima,, et al. [29] described a case with early-on-
set epileptic encephalopathy, in whom exome sequencing detected
a novel pathogenic homozygous variant in TBC1D24. She showed
severe developmental delay, congenital sensorineural hearing loss
and seizures, but the combination of a high dose phenobarbital and
potassium bromide was very effective for the seizures. The seizu-
res of the case in which we found a mutation in the TBC1D24 gene
started in the neonatal period and the seizures were myoclonic in
character. Multifocal epileptiform activity was detected in the pa-
tient's EEG examination. The patient’s seizures were resistant to

multiple AEDs. The patient had developmental delay.

In our stduy, we further detected possible pathogen mutations
in the ARV1, GRIN2D, SLC13A5, KCNB1 and GRINZB genes in five
patients. Among these possible pathogenic genes, GRIN2D, KCNB1
and GRINZB are among the genes playing a role in the ion channel.
In the literature, it has been reported that ion channel genes (such
as SCN1A, SCN24, SCN8A, SCN9A, SCN1B, CACNA1A, KCNB1, GRINZB,
GRINZ2D) play a prominent role in the development of EOEE and
more than 600 variants have been described to date®.In a study
involving 175 patients with EOEE, genes encoding ion channels

(26/56) were found to constitute the largest portion of the mu-
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tations detected [30]. In another study, ion channel genes (8/24)
were shown to constitute the most common mutations [31].In our
study, it was observed that ion channel genes accounted for 58.8%
(10/17) of the causative mutations. This result indicates that dys-
function of ion channels plays a critical role in the pathogenesis of
EOEE. In addition, the rate of ion channel genes in causative mu-
tations was higher compared to other studies. It was thought that
this might be due to the prevalence of consanguineous marriages

in our region.

In our study, VUS variants were detected in 5 genes in 7 pa-
tients. VUS variants were found in the CACNA1A, SCN1B, GRIN2D,
DNM1 and SPTAN1 genes. VUS variants were detected in 19% of
the patients. In the literature, these variants have been associated
with the mutation being relatively less damaging and having a mil-
der phenotype and incomplete penetration in the patient. In other
studies, VUS variants could not be correlated with genotype-phe-
notype due to insufficient clinical information, insufficient bioin-
formatics information, lack of functional data. and it was evaluated
to be associated with incomplete penetrance. It is predicted that
the rate of VUS detected in our study is due to reasons such as lack
of gene-function studies, lack of information in the databases, and

the absence of other affected family members from the study.

Targeted epilepsy multi-gene panels have been used more and
more recently in clinical studies and research. Various studies on
targeted epileptic encephalopathy panels containing 35-265 genes
have been reported in the literature, and the diagnostic values of
these studies range from 10% to 48.5% [32].

Conclusion

In conclusion, the variability in the diagnostic values reported
in the literature can be explained by the different phenotypic spe-
ctra of the selected patients, the number of genes in the panels,
the reliability of the sequencing device, and the use of different
software and databases for the bioinformatics analysis steps. The
diagnostic value determined in our thesis study is similar to the
literature. This was associated with the correct management of
processes such as selection of patients referred for the multi-gene
panel, sequencing of target genes, variant filtering, and association

of variant with phenotype.
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