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Objective: Pathogenic variants in SCN3A, encoding the voltage-gated sodium channel subunit
Nav1.3, cause severe childhood-onset epilepsy and malformation of cortical development. Here,
we define the spectrum of clinical, genetic, and neuroimaging features of SCN3A-related
neurodevelopmental disorder.

Methods: Patients were ascertained via an international collaborative network. We compared
sodium channels containing wild-type vs. variant Nav1.3 subunits co-expressed with f1 and
B2 subunits using whole-cell voltage clamp electrophysiological recordings in a heterologous
mammalian system (HEK-293T cells).

Results: Of 22 patients with pathogenic SCN3A variants, most had treatment-resistant epilepsy
beginning in the first year of life (16/21, 76%; median onset, 2 weeks), with severe or profound
developmental delay (15/20; 75%). Many, but not all (15/19; 79%), exhibited malformations of
cortical development. Pathogenic variants clustered in transmembrane segments 4-6 of domains
I1-1V. Most pathogenic missense variants tested (10/11; 91%) displayed gain of channel function,
with increased persistent current and/or a leftward shift in the voltage dependence of activation,
and all variants associated with malformation of cortical development exhibited gain of channel
function. One variant (p.l1le1468Arg) exhibited mixed effects, with gain and partial loss of
function. Two variants demonstrated loss of channel function.
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Interpretation: Our study defines SCN3A-related neurodevelopmental disorder along a spectrum

of severity, but typically including epilepsy and severe or profound developmental delay/
intellectual disability. Malformations of cortical development are a characteristic feature of this
unusual channelopathy syndrome, present in over 75% of affected individuals. Gain of function at
the channel level in developing neurons is likely an important mechanism of disease pathogenesis.
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Introduction

\Woltage-gated sodium (Na+) channels are macromolecular complexes that underlie the
generation and propagation of the action potential and hence are critical regulators of

electrical excitability, including in neurons of the brain.1-2 Na+ channels are also known to
contribute to the function of glia.3 Variation in genes encoding Na+ channel pore-forming a
and auxiliary B subunits are highly associated with human disease, with the prominent brain-
expressed Na+ channel genes SCNIA, 24, 3A, and 8A, and SCN1B linked to epilepsy.*11

SCN3A encodes the type 11 voltage gated Na* channel a subunit Nav1.3, which is
highly expressed in embryonic brain,12:13 with postnatal expression levels being low or

undetectable.1#15 Prior studies reported heterozygous variants of uncertain significance in
SCN3A in patients with mild nonspecific forms of epilepsy.16-20 A de novo heterozygous

pathogenic variant p.Lys247Pro in SCN3A has been described in a child with focal
epilepsy and moderate-to-severe global developmental delay, with electrophysiological

characterization of heterologously-expressed Na+ channels containing Nav1.3-p.Lys247Pro
variant subunits exhibiting loss of channel function with markedly decreased cell surface

expression and current density.1’

Ann Neurol. Author manuscript; available in PMC 2021 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zaman et al.

Page 4

De novo pathogenic variants in SCN3A were recently established as a cause of
developmental and epileptic encephalopathy (DEE).}! Two patients in that initial cohort,
both with SCN3A-p.11e875Thr, also exhibited diffuse polymicrogyria (PMG), although other
patients with a similar phenotype had a near-normal MRI without malformation of cortical
development. A subsequent report described two additional cases of de novo SCN3A-
p.11e875Thr variant in conjunction with DEE and diffuse PMG.2! Genetic investigation in a
separate cohort of patients with malformations of cortical development of unknown cause,
some of whom did not have seizures/epilepsy, identified pathogenic variants in SCN3A as

a cause of PMG and provided strong experimental evidence supporting this association.22
A recent report described two additional patients with neurodevelopmental disorders that
included epilepsy and intellectual disability, one of whom also exhibited PMG (while the
other had a normal MRI).23 The full phenotypic spectrum of this emerging condition has
yet to be fully explored. In particular, the extent of overlap between epilepsy, intellectual
disability, and brain malformation — the latter being an unusual feature of a channelopathy —
remains unclear.

Here, we provide detailed clinical and genetic data on 22 patients with pathogenic variants
in SCN3A and also performed electrophysiological characterization of Na+ channels
containing the associated variant Nav1.3 subunits expressed in heterologous systems. We
establish that malformations of cortical development are a key clinical feature of SCN3A-
related neurodevelopmental disorder, which occurs along a clinical spectrum of disease that
includes seizures/epilepsy and malformation of cortical development, typically accompanied
by developmental delay/intellectual disability of variable but frequently severe to profound
degree.

Subjects and methods

Study participants

Individuals with SCN3A variants were ascertained via an international collaborative
network. Patients 6, 14, and 19 were ascertained from the Deciphering Developmental
Disorders Study.2* The remaining participants were referred from collaborating researchers
and clinicians. The investigators entered SCNV3A into GeneMatcher, although no

additional cases were added through this resource. Detailed information including medical,
developmental, and epilepsy history, and pertinent findings of physical, dysmorphology,
and neurological examination, was provided for each participant. Available brain imaging
and EEG data were reviewed for all participants. Epilepsy syndromes and seizure types
were classified according to the International League Against Epilepsy (ILAE) classification
criteria.2526 This study was approved by the local institutional review boards of the
participating centers. Informed consent for participation was provided by all participants,
or parents or legal guardians of minors or of individuals with intellectual disability, where
applicable.

Genetic analysis

Exome sequencing (ES) was performed on patient-parent trios for Patients 1-4, 6-11, 14-186,
18-21, as previously described.27-30 Patient 13 underwent ES as a mother-proband duo due
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to unavailability of paternal DNA sample. Proband-only ES was performed for Patients 12,
22, and 23.3 Patient 17 underwent a diagnostic next generation sequencing (NGS)-based
testing panel for brain malformations. Patient 5 underwent targeted Sanger sequencing of
SCN3A. All candidate variants identified via ES and NGS panel testing were validated by
Sanger sequencing. Parental relationships were confirmed for Patients 12 and 22 by short
tandem repeat analysis.

Variant interpretation

All identified SCN3A variants were interpreted according to the American College of
Medical Genetics and Genomics standards and guidelines for the interpretation of sequence
variants.32 SCN3A variants were considered likely pathogenic if at least two of the
following criteria were satisfied: (1) confirmed to have occurred de novo in the affected
individual with confirmed parental relationships; (2) not observed in a control cohort of
123,136 individuals in the Exome Aggregation Consortium (EXAC) or genome Aggregation
Database (gnomAD:; http://gnomad.broadinstitute.org)33 (3) electrophysiology demonstrated
an abnormal effect of the variant on the function of Nav1.3-containing Na+ channels.

Cell culture and transfection

Cell culture, transfections, and electrophysiological experiments were performed using
HEK-293T cells (CRL-3216; ATCC), a mammalian cell line optimized for ion channel
expression, as previously described.!! Cells were grown at 37°C with 5% CO, in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, and penicillin (50 U/mL)-streptomycin (50 pg/mL).

Variants were introduced via site-directed mutagenesis into a plasmid encoding the major
splice isoform of human SCN3A (isoform 2; Reference Sequence NP_001075145.1).
Constructs were propagated in STBL2 cells at 30 °C (Invitrogen). All plasmids were
resequenced prior to transfection. Plasmids encoding human Na+ channel auxiliary subunits
B1 (hp1-V5-2A-dsRed) and p2 (pGFP-IRES- hp2) were co-transfected in vectors containing
marker genes facilitating identification of cells expressing all three constructs (Nav1.3,
Navp1, and Navp2). Transient transfection was performed with 2 pg of total cDNA at a ratio
of Nav1.3, 1, and B2 of 10:1:1 using Lipofectamine-2000 (Invitrogen) transfection reagent.
Cells were incubated for 48 hours after transfection prior to electrophysiological recording.
Transfected cells were dissociated by brief exposure to trypsin/EDTA, re-suspended in
supplemented DMEM medium, plated on 15 mm glass coverslips, and allowed to recover
for at least 4 hours at 37 °C in 5% CO, prior to recording.

Voltage-clamp electrophysiology

Electrophysiological experiments were performed as previously described.!! Extracellular
solution contained, in mM: NaCl, 145; KCl, 4.0; CaCl,, 1.8; MgCl», 1.8; glucose, 10;
HEPES, 10. pH was adjusted to 7.30 with NaOH and osmolarity was adjusted to 285-295
mOsm/L with 30% sucrose as needed. In a subset of experiments, we used a partial
replacement of NaCl with choline chloride (in mM: NaCl, 108.75; choline chloride, 36.25).
Intracellular pipette-filling solution contained, in mM: CsF, 110; NaF, 10; CsCl, 20; EGTA,
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2.0; HEPES, 10. pH was adjusted to 7.35 with CsOH and osmolarity to 305 mOsm/L with
sucrose.

Recording electrodes were fashioned from thin-walled borosilicate glass (Sutter Instruments,
Novato, CA) using a two-stage upright puller (PC-10, Narishige, Tokyo, Japan), fire-
polished using a microforge (MF-830; Narishige), and wrapped in parafilm. The resistance
of pipettes when placed in extracellular solution was 2.4 £ 0.7 MQ (mean % s.d.; 7= 396).
Cells that were positive for both RFP (B4 expression) and GFP (B, expression) and exhibited
fast transient inward current consistent with a voltage-gated Na+ current were selected for
subsequent analysis.

Whole-cell voltage clamp recordings were performed at room temperature (23 + 1° C)
using a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Recordings were
initiated after 10 minutes of equilibration, after which recorded currents were found to be
stable. oltage errors were reduced via partial series resistance compensation (50-80%) and
rejection of recordings in which absolute peak currents were larger than 10 nA. Voltage
clamp pulses were generated using Clampex 10.7, acquired at 10 kHz, and filtered at 5 kHz.

The voltage dependence of channel activation was determined using a protocol that
consisted of a series of 20 millisecond steps from a holding potential of =120 mV to
potentials ranging from —80 mV to a maximum of 40 mV, in 5 mV increments, with

a 10 second inter-sweep interval. Current was converted to current density (pA/pF) by
normalizing to cell capacitance. Conductance measures were derived using G=// (V-
Ena) Where Gis conductance, /is current, Vis voltage, and £yj the calculated equilibrium
potential for sodium (+68.0 mV). Conductance was normalized to maximum conductance,
which was fit with a Boltzmann function to determine the voltage at half-maximal channel
activation (1, of activation) and slope factor 4.

Slowly inactivating/“persistent” current was measured as the average value of the current
response in the last 10 ms of a 200 ms test pulse to =10 mV. In a subset of dedicated
experiments, persistent current was isolated by subtracting traces recorded after subsequent
addition of either 500 nM TTX or 1 uM ICA-121431 (Tocris Bioscience).3*

The effect of holding potential on channel inactivation (prepulse voltage dependence) and
was determined using a 100 millisecond prepulse to various potentials from a holding
potential of =120 mV, followed by a 20 millisecond test pulse to =10 mV. Normalized
conductance was plotted against voltage and fit with a Boltzmann function to determine the
voltage at half-maximal inactivation ( V4, of inactivation) and slope factor 4.

Kinetics of recovery from channel inactivation was determined using a brief (1-second)
prepulse to =10 mV from a holding potential of =120 mV, followed by a variable time delay
to a 10 ms test pulse to a potential of =10 mV. Data was fit with a double exponential
function to determine the first (t1) and second (<) time constants of recovery, and their
relative weights.
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Statistical analysis

Results

Data for standard electrophysiological parameters was obtained from at least 7= 20 cells
per group, with only 1 cell recorded from each coverslip, from at least 7= 3 separate
transfections for each experiment. Data were analyzed using Clampfit or using custom
scripts written in Matlab (Mathworks, Natick, MA), and statistics were generated using
Microsoft Excel (Microsoft, Seattle, WA), GraphPad Prism (Graphpad Software, Inc, La
Jolla, CA) and Sigma Plot 11 (Systat Software, Inc., San Jose, CA). Results are presented
as mean + standard deviation (S.D.) and statistical significance was established using the p
value calculated via one-way ANOVA with Bonferroni correction for multiple comparisons,
as appropriate, with the p value reported exactly.

Experiments and analysis were performed blind to genotype via use of tubes labeled with a
blind code.

Genetic analysis

Molecular genetic testing identified 15 unique variants in SCN3A (NM_006922.3) in

23 cases (Table 1). Eighteen patients are newly reported here; five patients had been
previously described.1.23 Twenty-two of 23 cases were classified as having likely
pathogenic or pathogenic variants; the remaining variant was classified as a variant of
uncertain significance (Table 1). De novo status of the variants and parentage were
confirmed for 17/22 individuals with likely pathogenic or pathogenic variants. Two
individuals (Patients 15 and 16) were part of a small autosomal dominant family. Three
recurrent variants, ¢.2624T>C; p.11e875Thr (7= 6), c.4937T>G; p.Phel646Cys (1= 3),
and ¢.5306T>C; p.Val1769Ala (n = 2), accounted for 50% of patients (11/22). All of the
likely pathogenic or pathogenic missense variants occurred at amino acid residues that
were highly conserved among paralogous human Na+ channel genes and across phylogeny
and were preferentially clustered in transmembrane segments S4-S6 of domains 11-1V

(Fig 1). All likely pathogenic or pathogenic variants were predicted to be damaging by

in silico prediction models and were absent from gnomAD (Supplementary Table 1),

with the exception of p.Arg1621GIn, which was apparently mosaic in one individual in
gnomAD, being observed in approximately 20% of alleles with a read depth of >100X.
The p.Arg1621GIn variant is absent from the subset of 114,704 individuals in gnomAD
designated for neurological case/control studies (i.e., “non-neuro” subset determined to not
have a neurological condition), which suggests that the individual in the larger gnomAD
dataset who is mosaic for the p.Arg1621GIn variant may have an underlying neurological
condition. The p.Arg1621GIn has been previously classified in ClinVar as likely pathogenic
and was identified in an unrelated individual not reported here.

Clinical characteristics

Of the 22 individuals with pathogenic or likely pathogenic SCA3A variants, 18 (82%) had
epilepsy, with a median age of seizure onset of 2 weeks (range, 1 day to 5 years). One case
was a 17-week gestation fetus with fetal akinesia sequence, for which clinical information
is detailed separately below. Of the other 21 patients, most (16/21; 76%) had developmental
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zaman et al.

Page 8

and epileptic encephalopathy (DEE), characterized by pharmaco-resistant seizures beginning
in the first year of life, severe-to-profound developmental delay, and central hypotonia.
Seizures began in the neonatal period in 11/18 patients (61%) for whom such data were
available. The majority of patients developed pharmacoresistant epilepsy with multiple
seizure types (Table 1). Tonic seizures were the most common presenting seizure type (7/16;
44%) followed by focal autonomic seizures (3/16; 19%). Four patients developed epileptic
spasms. Two individuals had mild epilepsy beginning in later childhood characterized by
infrequent generalized tonic-clonic seizures and not requiring treatment with anti-seizure
medications. Four individuals had no seizures identified as of last follow up (at ages 4-14
years).

Information regarding developmental outcomes was available for 20 patients. Fifteen of

20 (75%) had severe to profound intellectual disability. Mild to moderate developmental
delay/intellectual disability was observed in the other 5/20 (25%) individuals. Neurological
examination revealed axial hypotonia in 10/20 (50%) individuals for whom this information
was available, pseudobulbar palsy in 4/20 (20%), and peripheral spasticity in 6/20 (30%).
Four affected individuals were noted to have hyperkinetic/dyskinetic movement disorders,
characterized by dystonia, chorea, athetosis, and/or non-epileptic myoclonus.

Ictal and non-ictal autonomic dysfunction was a notable feature, identified in 9/20 (45%)
patients. Autonomic changes included episodes of skin flushing involving one or both sides
of the body (n7= 8), intermittent excessive sweating (/7= 4), anisocoria with sluggish
pupillary response to light (7= 2), and episodes of bradycardia and oxygen desaturation
(n=3). These events were considered as autonomic seizures if they were the predominant
clinical feature at onset of confirmed electrographic seizures.

Brain magnetic resonance imaging (MRI) revealed malformations of cortical development
in 15/19 (79%) patients; brain imaging data were not available for the remaining three
patients. Available brain MRI images showed dysgyria consistent with bilateral diffuse or
perisylvian polymicrogyria in 14/19 (74%) patients (Fig 2). MRI of the brain of Patient 8
showed bifrontal cortical thickening and gyral simplification along with hypoplasia of the
corpus callosum; dysgyria in Patient 8 was considered to be bifrontal pachygyria. Cortical
thickening was seen in Patients 4 and 5 which was considered to represent diffuse PMG

by the referring radiologists, versus dysgyria with PMG-like features. Findings consistent
with partial lissencephaly was also mentioned in the formal radiology reports provided by
referring providers for at least two patients (Patient 4, as well as Patient 14 for whom MRI
images were not available for review). It should be noted that dysgyria can be difficult to
evaluate via CT scan or on MRI scans performed in very young patients, and the entities

of pachygyria versus polymicrogyria cannot be distinguished using radiology alone in some
cases. Hypoplasia of the corpus callosum without cortical malformation was noted in two
patients (2/19; 11%). Brain imaging was normal in two patients. Microcephaly was observed
in 8/20 (40%) individuals for whom these data were available, including in patients who
did (Patients 2, 4-6, 8, 11, and 16) and did not (Patient 22) have brain malformation. At
least four of the 16 (25%) of the patients with DEE did not have malformations of cortical
development (MRI was not available for review for Patient 21).
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Familial polymicrogyria and inherited SCN3A variant

Patients 15 and 16 are part of a small family with autosomal dominant polymicrogyria.
Trio-based whole exome sequencing identified the SCN3A ¢.4937T>G; p.Phel1646Cys
variant in both affected mother (Patient 16) and son (Patient 15). Both individuals

had global developmental delays in childhood with ongoing mild intellectual disability,
dysarthric speech, and pseudobulbar symptoms. Brain MRI in both patients revealed
bilateral perisylvian polymicrogyria. Patient 15 did not have seizures at last follow up at age
4 years; Patient 16 (the mother of Patient 15) had onset of nocturnal generalized tonic-clonic
seizures at age 5 years but was seizure free and off all anti-seizure medication at age 37
years. Parental testing of Patient 16 revealed that the SCA3A variant was inherited from

her own mother (i.e., the maternal grandmother of Patient 15); the grandmother had normal
intellectual functioning and was not reported to have any neurological issues, although
neuroimaging had not been obtained. The SCN3A ¢.4937T>G; p.Phel1646Cys variant was
present in 97/195 next generation sequencing reads in analysis performed on a sample of
peripheral blood leukocytes obtained from the mother of Patient 16, indicating that the
mother of Patient 16 is heterozygous with no suggestion of mosaicism in DNA.

17-week gestation fetus with de novo SCN3A variant

A de novo SCN3A ¢.2564T>C; p.(Leu855Pro) variant was identified in a 17-week gestation
female fetus with fetal akinesia sequence. At 16 weeks gestation, cystic hygroma colli

and retrognathia were noted on ultrasound examination, and the pregnancy was terminated
at 17 weeks 3 days with identification of severe arthrogryposis multiplex. Fetal autopsy
confirmed fetal akinesia sequence with flexion of the elbows, shoulders with pterygium,
hands and fingers, knees, ankles, and hips. Dysmorphic features were noted, including
small, low-set and posteriorly rotated ears, flat columella, and anteverted nares, with small
mouth, thin lips, microglossia, and posterior cleft palate. Fetal MRI was not performed,

but neuropathological examination of the brain revealed a smooth agyric brain, considered
normal for gestational age, with dilated ventricles with germinolytic cysts along the fourth
ventricle and calcifications in the corticospinal bundles. Lamination of the neocortex in

the frontal and perisylvian regions was normal. Pulmonary and thymus hypoplasia as well
as intestinal malrotation were noted. Additional genetic testing performed in this case
included a normal chromosomal microarray, negative DMPK sequencing, and negative
neuromuscular NGS panel. Both parents were found to have normal standard karyotypes and
two copies of SMNJ.

Variant of uncertain significance

One individual in our cohort had an SCN3A variant of uncertain significance (VUS;
Supplementary Table 1). The p.Val1280lle variant identified in Patient 23 was inherited
from the patient’s mother who has a history of epilepsy. This variant is observed in three
heterozygous individuals in gnomAD and was therefore considered to be a VUS.

Electrophysiological characterization of channels containing variant Nav1.3 subunits

To further investigate the mechanisms whereby pathogenic variants in SCAV3A might lead
to epilepsy and/or brain malformation, we generated disease-associated Nav1.3 variants and
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expressed these variants in a heterologous mammalian cell line for characterization via
whole-cell voltage clamp recording. We recorded wild-type or variant Nav1.3 co-expressed
with wild-type f1 and p2 in HEK-293T cells, including twelve different pathogenic variants
and one variant of uncertain significance. All recordings and post-hoc data analysis were
performed blind to genotype. We identified profound abnormalities in Na+ currents in all of
the tested pathogenic variants as compared to wild-type control (see below). Properties of
the variant of uncertain significance, Nav1.3-p.Val1280lle, were identical to wild-type.

Peak current density was 511 + 35 pA/pF in Na+ channels containing wild-type Nav1.3
(n=42; Table 2; Fig 3 and 4). We found significant decreases in current density for

three variants, Nav1.3-p.1le1468Arg (265 + 20 pA/pF; mean * standard deviation; /7= 25;
p<0.0001 vs. wild-type via one-way ANOVA with post-hoc Bonferroni correction for
multiple comparisons), Nav1.3-p.Lys1506Asnfs*18 (15 + 2 pA/pF; n=24; p< 0.0001),

and Nav1.3-Tyr1669Cys (64 + 11 pA/pF; n=20; p< 0.0001). The peak current density
associated with the remaining variants was not significantly different from wild-type or from
one another. None of the individuals with brain malformation harbored variants that formed
Na+ channels that exhibited decreased current density.

Previous recordings of Na+ channels composed of Nav1.3 variants associated with epileptic
encephalopathy and/or PMG showed prominent gain of channel function with an increase
in the slowly-inactivating current component (“persistent” current; /yap) and/or a left/
hyperpolarizing shift in the voltage dependence of channel activation. Consistent with
previous results, we found that Na+ channels containing wild-type Nav1.3 exhibited low
levels of /yap (1.0 £ 0.1%; Table 2; Fig 3 and 4). Ten out of 11 (91%) pathogenic

missense variants exhibited increased /yap Vs. wild-type, ranging from 2.3 + 0.3% (Nav1.3-
p.-Met1765lle) to 32.3 £ 2.6% (Nav1.3-p.Val1769Ala).

Recordings also demonstrated a leftward/hyperpolarizing shift in the voltage dependence
of channel activation for many of the variants (Nav1.3-p.Leu855Pro, Nav1.3-
p.11e875Thr, Nav1.3-p.Pro1333Lys, Nav1.3-p.Arg1621Gly, Navl.3-p.Arg1621Glu, and
Nav1.3-p.Met1765lle) relative to wild-type (Vq, of =27.4 £ 0.8; n= 29; Table 2; Fig

5). Interestingly, a large leftward shift was seen for Na+ channels formed by Nav1.3-
p-Met1765lle variant subunits (V4 of —=40.3 £ 1.0; n=24; p<0.0001 vs. wild-type via
one-way ANOVA with post-hoc Bonferroni correction for multiple comparisons), despite
the fact that there was only a small increase in /ygp relative to wild-type for this variant
(2.3 £ 0.3%; n=24; p>0.05 via one-way ANOVA, p < 0.0001 vs. wild-type via unpaired
two-tailed Student’s t-test).

Finally, multiple disease-associated variants exhibited prolongation of the time constant of
fast inactivation (Table 2; Fig 5).

These data show that Na+ channels containing Nav1.3 subunits corresponding to pathogenic
variants in SCN3A largely exhibit gain of channel function, with an increase in the slowly
inactivating (“persistent”) current component, a leftward/hyperpolarizing shift in the voltage
dependence of channel activation, and/or a prolongation in the time constant of fast channel
inactivation.
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Discussion

We report clinical and genetic data on a cohort of patients found to have pathogenic
variants in SCN3A encoding the type 111 voltage-gated Na+ channel a subunit and include
a detailed characterization of the biophysical properties of Na+ channels composed of the
corresponding variant Nav1.3 subunits.

SCN3A-related neurodevelopmental disorder: A phenotypic spectrum

SCN3A-related neurodevelopmental disorder falls along a phenotypic spectrum atypical

of other epilepsy-associated channelopathies and includes developmental and epileptic
encephalopathy (DEE) with, or less often without, malformation of cortical development,
mild focal epilepsy with malformation of cortical development, and isolated cortical
malformation without epilepsy. Some degree of cognitive impairment is seen in all

affected individuals, but is usually severe to profound. Notable features of SCN3A-related
neurodevelopmental disorder that may distinguish it from other genetic DEES include
neonatal onset treatment-resistant epilepsy, malformation of cortical development, and
autonomic disturbances. Malformations of cortical development have been found in patients
with epilepsy and de novo pathogenic variants in other ion channel genes, including SCN1A,
SCNZ2A, GRINI, and GRIN2B.35-38 However, while brain malformation in association
with other channelopathies appears to be an atypical or relatively uncommon finding,
malformations of cortical development are a characteristic feature of SCN3A-related
neurodevelopmental disorder, seen in over 75% of affected individuals.

SCN3A as a disease gene

The disease-gene relationship between DEE/MCD and pathogenic variants in SCN3A

is supported by multiple convergent lines of evidence. Pathogenic variants were either
observed to be de novo or inherited from an affected parent. Identified variants occurred

at residues that are highly conserved between paralogous Na+ channel genes and across
phylogeny, were not observed in any heterozygous individuals in databases of normal human
genetic variation including gnomAD, and were predicted to be pathogenic by /n silico
algorithms. In addition, electrophysiological studies of Na+ channels composed of variant
Nav1.3 subunits in heterologous systems demonstrated biophysical abnormalities relative to
both wild-type and inherited variants of uncertain significance identified in individuals with
milder forms of epilepsy without brain malformations. Evidence that pathogenic variants in
SCN3A can cause malformations of cortical development include the fact that SCN3A is
known to be expressed at high levels in the developing human brain13 including in radial
glial and intermediate progenitor cells and in developing neurons of the cortical plate.22:39
Such variants assort with the presence of brain malformation in familial cases in this and
prior reports.11:21.22 Additionally, overexpression of variant SCN3A in developing ferret
neocortex also produces focal cerebral cortical malformation.22

Genotype-phenotype correlations

All reported patients with the recurrent ¢.2624T>C; p.1le875Thr variant (with now eight
cases reported in the literature) have a seemingly homogeneous phenotype, consisting
of diffuse cortical malformations, neonatal onset intractable epilepsy presenting with
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generalized tonic seizures, significant central hypotonia with appendicular spasticity, and
severe to profound neurocognitive impairment.11:21.40 Na+ channels containing Nav1.3-
p.11e875Thr variant subunits exhibit profound abnormalities with a gain of channel function
including a leftward/hyperpolarized shift in the voltage dependence of channel activation
and increased persistent current.

Na+ channels containing variant Nav1.3 subunits corresponding to patients with either DEE
and/or PMG exhibited various types of biophysical abnormalities. Most disease-associated
variants exhibited normal current density, which suggests normal trafficking to the cell
surface in these cases. While we found that variants in patients with DEE formed Na+
channels that largely exhibited gain of channel function (Patients 2-7, 9-11, 13, 20-22),

we did observe one patient with DEE (Patient 12) with a variant that formed channels
exhibiting loss of channel function and another patient with DEE (Patient 10) with a
variant that formed channels with a mixed gain/loss of channel function. For the Nav1.3-
p.1le1468Arg variant identified in Patient 10, the relative contribution of the gain (slowing of
fast inactivation, increased persistent current) versus loss (decreased current density) to the
pathogenicity of this variant is unclear.

We found that the Na+ currents recorded from channels formed by variant Nav1.3

subunits corresponding to patients with PMG uniformly exhibited gain of channel function,
although in a subset of patients — Patient 13 (Nav1.3-p.Arg1621Gly), Patient 14 (Nav1.3-
p.Arg1621Gln), and Patients 15-17 (Nav1.3-p.Phe1646Cys) — this was quite modest. None
of the PMG-associated variants had an effect on Na+ current density.

Of the 16 patients with variants resulting in gain of channel function, 13 (81%) had cortical
malformations, 12 (75%) had DEE, and 9 (56%) had both cortical malformation and DEE.
Why pathogenic variants in SCA3A exhibiting gain of function at the ion channel level are
associated with malformation of cortical development in many (but not all) cases remains
unclear. It may be that the subset of patients without malformation of cortical development
(Fig 2, Fig 6) have more subtle migrational defects that are not visible on MRI yet might be
apparent at the histological level.

Insights into mechanisms of slow inactivation of Na+ channels

We find that all of the 13 identified pathogenic missense variants are located in S4-6 of
domains 11-1V of Nav1.3 (Fig 1). Such clustering of pathogenic variants is striking, as

this is not clearly the case for other epilepsy-associated ion channelopathies that feature
gain-of-function variants, such as SCN2A and SCNSA encephalopathy.>6:41 Many of the
variants (8/13; 62%) are located in S4 or in or close to the S4-S5 linker of domains 11-1V,

in close proximity to the positively charged arginine residues of the S4 helix domain of

the Na+ channel voltage sensor. The abnormalities in gating and fast and slow inactivation
observed here are consistent with data indicating that opening of the channel pore occurs
via translation of voltage-dependence shifts from the S4-S5 linker to the S4 segment,*2 with
motion of S4-S5 in turn coupled to the neighboring S5 and S6 segments.*3
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Loss-of-function variants

The role of loss of function variants in SCA3A as a cause of disease remains less clear.

The clinical presentations of the two patients in our cohort with variants exhibiting loss of
function properties in the experimental system employed here were vastly different, with one
patient (Patient 12) presenting at 2 months with DEE and profound neurodevelopmental
disability (albeit without malformation of cortical development) and the other (Patient

19) exhibiting mild intellectual disability and autism spectrum disorder with no history

of seizures or epilepsy. Both de novo variants identified in these patients (Nav1.3-
p.Lys1506Asnfs*18 in Patient 12; Nav1.3-p.Tyr1669Cys in Patient 19) were classified as
likely pathogenic and formed Na+ channels that demonstrated markedly reduced current
density relative to wild-type subunits.

Heterologous expression of the Nav1.3-p.Lys1506Asnfs*18 variant identified in Patient 12
was found to produce Na+ channels with no inward current, suggesting loss of channel
function. However, the affected amino acid residue is localized to the distal end of exon

26 and it is possible that there could be escape from nonsense-mediated decay to allow
production of an abnormal, truncated protein /7 vivo that might act via another (potentially
gain of function) mechanism. This possibility remains hypothetical.

The Scn3a null mouse has a mild or no neurological phenotype and does not have
spontaneous seizures.1”44 However, a previous report described a patient with focal epilepsy
and moderate to severe intellectual disability was found to harbor a de novo missense
variant (Nav1.3-p.Lys247Pro) that exhibited in loss of function due to impaired trafficking to
the cell surface.1” Although several variants that result in premature termination codons
(including frameshift, nonsense, and splice site variants) are reported in gnomAD in
purportedly normal individuals with no history of neurodevelopmental disorder, SCN3A

is depleted of loss of function variants oveall in gnomAD (pLI = 1), suggesting that loss-of-
function is not tolerated in unaffected individuals.

Hence, the overall conclusion that SCA3A haploinsufficiency may be tolerated in unaffected
individuals is difficult to rationalize with the profound phenotype observed in Patient 12.
Further research is needed to clarify the mechanism by which SCN3A loss of function might
lead to neurodevelopmental disorder.

Towards targeted therapy

Data in a heterologous expression system demonstrate that certain pathological features of
Na+ channels containing epilepsy-associated Nav1.3 variants could be partially normalized
by pharmacological agents that preferentially block persistent Na+ current. However, other
biophysical properties, such as the voltage dependence of channel gating and the kinetics of
fast inactivation, are not affected by such agents, a result similar to what has been shown
previously for SCN8A epilepsy.#® Of the 15 patients with pathogenic variants in SCN3A
included in the present study for whom detailed information regarding anti-seizure drug
therapy was available, at least six were trialed on one or more agents with a prominent
mechanism of action of Na+ channel blockade. Yet, such therapy was ineffective in all
patients. It is possible that earlier initiation of therapy, use of higher or very high doses,
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and/or use of novel experimental agents with greater selectivity for Nav1.3-containing Na+
channels and/or persistent over transient Na+ current might be more efficacious. However,
for the majority of patients, it is difficult to disentangle whether the cause of epilepsy might
be the Na+ channel abnormality itself, the brain malformation, or both, and anti-seizure
medications cannot reverse malformation of cortical development.

All experiments were performed using transient transfection of wild-type or variant Nav1.3
a subunits along with p1 and B2 subunits, which leads to variable and unknown relative
expression between cells that can strongly influence the biophysical properties of Na+
channels, including surface expression, channel gating, and /yap.10:46:47

We used a cDNA encoding isoform 2, which is considered to be the major splice variant.
No major differences have been identified in the biophysical properties of Na+ channels
containing Nav1.3 subunits encoded by the various SCN3A isoforms,*8 although we did
investigate the effect of the identified pathogenic variants on the function of these other
isoforms.

Finally, while we ascertained patients from many institutions across multiple continents

via a network of collaborators and consortia, our cohort may remain biased towards and
over represent patients with more severe neurodevelopmental syndromes and with epilepsy
as a prominent component of the clinical presentation. More severe cases may be more
likely to present to medical attention and be referred for genetic testing, whereas more
mildly affected individuals, including those that may be asymptomatic, may never present to
medical attention.

A spectrum of disease features

In conclusion, we present a comprehensive description of 22 patients with pathogenic
variants in the voltage-gated Na+ channel gene SCN3A along with an electrophysiological
characterization of Na+ channels formed by variant Nav1.3 subunits. We establish
malformation of cortical development as a key feature and suggest the term SCN3A-related
neurodevelopmental disorder to describe what is generally a severe syndrome that includes
the as-yet unexplained overlap of epilepsy and/or malformation of cortical development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of the Nav1.3 protein.
Shown are all amino acid residues corresponding to disease-associated pathogenic or likely

pathogenic variants in SCN3A. Nav1.3 is formed by four repeated domains (DI-1V), each
composed of six transmembrane segments (S1-6), with S1-4 of each domain mediating
voltage sensing and S5-6 forming the ion conducting pore. Variants associated with
malformation of cortical development are indicated with a purple circle, while variants
identified in patients without malformation of cortical development are indicated with an
orange circle. A blue circle denotes variants identified in patients where neuroimaging
data was unavailable. Note that pathogenic variants appear to be preferentially clustered
in S4-6 of DII-1V, with many variants at/near the intracellular S4-5 linker of DII-1V.
MCD, malformation of cortical development. UTD, unable to determine (due to absence
of available neuroimaging data).
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Patient 4 Patie 5 Patient 7 Patient 9 Patient 11

Figure 2. Magnetic resonance imaging scans of the brain of patientswith SCN3A-related
neurodevelopmental disorder.

(A) MRI of the brain for Patient 4, showing (i) axial T2 and (ii) T2 FLAIR, illustrating
cortical thickening and PMG-like features consistent with diffuse malformation of cortical
development. (B) Patient 5, with (i) axial T2 and (ii) T1 sequences showing cortical
thickening with diffuse PMG-like abnormalities, prominently in the bilateral frontal,
perisylvian, and parietal regions. (C) Patient 8, showing (i) axial T2 and (ii) T2 FLAIR
sequences demonstrating bifrontal cortical thickening and gyral simplification along with
hypoplasia of the corpus callosum. (D) Patient 10, with (i) axial T2 and (ii) axial T2 FLAIR
at age 2 months showing normal results. (E) MRI of the brain in Patient 12 at age 3 years
including (i) axial T2 and (ii) T1 showing atrophy, predominantly of the bilateral frontal and
temporal lobes, along with hypoplasia of the corpus callosum.
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Figure 3. Voltage clamp recordings of ionic currents from Na+ channels containing wild-type
versus variant Nav1.3 subunits

(A) Representative set of single leak-subtracted Na+ currents recorded from HEK-293T
cells co-transfected with wild-type (WT) Nav1.3 subunits along with 1 and B2 in response
to ascending currents steps from a holding potential of —120 mV to from —80 to +40 mV

in 5 mV steps. Note the fast, transient inward current with minimal slowly-inactivating
(“persistent™) component. (B) Na+ current mediated by Nav1.3-11e875Thr (1875T) subunit-
containing Na+ channels. /yaT, transient current component; /qp, persistent component.
(C) Nav1-3-p.Leu855Pro (L855P). (D) Nav1.3-p.lle1468Arg (11468R). Note lower /yar,
impaired fast inactivation and prominent /ygp relative to wild-type. (E) Nav1.3-p.Thr1486lle
(T14861). (F) Navl1.3-p.Lys1506Asnfs*18 (K1506Nfs*18). Note absent /ya1. (G) Navl.3-
p.Argl621Gly (R1621G). (H) Nav1.3-p.Arg1621GIn (R1621Q). (1) Nav1.3-p.Phel646Cys
(F1646C). (J) Nav1.3-p.Tyrl669Cys (Y1669C). (K) Navl.3-p.Met1765lle (M17651). (L)
Nav1.3-p.Val1769Ala (V1769A). Scale bars in (A) apply to (A-L).
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Figure 4. Increased slowly-inactivating current in Na+ channels formed by disease-associated
variant Nav1.3 subunits

(A) Representative single leak-subtracted Na+ currents recorded from channels containing
wild-type (WT) Nav1.3 subunits along with p1 and B2 in response to a voltage step from
-120 to —10 mV. Note the fast, transient inward current with minimal slowly-inactivating
(“persistent™) component. (B) Na+ current mediated by Nav1.3-p.11e875Thr (I1875T) subunit
containing Na+ channels. /yaT (dashed line), transient current component; /ygp (gray bar),
persistent component.

(C) Nav-1.3.p.Leu855Pro (L855P). (D) Nav1.3-p.1le1468Arg (11468R). (E) Navl.3-
p.Thr1486lle (T14861). (F) Nav1.3-p.Lys1506Asnfs*18 (K1506Nfs*18). (G) Nav1l.3-
p.Argl621Gly (R1621G). (H) Nav1.3-p.Arg1621GIn (R1621Q). (1) Nav1.3-p.Phel646Cys
(F1646C). (J) Nav1.3-p.Tyr1669Cys (Y1669C). (K) Navl.3-p.Met1765lle (M17651). Scale
bars in (L) apply to (A-L). Dashed lines indicate zero current level for clarity.
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Figure 5. Biophysical properties of Na+ channels containing wild-type and variant Nav1.3
subunits

(A) Slowly-inactivating (“persistent”) Na+ current quantified as a percentage of peak
transient current during a voltage step from —120 to =10 mV. (B) Peak inward transient Na+
current recorded with current steps from —120 to +40 mV in 5 mV increments. (C) Voltage
dependence of channel activation defined as the V4, of the Boltzman fit to the relationship
of normalized conductance and voltage. (D) Time constant (t) of fast inactivation, calculated
for a voltage step from =120 to =10 mV. * p< 0.05; ** p< 0.01; *** p< 0.001; via one-way
ANOVA with post-hoc correction for multiple comparisons with Bonferroni test. T p< 0.05
via one-way ANOVA without post-hoc correction.
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Figure 6. Overlap between epilepsy, malformation of cerebral cortical development, and
electrophysiological gain of function at theion channel level.

Shown is a schematic illustrating the overlap between key features of SCN3A
neurodevelopmental disorders in all patients for whom neuroimaging results, detailed
clinical information, and electrophysiological data was available (7= 17), including
presence of seizure(s)/epilepsy (green), malformation of cerebral cortical development
(orange), and electrophysiological data in heterologous expression systems indicating gain
of ion channel function for a given disease-associated Nav1.3 variant relative to wild-type
(blue). Electrophysiological data was not obtained for the variants identified in Patient

8 (Nav1.3-p.LeuB85Phe) or 17 (Nav1.3-p.Phel646Ser) and hence these patients were not
included in the Figure. Note that all patients with MCD harbored variants exhibiting GOF
(13/13; 100%). Many patients for whom complete data was available shared all three
features (11/17; 65%), 9 of 11 (82%) of whom had DEE. However, three patients with DEE
and pathogenic GOF variants in SCN.3A for whom neuroimaging was available did not have
MCD. GOF, gain of channel function; MCD, malformation of cortical development; DEE,
developmental and epileptic encephalopathy.
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Table 1.

Features of patients with pathogenic/likely pathogenic SCN.3A variants

Page 24

Seizuretypes
Patient | Age(sex) Variant (NM_006922.3) (onset of first EEG Brain MRI Neurological exam
seizure)
17w fetus €.25647T>C; p.Leu855Pro
1 &) de novo NA NA NA NA
. T w/autonomic Central hypotonia,
2 13y (M) ;’5554T>C‘ P-Ne87SThr a6 | goatures (2w), Multifocal Bilateral PMG spastic quadriplegia;
Myo profound ID: NV, NW
. Central hypotonia,
37 3y (F) €.2624T>C; p.le875Thr de T (2w) Multifocal Bilateral PMG spastic quadriplegia;
novo
severe DD
. Cortical .
s |2y C.2624T>C; pIeBTSTAM & | £A (ow), T (2w) | Multifocal thickening; Sentrat hypotonia;
diffuse PMG
€.2624T>C; p.11e875Thr FA (1w), T, : Spastic quadriplegia;
5 16y (F) unknown inheritance FMyo, GTCS GSSW, GPSW Bilateral PMG severe ID
6 12y (M) (/:7.5354T>C; p.11e875Thr de Unknown (1w) NA Bilateral PMG ISlgasticity; profound
€.2624T>C; p.11e875Thr de - : Central hypotonia;
7 1.5y (M) novo FIAS (8m) Multifocal Bilateral PMG profound DD
. Burst Frontal Spastic quadriplegia,
8 1.2y (F) ‘;7'5553C>T' P.Leu885Phe de HC (2d), T, C, SE | suppression; pachygyria_l; axial hypotonia;
hyps Hypoplastic CC profound DD
7 €.3998C>T; p.Pro1333Leu T (1d), FM, HC, Hyps; : Hypotonia; profound
9 <ay*M) | e novo GTCS multifocal Hypoplastic CC | ppy
o Profound axial
€.4403T>G; p.lle1468Arg de Modified hyps; P
10 10m¢(F) novo ES (6m), T, FT multifocal Normal Bygotoma, profound
.4457C>T, p.Thr1486lle de : Pseudobulbar palsy;
11 6y (M) novo FA (1w) GSSW Bilateral PMG Severe ID
. . Hypoplastic CC; i
c.4518delA; Hyps; ; Hypotonia; profound
12 4y (F) p.Lys1506Asnfs*18 de novo ES (2m), T multifocal bilateral frontal DD
atrophy
. T (4m), Tw/ .
€.4861C>G; p.Arg1621Gly . . . Pseudobulbar palsy;
13 15y (M) not maternally inherited ?g;?unrg?llglAS Bilateral SW Bilateral PMG severe ID
€.4862G>A,; p.Arg1621GIn FS (5y), Single Bilateral PMG
14 29y (M) de novo GTCS Normal (Head CT) Severe ID
€.4937T>G; p.Phe1646Cys Pseudobulbar palsy;
15 4y (M) Maternally inherited (mother | No seizures Not done Bilateral PMG right hemiparesis;
is Patient 16) moderate DD
€.4937T>G; p.Phe1646Cys . Pseudobulbar palsy;
16 31y (F) Maternally inherited GTCS (5y) NA Bilateral PMG brisk reflexes; mild ID
Oromotor dysfunction;
€.4937T>G; p.Phe1646Cys ; . ’
17 14y (F) unknown inheritance No seizures Normal Bilateral PMG norn_1a| strength and
tone; mild ID
. Bitemporal Dysarthria, facial
18 36y (F) 32?37'7/;>C’ p.Phe1646Ser E{KQOVGV.?((:?)’ epileptiform Bilateral PMG paresis, brisk reflexes;
’ discharges mild ID
¢.5006A>G; p.Tyr1669Cys : Mild DD; autism
19 6y (M) de novo No seizures Not done Not done spectrum disorder
5 €.5295G>A,; p.Met1765lle : Generalized hypotonia;
20 4y (M) de novo T (1w), FM, ES NA Bilateral PMG profound DD
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Seizuretypes
Patient | Age (sex) Variant (NM_006922.3) (onset of first EEG Brain MRI Neurological exam
seizure)
217 NA (F) ggig%>c; p-Vall769Ala Onset <12m Multifocal NA DD
22 2y (F) ¢.5306T>C; p.Val1769Ala T (4d), ES, FA Hyps; GSW Normal Hypotonia with head

de novo

lag; severe DD, autism

’tDeceased, age at death; C, clonic seizures; CC, corpus callosum; d, days; DD: developmental delay; ES, epileptic spasms; FA, focal autonomic
seizures; FIAS, focal impaired awareness seizures; FM, focal motor seizures; FMyo, focal myoclonic seizures; FS, febrile seizures; FT, focal
tonic seizures; GPSW, generalized polyspike-wave discharges; GSSW, generalized slow spike-wave discharges; GSW, generalized spike-wave
discharges; GTCS, generalized tonic-clonic seizures; hyps; hypsarrhythmia; HC, hemiclonic seizures; 1D, intellectual disability; m, months; Myo,
myoclonic seizures; NA: not available; PMG, polymicrogyria; SE, status epilepticus; SW, spike-and-slow wave complexes; T, generalized tonic
seizures; w, weeks; v, years. Further clinical details are provided in Supplementary Tables 1-3
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Table 2.

Biophysical properties of wild-type and variant Nav1.3 channels.

Peak current Voltage dependence Voltage dependence Persistent Inactivation n
density of channel activation of inactivation current tau
pA/pF Vo k V1 k % of peak ms

Wild-type 511+35 -274+0.8 45+0.2 -66.2+0.9 72+0.3 1.0+0.1 0.52 £ 0.02 42
L855P 436 £ 51 —491+1.07 57£03 -719+16 49+0.2 41+067 0.81 +£0.06 21
1875T 460 + 38 -351+0.97 4903 -63.9+16 99+09 109+167" 0.83+0.14 25
P1333L 447 + 27 _383+207 49%05 -66.0 £8.2 106+1.4 102+15% 0.82+0.12 15
11468R 265+207°F  -290+14  65+02 -412+18" 160+09 288+18™ 1534013 25
T14861 569 + 47 -312+11 38+02 -565+22F 78%05 148+107 1.93+0097 36
K1506Nfs*18 15+ 2% 24
R1621G 603 + 43 2350+1.07 39%02 -66.2+2.2 11.4+0.4 83+14% 1.92+0137 37
R1621Q 491 +41 —325+12% 46%02 -649+13 9.1+0.3 34+067 169+010 31
F1646C 482 +29 -29.6+0.7 44%02 -546+097 7506 38+057 0.80 £ 0.05 39
Y1669C 64 +117°7" 20
M1765I 657 + 62 403+ 1.07F 42%03 -71.7+13 8.3+08 23+037 0.66 + 0.02 24
V1769A 363+18 -30.1+1.2 55+03 -514+347 16618 323+26°° 139+0117°" 27
V12801 649 + 53 -31.6+12 43+0.2 -705+0.9 71+0.3 14+0.3 0.56 £ 0.03 25

*

p<0.05

Hk

p<0.01

Aok

p < 0.001; via one-way ANOVA with post-hoc correction for multiple comparisons with Bonferroni test

F

p < 0.0001 via unpaired two-tailed Student's t-test; not significant via one-way ANOVA with post-hoc correction
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