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(Abstract h

Background: The spectrum of neurological disorders associated with mutations in SCN1A, which encodes
the type 1 subunit of the neuronal voltage-gated sodium channel, is broad and can manifest as both epileptic
(a heterogeneous group of epileptic syndromes) and non-epileptic conditions. Dravet syndrome (DRVT)
and Genetic Epilepsy with Febrile Seizures plus (GEFS+) are the most frequent. However, there exist less

common phenotypes with varying severity of clinical course that authors would like to highlight.

Case presentation: We would like to present the clinical descriptions of our four patients confirmed to
have mutations in the SCN1A gene, presenting the least frequently described phenotypes. The first was
initially diagnosed with ASD (Autism Spectrum Disorder) and Febrile Seizure plus (FS+), the second met
the criteria for Lennox-Gastaut Syndrome (LGS), the third was diagnosed with Malignant Migratory Partial
Seizures of Infancy (MMPSI), and the fourth with SCN1A-related Early Infantile Developmental and Epileptic
Encephalopathy (EIDEE) without movement disorders. We described the course of the disease to date, the
current status of the patients, and their main problems and referred to the type of pathogenic variants in
the SCN1A gene.

Conclusion: The spectrum of phenotypes associated with mutations in the SCN1A gene is vast and our
cases present this heterogeneity. We described a patient with febrile FS+ and an average course of the
disease, two patients with severe and one with a highly severe course of illness. It is crucial to recognize

that within the GEFS+ syndrome, there may exist phenotypes that are not necessarily familial or hereditary.

Not only in patients with DRVT or GEFS+ spectrum but also in those with other epileptic syndromes such
as LGS, MMPS], or DEE, the possibility of SCN1A-dependent etiology should be taken into account.
-
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Introduction

Mutations in the SCN1A gene are associated with a broad spectrum of children’s neurological disor-
ders, encompassing both paroxysmal (a heterogeneous group of epileptic syndromes) and non-epileptic
phenotypes. Among epileptic syndromes, the Dravet syndrome (DRVT, OMIM 607208) is the most com-
mon, but this group include disorders ranging in severity from relatively mild familial febrile seizures and
Genetic Epilepsy with Febrile Seizure Plus (FEB3A, GEFSP2/GEFS+; OMIM 604403), to entities that are
much more prognostically serious and categorized as developmental and epileptic encephalopathy 6B,
non-Dravet type (DEE6B, OMIM 619317). Among non-epileptic disorders, Familial Hemiplegic Migraine
type 3 (FHM3, OMIM 609634) has only been described. Seldom, SCN1A pathogenic variants are also iden-
tified in other forms of DEEs, including Myoclonic-Astatic Epilepsy (MAE, Doose syndrome), infantile epi-
lepsy with migratory focal seizures (MMPSI), West Syndrome (WS) and Lennox-Gastaut Syndromes (LGS).
[1,2].

The SCN1A gene (OMIM 182389), located in locus 2q24.3, encodes the alpha subunit of a voltage-
gated sodium channel (Nav1.1) that is crucial for generation and propagation on action potential - neural
transmission in the central nervous system. The presentation of SCN1A-related disorders correlates with
the type of pathogenic variants and the underlying change in functional properties (loss- or gain-of-func-
tion, LOF/GOF) of channels. LOF variants in the SCN1A gene cause DRVT and GEFSP2; while GOF variants
are associated with FHM3 and the group of non-Dravet DEEs [3].

In this article, we would like to present clinical reports of four patients with mutations in the SCN1A,
classified as pathogenic but presenting the least frequently described phenotypes: ASD and FS+ syndrome,
the Lennox-Gastaut syndrome, MMPSI and EIDEE. The article highlights the importance of detailed charac-
teristics of genotypic-phenotypic variability and its clinical relevance in daily clinical practice, even in the

case of well-known genes such as SCN1A.
Methods

Clinical data was sourced from available medical records and interviews with parents. Molecular
analysis of the SCN1A gene was performed by direct Sanger sequencing of coding exons or target NGS.

SCN1A deletion/duplications were also excluded in the case of missense mutations.

Patient 1 (P1) 12-year-old boy with no family history of neurological disorders. He was born from
a second pregnancy, natural birth, with an Apgar score of 10, his neonatal period was uncomplicated. In
the fifth month of age, he had the first tonic-clonic seizure during fever - simple febrile seizures were dia-
gnosed. Subsequent seizures were exclusively tonic-clonic with fever. Extensive diagnostics were perfor-
med: brain MRI imaging and metabolic diagnostics were normal. EEG recordings varied over time but were
often within the age norm, with occasional small, generalized sharp waves during sleep. In the first year
of life, antiepileptic treatment was started with Valproic Acid (VPA), followed by Topiramate (TPM). Sei-
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zures with fever continued. The boy’s psychomotor development was slightly delayed in gross motor skills
with normal development of the cognitive sphere and speech. At the age of 3 years, SCN1A analysis was
performed (Sanger sequencing) and a heterozygous nonsense variant - p.Trp952Ter (c.2855G>A), of de
novo origin, was detected. Currently, the boy has an average of 1-2 seizures per year, constantly occurring
with fever. He was treated with valproic acid, with significant improvement in psychomotor development
after discontinuation of topiramate. No gross motor abnormalities, no ataxia, typical gait pattern for Dravet
syndrome (crouching gait) was observed. The boy has been diagnosed with atypical autism, mild mental
retardation, he attends a school therapy center. He receives additional physical rehabilitation. Currently the

biggest problem is hyperactivity and attention deficits.

Patient 2 (P2) 15-year-old boy with no family history of neurological disease, born from second
pregnancy delivered via caesarean section due to lack of labor progress. His Apgar score was 9-10. The neo-
natal period was uncomplicated. Severe esophageal reflux was observed in infancy, Sanger syndrome was
suspected. The patient had normal psychomotor development until four months of age - he was turning
sideways, catching toys, and smiling. First epileptic seizure occurred at four months of age, it was a focal
clonic seizures, varying from side to side with postictal paresis. Since the onset of seizures, there has been
a severe developmental delay. The boy started to sit up unaided at 24 months of age and to walk indepen-
dently at the age of 2.5 years. Extensive neurological diagnostics were performed - a triple brain MR ima-
ging- normal, metabolic tests- negative. At two years of age, SCN1A analysis (Sanger sequencing) revealed
a heterozygous, frameshift variant p.Asp592MetfsTer31 (c.1773del), of de novo origin. During this period,
atypical absence seizures, multiple epileptic states of tonic-clonic seizures, atonic seizures, myoclonic sei-
zures occurred daily, focal tonic seizures every night. The EEG was described with abnormal basal function,
multifocal lesions, and slow spike-wave activity of 1.5-3 Hz, usually in the frontal region. During infection,
a reduction in seizure frequency was observed in the boy from infancy. Currently, the boy does not speak,
has many motor stereotypies, and is extremely hyperactive. He attends an educational center and enjoys
contact with other people. He is currently being treated with VPA, Stiripentol (STR), and quetiapine. The
biggest current problem, apart from epileptic seizures, is sleep disturbance. The patient can stay awake for
50 hours (2-4 times a month before using quetiapine even three times more often), but sleep is constantly

interrupted, lasting continuously for 3 to 4 hours.

Patient 3 (P3) A 7-year-old girl with a family history burdened by epilepsy (cousin treated with
VPA), autism (the same cousin), and migraine (paternal grandmother). Born from second pregnancy by
caesarean section at 38 weeks gestation. The pregnancy history was complicated by gestational diabetes -
treated with insulin and high risk of premature labor treated with lutein. She scored 10 on the Apgar scale,
but increased muscle tone was noted during neonatal examination. Her first focal seizures occurred at 3.5
months of age - unilateral clonic, followed by focal with disturbance of consciousness, unclassified, bilate-
ral tonic-clonic and status epilepticus. Seizures were persistent, and no atonic or absence seizures were
observed. EEG recordings up to 12 months were normal, but subsequent EEGs revealed various abnorma-
lities, including spike/sharp wave, spike/slow wave, and spike/slow wave discharges, primarily over the
left hemisphere during sleep, with periodic single responses on the right side. Discharges had disappeared

during deep sleep. At 13 months: discharges localized mainly in the right cerebral hemisphere and genera-
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lized paroxysmal, almost continuous during sleep, at 18 months: multifocal lateralized (with hemispheric
variability) and generalized paroxysmal discharges, continuous during sleep, at 34 months - bioelectrical
status epilepticus. In the course of diagnosis, genetic testing was performed - tNGS using the panel of 49
EIEEs/DEEs genes (EIEE v.1/2016: http://zgm.imid.med.pl/panele-ngs/) and a heterozygous missense va-
riant p.Ala1669Thr (c.5005G>A) of de novo origin was identified. Normal development was observed until
the age of 14 months, then the development delayed (sitting at 10 months, crawling at 11 months, standing
at 12 months, walking at 13 months near furniture, grasping with tweezers with independent placing of
pieces of food in the mouth at 9 months, single two-syllable words at 12 months). At the age of 18 months
generalized hypotonia was observed with continuous loss of motor functions. Currently, the girl does not
sit, walk, or speak, is fed by PEG, and sleeps well at night. Parents observe breaks in seizures during infec-
tions. Since July 2023, when fenfluramine was introduced, the intervals between seizures have lengthened
up to 19-23 days.

Patient 4 (P4) A 10-year-old boy with no family history of neurological diseases. Born from second
pregnancy, natural delivery, scored 10 points on the Apgar scale. In the neonatal period, the first tonic-
clonic epileptic seizure occurred during an infection with high fever. Later, polymorphic seizures (mostly
tonic-clonic) were observed not only due to infection. The boy was treated with various combinations of
antiepileptic drugs (Table 1). Extensive diagnostics were performed, including brain MR imaging, which
was normal, and metabolic tests, which was negative. Seizures continued to occur once a month on average.
The boy’s psychomotor development in gross motor skills was extremely delayed- the boy has never sat or
crawled. In the area of speech development - he does not speak or nonverbally communicate. At the age of
2.5 years, a genetic test for a mutation in gene SCN1A - direct sequencing of coding exons was performed,
and heterozygous missense variant p.Ala239Asp (c.716C>A), of de novo origin, was identified. Because of
the disease course, the second broader test was performed at the age of 7 years - tNGS using the panel of
49 EIEEs/DEEs genes (EIEE v.1/2016: http://zgm.imid.med.pl/panele-ngs/). SCN1A missense was confir-
med, and no other pathogenic/likely pathogenic was identified. However, in the meantime, this variant has
been annotated as pathogenic in HGMD Professional (CM208235) as causative for patients classified in the
group early infantile-onset DEE (1 month < seizure onset <3 months), with seizure onset on 90 days [4].
Currently, the boy has tonic-clonic seizures once a week. The boy has a profound intellectual disability and
attends a school-therapy centre. He also receives physical rehabilitation. Currently, according to his pa-
rents, his most significant problems are difficulties with feeding - he eats only mixed food and has problems

with swallowing and communication. In the opinion of the teachers, there is a lack of cooperation.

Simplified pedigrees (FamP1-P4) indicate mutations de novo origin in all cases, Sanger sequencing

chromatograms are presented for all variants. Created with BioRender.com. Source: Authors’ elaboration.
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CTable 1: Clinical comparison of patients

)

P1

P2

P3

P4

Positive history of
neurological diseases

No

No

Cousin treated in childhood for
epilepsy, migraine in paternal
grandmother

No

Complications of the
pregnancy period

No complications

Heart rate declines-
caesarean section

Pregnancy: diabetes treated with
insulin, preterm contractions

No complications

First seizure

and numerous motor
stereotypies, does not
speak

(months old) > 4 35 1
Psychomotor
d.e ve.l(.)pment Psychomotor development P.sy c.h.o motor development
. significantly delayed; T significantly delayed- does
Psychomotor Delayed in the sphere at present. atactic gait significantly delayed- does not hot sit. does not walk. does
development of gross motor skills P ’ 5 sit, does not walk, does not speak, ’ ’

grouses, fed with PEG

not speak, grouse, and is fed
orally with fragmented food

Type of seizures

Tonic-clonic

Atypical absence
seizures, multiple
epileptic states of tonic-
clonic seizures, atonic
seizures, myoclonus,
focal seizures

Focal variable as to side,

focal with disturbance of
consciousness, unclassified,
bilateral tonic-clonic, status
epilepticus, and transient
myoclonus during treatment with
levetiracetam

Tonic-clonic

Carbamazepine,
valproic acid,
vigabatrin, . .
8 . Clonazepam, valproic acid,
topiramate, clobazam, C . . .
.. . .. ethosuximide, immunoglobulins, |Phenobarbital, topiramate,
Valproinian acid, ethosuximide, . . .
Treatment used ; . perampanel, carbamazepine, valproic acid, clobazam,
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Figure 1: Schematic localization of SCN1A/Nav1.1 variants under analysis.
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\\\ Table 2: Description and characterization of mutation identified in presented patients. j‘
. Localization
c.DNA Protein . . Paralogous | gnomAD :

. Variant Exon/ Functional Phenotype ACMG + - ClinVar/
1D gg“é%%g% (sl\g;-gg }% Inheritence consequence g:(r)lfgiilri prediction# prediction## | classification pa‘}:l?igiltuc v?::{_lt HGMD*
P1 | c2855G>A  p.Trp952Ter  denovo Stop gained o8/ LOF DRVT (98.21%)  Pathogenic 0 DEE/ SMEI

p.Asp592 DRVT Likel
P2 | c1773del de novo Frameshift Ex14/L1 LOF P ey 0 - /-
athogenic
MetfsTer31 (98,89%)
DRVT SCN8A/ DEE/
) Ex29/ LP (0.94)/ Likely DEE, UE DD, poor
P3 | €5005G>A | p.Alal669Thr | de novo Missense DIVS4-S5 |  GOF (0.82) , Pathogenic | pAlal650Thr/  ©  coordination
(95,15%) Val and seizures
Ex09/ LP(093)/ DRVT Likel SCN2A/DEE
. X ikely
P4 | ¢716C>A | p.Ala239Asp de novo Missense DIS4-$5 Pathogenic p.Ala240Ser 0 GEFS+/DRVT
GOF (0.62) (98,78%)

#Stop/frameshift mutations classified as truncating (LOF) a priori, pathogenicity of missense mutations and their func-

tional effect Loss-of-Function (LOF) versus Gain-of-Function (GOF) determined using funNCion - Functional variant prediction
in Navs/Cavs ion channels (https://funnc.shinyapps.io/shinyappweb/), LP - Likely Pathogenic (probability of being pathogenic)

##For the variants phenotype prediction the SCN1A-Epilepsy Prediction Model (https://scnla-prediction-model.broa-
dinstitute.org/) was used. As in cases 3 and 4, the age of onset was below four months, even though the prediction of DRVT is
high, atypical phenotypes may develop, and alternative diagnoses, including a profound phenotype with a movement disorder,
should be considered (Sadleir et al. 2017 [3])

*Human pathogenic mutations databases ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), HGMD Professional 2023.4
(https://my.qiagendigitalinsights.com)

DRVT: Dravet syndrome, DEE: Developmental and Epileptic Encephalopathy, SMEI: Severe Myoclonic Epilepsy of In-
fancy, DD: Developmental Delay, GEFS+: Generalized /Genetic Epilepsy with Febrile Seizures plus.

Discussion

We present four patients with pathogenic de novo mutations in the SCN1A gene who have not been
diagnosed with Dravet Syndrome due to partial compliance of the clinical picture with the diagnostic crite-
ria for DRVT.

The mandatory criteria for DRVT according to ILAE are: [5]

1)
from seizure to seizure), focal to bilateral tonic-clonic, and/or generalized clonic seizures,

Recurrent focal clonic (hemiclonic) febrile and afebrile seizures (which often alternate sides

2) Age of onset 1-20 months of life,
3) Drug-resistant epilepsy,
4) Intellectual disability.

Also, according to C. Wirel et al. [6], DRVT can be diagnosed in a child aged 2-15 months who have
had a single prolonged hemiclonic seizure or focal or generalized status epilepticus (=30 min) of unknown

etiology in the context of vaccination or fever.
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In our group, the first seizures were typical for DRVT, as tonic-clonic seizures (P1,P4) and focal clo-
nic seizures variable from side to side, prolonged in P2 and P3. In 3 of 4 patients, epilepsy is drug-resistant.
All patients have intellectual disability, 3 of them preceded by normal psychomotor development in early

infancy.

Autistic features that are inherent in the clinical picture of patients with Dravet Syndrome were
present in our group in varying degrees. P1 was diagnosed with atypical autism, while P2 with ASD with
particularly severe stereotypic motor symptoms. In P3 and P4, the diagnosis in this area was not carried
out, due to the fact that intellectual disability of profound degree was already known. Autistic signs have
recently been reported in patients with DVRT, ranging from 8-61%, with verbal communication difficulties
and impaired adaptive skills particularly highlighted [7].

Our patients show motor impairments ranging from mild delay in motor skills to complete inability
to sit, with only the ability to stabilise the head (P3,P4). Kalume et al. [8] explain the motor impairments
associated with mutations in the SCN1A gene by impaired expression of sodium channels not only in Pur-
kinje cells, which is responsible for ataxia, but also in the nodes of Ranvier, including about 80% of motor
neurons. This clarifies the distal motor deficit with gait disturbance, as well as the proximal one, leading to
crouch.

The P1 did not meet the criteria for drug-resistant epilepsy and had only seizures provoked by hy-
perthermia. He responded very well to valproic acid, which does not comply with the criteria of DRVT. He
only required the addition of a second drug during a prolonged tonic-clonic seizure throughout infection
with fever. However, after the drug was discontinued, seizures did not aggravate. According to ILAE criteria
[5] this patient’s phenotype aligns with the spectrum of GEFS+. As it is known, the most common symptom
of the above spectrum is febrile seizures, but febrile seizures plus, which are present in the case described,
are also frequently observed [9]. A first episode under six months of age and the necessity for chronic anti-
convulsant treatment are not exclusion criteria [5,10]. Also, the literature has already described the lack of
family burden and the type of mutation (de novo variant) [11,12].

In the P2, due to typical changes in the EEG signal (sleep-provoked bursts of slow spike and wave
discharges and paroxysms of fast activity with the highest amplitude over the frontal region), the presence
of tonic seizures during sleep and intellectual disability the LGS was diagnosed. Several authors [13,14]
emphasize molecular diagnostics’ role in LGS patients, especially those with the myoclonic subtype. This is

especially important to avoid using medications that can aggravate the patient’s state of health.

An additional problem for the patient includes sleep disorders. Insomnia significantly increases the
frequency of epileptic seizures in majority of patients and negatively affects the quality of life of the child
and family. The number of studies on this subject is limited. Papale et al. [15] performed an immunochemi-
cal tests of SCN1A gene expression in critical brain areas responsible for proper sleep architecture confir-
med extensive SCN1A expression in the neocortex, hippocampus, hypothalamus, thalamic reticular nuclei,
dorsal sutural nuclei, pedunculopontine nuclei and laterodorsal tegmental nuclei, which may have a direct

impact on sleep disorders in patients with mutations in the SCN1A gene. The problem requires further stu-
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dies. In a clinical trial using melatonin in patients with DRVT, there was no significant effect on sleep impro-
vement. However, most caregivers reported a crucial effect on sleep onset and maintenance, corresponding

enhancement of cognitive function and quality of life [16].

The P3 met the clinical criteria for DRVT. However, due to the characteristic abnormalities on EEG
examination and a very severe phenotype, a diagnosis of MMPSI seemed more adequate. The MMPSI phe-
notype was diagnosed according to the following criteria: onset under 6 months; presentation with focal or
hemiclonic seizures, with progression to frequent, almost continuous, multifocal seizures; developmental
arrest at seizure onset and progressive cognitive decline with clusters of seizures [17]. That patient had
the worst response to treatment. There was a reduction in numerous focal seizures (several per day) after
initially using trazodone (because of sleep problems), after which the seizures returned. The patient is now
treated with fenfluramine added to her treatment. The seizure reduction has occurred from the first dose,
and she has achieved a substantial reduction in seizures and a significant increase in the time between sei-
zures — at the beginning of treatment 19 to 23 days of seizure-free. Now, seizures occur on average every 10
days. This may indicate the effectiveness of this drug not only in DRVT patients. During treatment, carba-
mazepine was introduced for a short time, discontinued because of a significant regression of speech. Due

to the type of mutation (GOF variant), a new trial of treatment with a sodium channel blocker is planned.

Rojo et al. [17] searched for a genetic cause in 15 patients with MMPSI by performing a test for mu-
tations in genes associated with epileptic encephalopathies. In one patient, a mutation in the SCN1A gene
was found. According to the authors [17], MMPSI encephalopathy associated with a mutation in the SCN1A
gene is the most severe phenotype known. MMPSI was previously a diagnosis of unknown etiology, but
now, with the dynamic development of molecular diagnostics, pathogenic variants have been described in
about 70% of patients [18-22]. It is a syndrome with a significant genetic heterogeneity. Based on Zhang
et al. [23], SCN1A is now being considered to be the third most frequent type of genetic variation in the
MMPSI.

In the last Patient (P4), the first seizures occurred before he was one month old, and the psycho-
motor development was delayed from birth. Due to the drug-resistant course of illness, severe intellectual
disability, serious motor disability, and the result of a genetic testing (GOF variant), the patient’s pheno-
type probably corresponds to that described by Brunklaus [24] as Early Infantile Developmental and Epi-
leptic Encephalopathy (EIDEE) associated with the mutation of SCN1A gene. This study, which has been
confirmed by other scientists [25-29] highlights the possibility of using medications that have been so far
contraindicated in patients with DRVT, which are sodium blockers. Due to its limitations, the study guides
the direction of further work while providing opportunities for introducing more effective, precise pharma-
cotherapy.

Conclusion

The spectrum of phenotypes associated with mutations in the SCN1A is constantly expanding and is
characterized by significant heterogeneity of the clinical course [28,29]. The descriptions of patients above

illustrate this diversity, representing atypical, infrequent phenotypes. Although it is known that SCN1A is
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the leading cause of DVRT and Genetic Epilepsy with Febrile Seizures plus (GEFS+), clinicians should be

aware of less common phenotypes.

According to the GEFS+ syndrome, it is essential to consider that there may be phenotypes that are

not necessarily familial or hereditary.

Close teamwork between geneticists and clinicians is of utmost importance. The clinical diagnosis
should not be determined solely based on gene sequencing but needs to be individualized according to the
patient’s clinical symptoms to develop the optimal treatment regimen. However, the functional evaluation
resulting from a specific mutation (the GOF or LOF variant) might be clinically relevant since it critically
impacts the therapeutic decisions and the prognosis. Further studies are needed to understand the ge-
notype-phenotype correlation in patients with SCN1A-dependent disorders. In the years ahead, therapy
dedicated to a specific diagnosis, such as DRVT, might be replaced by personalized therapy accounting for

an individual’s molecular profile.
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