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Epilepsy and sudden unexpected death

in epilepsy in a mouse model of human
SCN I B-linked developmental and epileptic
encephalopathy

Chunling Chen,' Julie Ziobro,? Larissa Robinson-Cooper,' Samantha L. Hodges,I Yan Chen,’
Nnamdi Edokobi,I Luis Lopez-Santiago,I Karl Habig,I Chloe Moore,I Joe Mint:on,I

Sabrina Bramson,I Caroline Scheuing,I Noor Daddo,3 Katalin §térbové,,4
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Voltage-gated sodium channel 1 subunits are essential proteins that regulate excitability. They modulate sodium and potassium cur-
rents, function as cell adhesion molecules and regulate gene transcription following regulated intramembrane proteolysis. Biallelic
pathogenic variants in SCN1B, encoding B1, are linked to developmental and epileptic encephalopathy 52, with clinical features over-
lapping Dravet syndrome. A recessive variant, SCN1B-c.265C>T, predicting SCN1B-p.R89C, was homozygous in two children of a
non-consanguineous family. One child was diagnosed with Dravet syndrome, while the other had a milder phenotype. We identified
an unrelated biallelic SCN1B-c.265C>T patient with a clinically more severe phenotype than Dravet syndrome. We used CRISPR/
Cas9 to knock-in SCN1B-p.R89C to the mouse Scrz1b locus (Scrn1bR8/“%%). We then rederived the line on the C57BL/6] background
to allow comparisons between Scn21b%¥%5% and Scn1b“*”“*? littermates with Scn1b** and Scn1b™" mice, which are congenic on
CS7BL/6], to determine whether the SCN1B-c.265C>T variant results in loss-of-function. Scz1b“*”“® mice have normal body
weights and ~20% premature mortality, compared with severely reduced body weight and 100% mortality in Scz1b~'~ mice. p1-
p-R89C polypeptides are expressed in brain at comparable levels to wild type. In heterologous cells, B1-p.R89C localizes to the plasma
membrane and undergoes regulated intramembrane proteolysis similar to wild type. Heterologous expression of B1-p.R89C results in
sodium channel o subunit subtype specific effects on sodium current. mRNA abundance of Scn2a, Scn3a, ScnSa and Scnlb was in-

9/C89 . . = .
/€8 somatosensory cortex, with no changes in Sczz1a. In contrast, Scn1b™'~ mouse somatosensory cortex is hap-

creased in Scn1b®®
loinsufficient for Scn1a, suggesting an additive mechanism for the severity of the null model via disrupted regulation of another Dravet
syndrome gene. Scn1b®*”’“®’ mice are more susceptible to hyperthermia-induced seizures at post-natal Day 15 compared with
Scn1bR8/R8? [ittermates. EEG recordings detected epileptic discharges in young adult Scr215<%”/“%? mice that coincided with convul-
sive seizures and myoclonic jerks. We compared seizure frequency and duration in a subset of adult Scz216“%”/“%? mice that had been
exposed to hyperthermia at post-natal Day 15 versus a subset that were not hyperthermia exposed. No differences in spontaneous
seizures were detected between groups. For both groups, the spontaneous seizure pattern was diurnal, occurring with higher
frequency during the dark cycle. This work suggests that the SCN1B-¢.265C>T variant does not result in complete loss-of-function.
Scn1b¥’“8? mice more accurately model SCN1B-linked variants with incomplete loss-of-function compared with Scz1b~'~ mice,
which model complete loss-of-function, and thus add to our understanding of disease mechanisms as well as our ability to develop

new therapeutic strategies.
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Introduction

Sodium channelopathies comprise a constellation of central
and peripheral nervous system disorders, cardiac arrhyth-
mias and skeletal muscle disorders.! Although the mutated
genes and affected cell types are often known, the patho-
physiological mechanisms underlying many of these disor-
ders remain poorly understood. One such disorder is
Dravet syndrome (DS), a devastating form of developmental
and epileptic encephalopathy (DEE) characterized by mul-
tiple pharmacoresistant and fever sensitive seizure types, in-
tellectual disability, cognitive decline, movement disorders
and increased mortality due to sudden unexpected death in
epilepsy (SUDEP).>? In most cases, DS is caused by de
novo pathogenic variants in SCN1A, encoding the voltage-
gated sodium channel (VGSC) Na,1.1 o subunit.*’ In
addition to SCN1A, a growing body of evidence has linked
biallelic variants in SCN1B, encoding the VGSC B1 and
B1B non—pore-forming subunits, to DS or to a more severe
disease, early infantile DEE (OMIM DEES52).6” VGSCs are
responsible for generation of the rising phase and propaga-
tion of the action potential in mammalian excitable cells.'®
VGSCs were purified as heterotrimeric complexes of o and
B subunits from rat brain.!! This work showed that a central
o subunit forms the ion-conducting pore and is associated
with two different p subunits.'* Originally characterized as
auxiliary, B subunits are now known to be multifunctional
molecules that engage in conducting and non-conducting
roles in multiple tissues.'>'* During the more than two

decades since B subunits were identified, a growing body of
research has shown the importance of these proteins not
only in normal physiology but also in pathophysiology.
The breadth of B1 subunit function hinges on a key structural
motif, an extracellular immunoglobulin (Ig) loop, which en-
ables their function as cell adhesion molecules.'*'%*'¢ p1 cell
adhesion molecule-mediated functions are critical to brain
development.'*' Integrity of the Ig loop is also critical for
B1-mediated VGSC modulation in vivo,'” making this do-
main multi-functional. In their roles as VGSC and voltage-
gated potassium channel modulators,'®?* B1 subunits
make important contributions to the regulation of neuronal
firing. As substrates for regulated intramembrane proteolysis
(RIP) by B-site amyloid precursor protein cleaving enzyme-1
(BACE1) and y-secretase, B1 subunits also contribute to the
regulation of ion channel gene expression, including genes
encoding VGSC a subunits.”>>* Considering the diverse
roles of VGSC B1 subunits, it is not surprising that variants
in SCN1B are linked to pathophysiology.

Here, we generated a mouse model of DEES2 using
CRISPR-Cas9 (clustered regularly interspaced short palin-
dromic repeats/RNA-guided Cas9 nuclease) gene editing to
introduce the wvariant, SCN1B-c.265C>T, predicting
SCN1B-p.R89C, located in the B1 extracellular Ig loop do-
main. This recessive variant was previously found to be
homozygous in two children of a non-consanguineous fam-
ily. One child was diagnosed with DS, while the other had
a milder epilepsy phenotype.>® Here, we identified an unre-
lated biallelic SCN1B-c.265C>T patient with a clinically
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more severe phenotype than DS. We asked whether the bilal-
lelic expression of SCN1B-c.265C>T in vivo results in a
phenotype that is similar to Scz1b™~ mice, which we have
used previously to model DS.***” Our results show that
this novel mouse model partially phenocopies the Scnlb
null mutation, suggesting that biallelic SCN1B-¢.265C>T
expression does not result in complete SCNI1B
loss-of-function (LOF). Homozygous SCN1B-p.R89C mice
more accurately model human DEES2 variants with incom-
plete LOF compared with Scz1b™~ mice, which model var-
iants with complete LOF, adding to our translational
toolbox to develop novel therapeutic strategies for DEES2.

Materials and methods

Whole exome sequencing was performed for the proband,
healthy parents and healthy sibling under IRB approval at
the University of Antwerp. Mapping of the reads to the ref-
erence genome was done using Burrows—Wheeler Aligner.
De novo variants were called using DeNovoGear, and the
generated list of variants was filtered using the following cri-
teria: read depth in all individuals > 8; allele balance in the
proband between 0.25 and 0.75 and in the parents > 0.95;
exclusion of variants in tandem repeats and segmental dupli-
cations; posterior probability of de novo «calling of
DeNovoGear > 0.5; and exclusion of variants seen in >1 in-
dividual. No de novo variants were identified in the proband
in brain-expressed genes. The dataset was further filtered un-
der a recessive model using the criteria: read depth in all in-
dividuals >8; allele balance in the proband >0.95 and in the
parents between 0.25 and 0.75 for filtering under a homozy-
gous model and between 0.25 and 0.75 in the proband and
parents for the compound heterozygous model; exclusion
of variants in tandem repeats and segmental duplications;
and a frequency of <1% in control databases.

All animal procedures in this study were performed in accord-
ance with NIH policy and approved by the University of
Michigan Institutional Animal Care and Use Committee.
Investigators were blinded to genotype for all experiments.
Animals were housed in the Unit for Laboratory Animal
Medicine at the University of Michigan Medical School.
Male and female pups were used in all experiments, and seiz-
ure data were separated by sex, as indicated.

Scn1b*™* and Scn1b™" littermate mice were generated from
Scn1b*’~ mice that were congenic on the C57BL/6] back-
ground for over 20 N generations.*®
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CRISPR/Cas9 technology was used to introduce a single amino
acid change in exon 3 of Ensembl gene model transcript
Scn1b-001  (ENSMUSE00000533876). The CRISPOR
algorithm®® was used to identify two single-guide RNA
(sgRNA) targets predicted to cut the chromosome near
codon 89: sgRNA C130G1 targeted 5’ TGAGCGCTTT
GAGGGCCGAG (PAM =TGG) 3’ and C130G2 targeted 5’
GACTACCGTTCCACACCACT (PAM = CGG) 3.
Phosphorothioate-modified sgRNAs were synthesized by
Synthego.””*° Each sgRNA (60 ng/ul) was complexed with en-
hanced specificity Cas9 protein (ESPCAs9, 30 ng/ul,
Millipore-Sigma)®' and individually tested to determine if
ribonucleoprotein complexes cause chromosome breaks in
mouse zygotes. Ribonucleoproteins were microinjected into
fertilized mouse eggs. Eggs were placed in culture until they
developed into blastocysts. DNA was extracted from individual
blastocysts for analysis. PCR with primers spanning the
predicted cut site was used to generate amplicons for Sanger
sequencing.*> Amplicons were produced with C130 forward
primer: 5" TTGATCCCATATATGCCTCATCTGTCCTT 3’
and C130 reverse primer 5: CGCTGGTGTTGTGCTCA
TAATTATCAAAG 3/, resulting in a 329 bp amplicon.
Sequencing electropherograms of amplicons from individual
blastocysts were evaluated to determine if small insertions/dele-
tions caused by non-homologous endjoining repair of chromo-
some breaks were present.>? sgRNA C130G1 but not C130G2
was found to induce chromosome breaks. C130G1 had a high
specificity score of 92.%* The use of high specificity sgRNA and
high fidelity Cas9 protein has been shown to dramatically re-
duce the likelihood of off-target hits in mice.>’

Ribonucleoproteins were mixed with a spot-dialyzed syn-
thetic long single-stranded DNA donor (10 ng/ul, IDT.com)
prior to microinjection into mouse zygotes.>® The DNA do-
nor was designed to replace wild-type (WT) Scn1b codon 89
for arginine (CGA) with a codon for cysteine (TGC) in exon
3. Silent coding changes in the sgRNA binding sequence were
included in the oligonucleotide to block cutting by Cas9 after
repair of the chromosome by homology-directed repair.®”
The CRISPR reagents were microinjected into fertilized
mouse eggs produced by mating superovulated B6SJLF1 fe-
male mice (Jackson Laboratory stock no. 100012) with
B6SJLF1 male mice as described.*® CRISPR/Cas9 micro-
injection of zygotes produced potential founder mice.
Fifty-one of 112 generation zero (GO) founder pups were
identified by Sanger sequencing of amplicons spanning
exon 3 into intron 3. Five GO founders were mated with
WT C57BL/6] mice to obtain germline transmission of the
Scn1b-p.R89IC gene. The resulting line was then rederived
on a pure C57BL/6] background to be able to compare their
phenotype with Scz1b** and Scn1b™~ mice.

The sequence of the single-stranded oligonucleotide DNA
donor was as follows:

GAGGGTGACTCATCTGCCCCACTCATCACTCACC
ACCCTAAGATCCTACGCTATGAGAATGAGGTGCTG-
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CAGCTGGAGGAAGATGAGaGaTTcGAaGGatGcGTG-
GTGTGGAACGGTAGTCGGGGCACCAAGGACCTGC-
AGGACCTGTCCATCTTCATCACCAACGTCACCTAC-
AACCACTCTGGCGACTACGAATGTCA

Exon 3 is underlined. The R89C codon is shown in bold.
Lower case letters indicate the silent coding changes intro-
duced to block sgRNA binding after repair of a chromosome
break with the oligonucleotide donor.

Primers used for genotyping were as follows:

For Scn1b®%”R%% WT:

B1 Endo 5": 5'-TGA GCG CTT TGA GGG CCG A-3'

B1 Flank 31 5'-AGA GAG AAT GGA GAA TCA AGC
CAT AG-3'

For Scn1b“%”“%? mutant:

R89C Mut 5 5'-GAT GAG AGA TTC GAA GGA
TGC-3'

B1 Flank 3: 5'-AGA GAG AAT GGA GAA TCA AGC
CAT AG-3'

Throughout the manuscript, we use the notation Scr1
to indicate WT mice, Scr21b5%8”“%? to indicate mice heterozygous
for the SCN1B-p.R89C mutation and Scrn1b“*”* to indicate
mice homozygous for the SCN1B-p.R89C mutation.

bR89/R89

Hemispheres of P15 to 18 Scnlb™~, Scn1b“*”“*° and
Scn1bR37R8? mouse brains were cut sagitally using a razor
blade. The brainstem, cerebellum and hippocampus were
then dissected from each hemisphere. To dissect hippocampi,
a spatula was used to stabilize the cortex, while a second
spatula was placed underneath the ventral part of the hippo-
campus to separate it from cortical tissue. In a separate group
of mice, ~75 micron coronal slices were made from mouse
whole brain, followed by dissection of the somatosensory
cortex according to the Allen Brain Atlas. All tissues were
dissected in 1x PBS, followed by snap freezing in liquid nitro-
gen and storage at —8°C. RNA was isolated using the Qiagen
RNeasy Plus kit according to the manufacturer’s instruc-
tions. Tissue was homogenized with a Tissue-Tearor
(BioSpec Products, Inc.) followed by lysis through a sterile,
18-gage hypodermic needle and vortexing. RNA samples
were run on a NanoDrop One Spectrophotometer
(ThermoFisher Scientific) to ensure adequate concentration
and purity and then stored at —80°C. cDNA was generated
from 0.75-1.5 pg of RNA using Reverse Transcriptase
SuperScript III (RT SS III), random primers (Invitrogen)
and dNTPs (Invitrogen). RNA, random primers and
dNTPs were incubated at 65°C for 5 min. Salt buffers,
0.1 M DTT, RNase Out and RT SS Il were added, and reac-
tions were incubated at 25°C for § min, 50°C for 60 min and
70°C for 15 min. cDNA was either diluted 1:3 in RNase-free
water or kept undiluted. Quantitative PCR was performed
using SYBR Green (Applied Biosystems) and gene-specific
primers (Integrated DNA Technologies) on a QuantStudio
7 Flex Real-Time PCR System (Applied Biosystems).
Gene-specific measurements of each ¢cDNA sample were
run in triplicate, along with the endogenous control gene
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Gapdb or B-actin used for normalization and then compared
with WT expression levels. The relative expression levels for
each gene were quantified using the comparative threshold
(2722¢Y method of quantification. Data are presented as
the fold change in gene expression + SEM. Statistical signifi-
cance (P < 0.05) of comparisons between genotypes was de-
termined using a Student’s ¢-test.

Hyperthermia seizure susceptibility was tested at P15 as pre-
viously described for Scn1b*'~ mice.!” Seizures were classi-
fied according to a modified Racine scale.””!'”** After a
1 ml intraperitoneal injection of 0.9% NaCl to prevent dehy-
dration, a rectal thermometer was positioned to monitor
body temperature (BT). A heat lamp connected to a tempera-
ture monitoring system controlled BT. Mice were acclimated
in the chamber at 37.5°C for 30 min. During the observation
period, the set temperature (ST) was increased by 0.5°C and
then held for 2 min. At the ~25 min time point, ST was held
at 42°C for an additional 15 min. When a seizure was ob-
served, BT, seizure severity (Racine scale) and time elapsed
from the beginning of the observation period were recorded.
All animals were euthanized at the end of the experiment.
Investigators were blinded to genotype. Scn1b“*”“%? and
Scn1bR37R8? mice were compared in each experiment.

In a separate group of animals, we tested whether expos-
ure to hyperthermia at P15, to mimic early-life febrile sei-
zures in DS patients, would sensitize mouse pups to have a
higher number of spontaneous seizures as adults. A similar
hyperthemia seizure protocol was used as described above
but stopped at the point of a Racine scale Grade 5/6 seizure.
If Grade 5/6 seizures were not observed, the protocol contin-
ued to an ST of 42°C for 5 min and then stopped. Pups were
returned to the nest, and video monitored continuously for
2 months followed by implantation of EEG electrodes.

Screw electrodes were surgically implanted in young adult
(P60-90) Scn1b®37R8% and Scn1b“3”“%° mice. Mice were
anaesthetized with isoflurane and placed in a stereotaxic adapt-
er. Bilateral screw electrodes were placed in the skull at approxi-
mately anteroposterior =—2.1, mediolateral = +/-1.7, and a
common reference electrode was placed over the cerebellum
(approximately anteroposterior = —6.0, mediolateral =0).
The electrodes were connected to a 6-pin electrode pedestal,
and the headcap was secured using dental cement. After 3-7
days of recovery, simultaneous EEG recordings and infrared vi-
deo monitoring were performed with a Natus recording system.
Signals were acquired at 1024 Hz. Data were filtered with a
1 Hz high-pass filter and 70 Hz low-pass filter. Seizures and in-
terictal background were assessed manually by an experienced
reader. Seizures were defined as a sudden burst of electrographic
activity consisting of rhythmic spike-and-wave discharges last-
ing >10 s and evolving in frequency and amplitude. Interictal
epileptiform  discharges were defined as transients
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distinguishable from background activity with a characteristic
morphology as defined by Kane et al.** The presence of
IED was noted, but they were not quantified.

Brain membrane proteins were prepared from P60 to 90 mice
as described.*! Complete protease inhibitors (Roche
Diagnostics) were added to all solutions at twice the recom-
mended concentration to minimize protein degradation.
Deglycosylation of membrane protein samples, where indi-
cated, was performed using PNGaseF (New England BioLabs
Cat. #P0704S) as previously described.'” For western blotting,
50-80 pg aliquots of membrane protein were separated by
sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and processed for western blotting with anti-B 1.
antibody (1:1000) (Cell Signaling Technologies 13950) or
anti-Nay1.1 Na* channel antibody (K74/71) (1:200)
(NeuroMab 75-023) as previously described.”” Anti-o-tubulin
(1:1000) (Cedar Lane) or anti-transferrin receptor (TfR)
(1:200) (Invitrogen H68.4 13-6800) antibodies were used as
loading control, as indicated. Immunoreactive bands were de-
tected using Supersignal West Dura Extended Duration
Substrate (Therma Scientific #34076) and imaged using an
iBrightFL1000 system (Invitrogen). Immunoreactive signals
for the deglycosylated bands were quantified using iBright ana-
lysis software (Invitrogen) and normalized to the level of
a-tubulin for each sample.

Previously generated stable Chinese hamster lung (CHL) cell
lines expressing WT 1V5 or p1-p.R89C-V5%* were grown in
150-mm tissue culture plates until 90-100% confluent. Cell
surface proteins were biotinylated using the Cell Surface
Biotinylation and Isolation Kit (Pierce, Cat#A44390) accord-
ing to the manufacturer’s protocol, except that the biotinyla-
tion reaction was performed at 4°C for 30 min without
mechanical agitation. Loading buffer containing 1% sodium
dodecyl sulphate, 1 mmol/L B-mercaptoethanol and 0.2%
dithiothreitol were added to samples and heated for 8 min
at 85°C. Samples were separated on 10% tris-glycine poly-
acrylamide gels, transferred to polyvinylidene difluoride mem-
brane (16 h, 55 mA, 4°C) and probed with antibodies.
Membranes were probed with three primary monoclonal
mouse antibodies: anti-V5 (1:1000 dilution, Invitrogen
46-0705), anti-HSP90 (1:500 dilution, Enzo Scientific
AC88) and anti-TfR (1:500, Invitrogen H68.4). Mouse
HRP-conjugated secondary antibodies were utilized (1:1000
dilution for anti-TfR, anti-V5 and anti-HSP90). Primary anti-
body incubations were performed overnight at 4°C, followed
by secondary antibody incubation at RT for 1 h. Antibodies
were diluted in 5% milk and 1% BSA in TBST. Secondary
antibody was diluted in 5% milk and 1% BSA in TBST and
then incubated for 1 h at RT. Immunoreactive bands were de-
tected using SuperSignal West Dura Extended Duration
Chemiluminescent Substrate (Thermo Scientific Ref#34076)
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and imaged on an iBright FL1000 (Invitrogen) within the lin-
ear range of the instrument by utilizing the iBright Smart
Exposure feature.

Stable CHL cell lines expressing WT B1V5 or B1-p.R89C-VS5
were grown until ~70% confluent in 100 mM tissue culture
plates. Cells were treated with vehicle (0.1% DMSO), or the
y-secretase inhibitor Avagacestat (10 pm), or the y-secretase
inhibitor 1L-685,458 (10 um) for 24 h. Twenty-four hours
post-treatment, cells were harvested and whole cell lysates
were prepared. Briefly, harvested cell pellets were resus-
pended in 50 mM Tris, pH 8.0 with Complete protease inhi-
bitors, EDTA-Free (Roche) and 1 mM Na3VOy,. Cells were
incubated on ice for 30 min and sonicated 3x at 20% power
for 10 pulses every 10 min. Lysates were centrifuged at
14 000xg for 5 min to remove large insoluble fragments, fol-
lowed by the supernatant being removed and stored at —8°C.
Samples were separated on 12% SDS-PAGE gels, and west-
ern blots were performed as described above.

Stable human embryonic kidney (HEK) cell lines expressing hu-
man Na,1.1 (a gift from Dr M. Mantegazza), Na, 1.5 (a gift from
Dr J. Makielski) or Na,1.6 (a gift from Essen Bioscience) were
maintained at 37°C and 5% CO2 in Dulbecco’s Modified
Eagle Medium supplemented with 5% heat-inactivated fetal bo-
vine serum (Corning), 100 U/ml penicillin/streptomycin (Gibco)
and 600 pg/ml G418 (Gibco). For electrophysiological analyses,
HEK-Na,1.1, -Na,1.5 or -Na,1.6 cells were transiently trans-
fected with B1-WT-V5-2AeGFP (green fluorescent protein),
B1-p.R89C-V5-2AeGFP or enhanced GFP (eGFP) (1 pg of
cDNA with 5pl of Lipofectamine 2000). Inclusion of the
2AeGFP sequence provided a cleaved, eGFP fluorescent marker
to identify transfected cells during electrophysiological record-
ing. After 12-24 h, cells were split to a lower density in
35-mm dishes, and GFP-positive HEK cells were identified
by epifluorescence for whole-cell voltage-clamp recording by
an investigator blind to genotype. Each electrophysiology ex-
perimental figure represents data from three or more separate
transfections.

Electrophysiological recordings were performed ~12 h
following final plating. Sodium current (Iy,) was recorded
from GFP-positive HEK cells in the presence of an external
solution containing (in mM): 120 NaCl, 1 BaCl,, 2 MgCl,,
0.2 CdCl,, 1 CaCl,, 10 HEPES, 20 TEA-CI and 10 glucose
(pH = 7.35 with CsOH, osmolarity = 300-305 mosm). Fire
polished pipettes with resistance of 1.5-3 mQ were filled
with an internal solution containing (in mM): 1 NaCl, 150
N-methyl-d-glucamine, 10 ethylene glycol tetraacetic acid
(EGTA), 2 MgCl,, 40 HEPES, 25 phosphocreatine-tris, 2
MgATP, 0.02 Na,GTP and 0.1 leupeptin (pH =7.2 with
H,S0Oy). All recordings were performed within 10-60 min
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after the culture medium was replaced by the external re-
cording solution, and the dish with cells was placed on the
recording setup. Holding potential was —80 mV.

Kaplan—Meier (Wilcoxon) plots were used to analyse mouse
survival, temperature at first seizure and latency to first seiz-
ure. Quantitative reverse transcription polymerase chain re-
action (Rt-qPCR) results between genotypes were analysed
using Student’s #-test. Anti-Nav1.1 western blotting results
between genotypes were analysed using Student’s #-test,
with relative Nay1.1 intensity being normalized to vehicle
expression [anti-TfR] and compared with Scz1b** mice.
Data are represented as the mean + SEM. Seizure frequency
during the light and dark cycles was analysed using the
paired sample one-tailed #-test. All analyses, with the excep-
tion of electrophysiology, were performed using GraphPad
Prism 9.0 software. Voltage clamp analysis was performed
using pClamp 11 (Molecular Devices) and SigmaPlot 11
(Systat software). Statistical analyses, #-test, and one-way
ANOVA, were performed using SigmaPlot. For all experi-
ments, significance is defined as P-value <0.05.

Results

The proband was born after a normal pregnancy from
healthy unrelated parents at the 40th week of gestation.
Birth weight was 3650 g and birth length 50 cm. Post-natal
adaptation was normal, but developmental milestones
were delayed. Rolling occurred at 5-6 months, with inde-
pendent walking at 18 months, which worsened over time.
At the age of 11 years, the patient was able to take a few in-
dependent steps indoors but did not walk outdoors. The pa-
tient’s gait is ataxic and crouched. The first words of speech
occurred around 12 months of age. By 11 years of age, the
patient was able to repeat words but did not speak spontan-
eously. The patient requires dressing and feeding and is not
toilet trained. Mental deterioration is evident, and behav-
ioural problems with autistic features and aggression are pre-
sent. Neurological exam showed microcephaly, ataxia,
central hypotonia and severe intellectual disability. No focal
neurological signs were present. Metabolic screening was
normal. Brain MRI showed a small arachnoid cyst and dif-
fuse white matter changes and delayed myelination at the
age of 14 months. Mild signs of delayed myelination next
to the lateral ventricles were observed at the age of 3.5 years.

Epilepsy: The first clonic seizures of upper limbs appeared
at the age of 6 months at the beginning of febrile infections.
At the age of 7 months, seizures with clonic jerking evolved
into status epilepticus. Chronic medication with phenobar-
bital was started. In the following months, the patient had
frequent seizures with mostly symmetric clonic jerking of
limbs or seizures with loss of consciousness without
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convulsions. Prolonged seizures required sedation at the in-
tensive care unit. Seizures always occurred at the beginning
of illness with increased BT detected after the seizure.
Afebrile seizures were not observed until 2 years of age. In
the third year of life, the patient had tonic-clonic seizures
and many myoclonic jerks while treated with lamotrigine, topir-
amate and valproic acid. Seizure semiology changed over the
years. In addition to clonic and tonic-clonic seizures, the patient
had hypomotor seizures, atypical absences with staring and peri-
oral cyanosis, hypotonic drop attacks and seizures with vegetative
symptoms including mydriasis, loud outery and perioral and ac-
ral (hands and earlobe) cyanosis. Prolonged tonic-clonic seizures
and clusters of seizures occurred during febrile illnesses, and in-
tensive care unit admission was needed repeatedly. EEG was nor-
mal both in wakefulness and sleep in the first year, moderate
slowing of the background appeared in the second year and spor-
adic bifrontal spikes were seen in the third year of age with high-
voltage spike wave complexes in the left fronto-centro-parietal
area. Background EEG remained abnormal with slow activity
and sporadic spiking in the frontal areas. Generalized spikes
were captured only in sleep. Antiseizure medications failed to
control seizures over the long term despite trying various combi-
nations of phenobarbital, valproic acid, topiramate, clonazepam,
stiripentol and primidone. Vagal nerve stimulation was imple-
mented at the age of 7 years resulting in a temporary decrease
in seizure frequency.

Genetic diagnosis identified a homozygous variant in
SCN1B, ¢.265C>T, predicting p.R89C (NM_199037) in
the proband, with parents and sibling as heterozygous car-
riers. The variant was seen twice in the Exac database (allele
frequency 1.647 x 107%%) and was validated with Sanger se-
quencing. A diagnosis of DS was made at the age of 3.5 years.

The residue R89 islocated within the Ig loop domain of VGSC 1
and B1B subunits (Fig. 1A) and is evolutionarily conserved
throughout vertebrate Scn1b genes (GeneCards: The Human
Gene Database, https:/media.githubusercontent.com/media/
aminodektc/70/master/SCN1B/SCN1B.png). To evaluate the
SCN1B-c.265C>T variant in vivo, knock-in mice expressing
the mutation were generated using CRISPR/Cas9 technology.
Cas9-induced double-strand breaks resulted in the presence of
superimposed sequences (peaks-on-peaks) starting near the ex-
pected Cas9 cut site (Fig. 1). sgRNA C130G1 produced indel
mutations in three of five test blastocysts (Fig. 1B). CRISPR/
Cas9 microinjection of zygotes produced potential founder
mice. Twenty-nine of 112 GO founder pups were identified by
Sanger sequencing of amplicons spanning exon 3 and loxP sites.
Five GO founders were mated with WT C57BL/6] mice to obtain
germline transmission of the Sc1b-p.R89C alelle. One of the re-
sulting lines (line 4) was then rederived on a pure C57BL/6] back-
ground to be able to compare their phenotype with Scz16** and
Scn1b™~ mice, which are congenic for over 20 N generations on
CS7BL/6]. Scn1bR3”C%° mice had normal lifespans, body
weights and fertility with no observed behavioural seizures. In
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contrast, Scn1b“*”“®? mice were infertile. Thus, all experimen-
tal mice were generated from the mating of heterozygous
Scn1bR8C5 littermates. The yield of a subset of Scr1bRS7/R8?)
Scn1b®8C5 and Scn1b“*”%? offspring from these matings
was 29:48:22, an approximate Mendelian ratio of 1:2:1.
Figure 1C shows a representative genotyping experiment in
which two separate PCRs were run for each tail DNA sample
for Scn1bR¥R? Scn1bR83% and Scn1b*”“*’ offspring to de-
tect WT and/or mutant Scn1b bands, respectively, as indicated.
Figure 1D (top) shows littermate Scn1b®¥"R%?  and
Scn1b“3”C5? animals at P19. Figure 1D (bottom) compares ani-
mal weights from P9 to P21, showing no significant differences
between genotypes. Because the proband showed microcephaly,
we compared brain weights between genotypes at P21. Figure 1E
(left) shows no significant differences between genotypes for
brain weights. Examples of brains from each genotype
taken from a single litter at P21 are show in Fig. 1E (right).
Kaplan—Meier analysis of mouse life span shows that ~20% of
Scn1b“3”%° animals undergo premature death by ~P60
(Fig. 1F, solid purple line), while Sczz1585”R8? animals have nor-
mal life spans (Fig. 1F, solid black line). Because the proband had
frequent febrile seizures as an infant, we induced a Racine scale
Grade 5/6 seizure in P15 Scn1 b“*”“®? pups using a hyperthermia
protocol and then placed them back in the nest to develop with
their littermates. Kaplan—-Meier analysis of life span for hyper-
thermia pre-treated animals was not different from untreated
Scn1b“3”5? animals (Fig. 1F, dotted purple line).

Scn1b“¥”“%? mouse brains have similar overall levels of 1
protein expression compared with Scz1b%¥”R%? littermates.
Figure 1G, upper panel, compares 1 polypeptide abundance
in brain membranes prepared from 4 Scn1b®%*R8? and 4
Scn1b“3”“%? P60-90 mice compared with an anti-o-tubulin
loading control (lower panel). Anti-B1 antibody detected
multiple immunoreactive bands for Scn1b®%”R8? and
Scn1b“37%? mice, in agreement with previous data show-
ing differential glycosylation of B1 polypeptides in vivo.'”***3
Deglycosylation of B1 polypeptides using PNGaseF col-
lapsed these bands to a single band of ~22 kDa for both
genotypes (Fig. 1G, upper panel). Because quantification
of the multiple glycosylated B1 species is unreliable, we
used densitometry to quantify the deglycosylated anti-p1
immunoreactive bands relative to the a-tubulin loading
control for each sample (Fig. 1H). While these data showed
a trend towards lower expression of B1-p.C89 protein in
mouse brain compared with WT, there were no significant
differences between average values.

Localization to the plasma membrane is required for VGSC 1
subunit-mediated channel regulation and cell adhesion. To de-
termine whether B1-p.R89C localizes to the cell surface, we
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performed cell surface biotinylation experiments using CHL
cell lines that stably overexpress the polypeptides B1V5 or
B1-p.R89C-VS5. These stable cell lines were previously estab-
lished with cDNA expression vectors containing a carboxyl-
terminal in-frame V35 epitope tag, a cleaving 2A sequence
and eGFP.?? Anti-HSP90 antibody was used as an intracellular
control to ensure that only cell surface proteins were biotiny-
lated, and anti-TfR antibody was used as confirmation that
cell surface proteins were enriched in the plasma membrane
fraction. We found that B1-p.R89C polypeptides localize to
the cell surface similar to p1V5, demonstrated by the presence
of anti-V5 immunoreactive bands corresponding to
B1-p.R89C-VS5 or B1V3, respectively, in the total cell lysate
(T) and plasma membrane (PM) fraction (Fig. 2A). B1 immu-
noreactive bands are indicated in the figure at ~37 kDa and
above, representing various levels of avidin attachment, as
shown in our previous work.”

VGSC B1 subunits are substrates for RIP.>* We previously
demonstrated that B1 undergoes sequential cleavage by
BACE1 and y-secretase, resulting in the generation of a soluble
intracellular domain (B1-ICD) that can translocate to the nu-
cleus and regulate transcription”>*? (Fig. 2B, left panel). To de-
termine whether B1-p.R89C is also a substrate for RIP, we
performed cleavage assays in B1V5 or B1-p.R89C-VS stable
CHL cells. CHL cells are optimal for VGSC B1 heterologous
RIP studies because they do not express endogenous Scn1b
mRNA but do express endogenous low levels of BACE1 and
y-secretase.”” Treatment of cells with the y-secretase inhibitor
Avagacestat (10 pM) or L-685,458 (10 uM) for 24 h resulted
in accumulation of the Pl1-carboxyl-terminal fragment
(B1-CTF), visible at ~20 kDa on the western blot, compared
with vehicle treatment (DMSO), for both cell lines (Fig. 2B,
right panel). These results show that both WT B1 and
B1-p.R89C undergo RIP in vitro.

Ina density is normally increased by heterologous co-expression
of B1 subunits via their chaperone function of VGSC o subunits
to the plasma membrane (reviewed in**). SCN1B-linked chan-
nelopathy variants have shown abnormalities in modulation of
In, density and voltage-dependent properties when expressed in
heterologous cells.”**** Here, we assessed the effects of
B1-p.R89C co-expression on Iy, density expressed by the
tetrodotoxin-sensitive channels, Na,1.1 or Na,1.6, or the
tetrodotoxin-resistant channel, Na,1.5. We co-transfected
eGFP (control, light blue), p1-WT-V5-2AeGFP (dark blue) or
B1-p.R89C-V5-2AeGFP (purple) into HEK cells stably expres-
sing human Na,1.1 (Supplementary Fig. 4), human Na,1.6
(Fig. 3) or human Na, 1.5 (Supplementary Fig. 5) cDNAs. As ex-
pected, B1-WT co-expression with all three channels resulted in
significantly increased transient Iy, density (P <0.001) com-
pared with a alone (eGFP) (Supplementary Figs. 4B, 3B and


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad283#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad283#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad283#supplementary-data
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Figure | Generation and characterization of Scn1b?%7“®? mice. (A) Known disease variants in VGSC p1 and I B subunits. Adapted from

O’Malley et al."® Yellow: variants associated with epilepsy. White: variants associated with epilepsy and cardiac arrhythmia. Red: variants associated
with sudden cardiac death. Residue R89, yellow, is located within the Ig loop domain of Bl and 1B and is evolutionarily conserved throughout
vertebrate VGSCs (GeneCards The Human Gene Database, https:/media.githubusercontent.com/media/aminodektc/70/master/SCN I B/SCN | B.
png). (B) sgRNAs were complexed with ESPCas9 protein and injected into fertilized mouse eggs. A DNA genomic fragment spanning the expected
Cas9 cut site was PCR amplified and sequenced analysis. Cas9-induced double-strand breaks resulted in the presence of superimposed sequences
(peaks-on-peaks) starting near the expected Cas9 cut site. sgRNA CI30G| produced indel mutations in three of five test blastocysts. Arrow: Cas9
cut site. Blue-shaded nucleotides: sgRNA target. (C) Representative genotyping experiment in which two separate PCRs were run for each tail
DNA for Scn I bR8/R8% Scn | bR8%/C89 and Scn 1 5<87/<87 pups to detect WT and mutant Scn /b bands, respectively. Lanes |, 4, 6 and 7: Scn | bRE%8% and
show both WT and mutant bands (squares); Lanes 2 and 5: Scn 1 b*8%%8? and show WT bands only (circles); Lanes 3 and 8: Sen/b“®”“%% and show
mutant bands only (arrows). (D) Upper: Comparison of littermate P19 Scn [ bR and Sen 16%7/“%7 animals. Lower: Comparison of Scn | bR87/R6?
(N =3), Sen 1678787 (n = 5) and Scn | b<4%“®? (n = 5) male and female weights from P9 to P2 . No significant differences between genotypes (mean
+/— SD, one-way ANOVA). (E) Left: Comparison of whole brain weights per genotype at P21 showing no statistical differences (mean +/— SD,
one-way ANOVA). Right: Comparison of acutely dissected brains of littermate Scn|b"”R%, §cn 1bR87“87 and Scn I1b“4“®? animals at P21.

(F) Kaplan—Meier analysis of life span shows that ~20% of Scn 1 b”/“8? animals die by P60. Dotted purple line: Scn 1 b“%“®? animals pre-treated with
hyperthermia at P15 and then allowed to develop (n = 15). Solid purple line: non—pre-treated Scn | b®7%? animals (n = 16). Solid black line: non—
pre-treated Scn | b8R8 animals (n = 31). No significant differences between pre-treated and non—pre-treated groups (ns, Log-rank Mantel-Cox
test). Male and female animals were included in each group. Original, uncropped blots shown in Supplementary Fig. |. (G) Expression of B
polypeptides in P60-90 Scn b8R8 and Scn 1b4%/“®? brains. Lanes 1—4: Scn b7, Lanes 5-8: Scn I bRéR8? Odd numbered samples are
untreated and thus glycosylated. Even numbered samples were deglycosylated with PNGaseF. (H) Densitometric quantification of deglycosylated
B1 polypeptides from Scn I bR87/R87 (31-R89) and ScnIb“4”“®? (B1-C89) brains. Deglycosylated 1 (~22 kDa) immunoreactive bands were
normalized to loading control anti—a-tubulin signal. n =4 Scn1b*8¥%8? and 4 Scn 164”8 samples. No significant differences between groups
(mean +/— SEM, P= 0.2, unpaired t-test).
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independent experiments. Original, uncropped blots shown in Supplementary Fig. 3.

5B). B1-p.R89C co-expression with Na,1.1 or Na,1.5 had no
effect on transient Iy, density (Supplementary Figs. 4B and
5B).Incontrast, B1-p.R89C co-expression with Na, 1.6 resulted
in increased transient Iy, density (P < 0.001) compared with o
alone (eGFP) (Fig. 3B). Neither p1-WT nor B1-p.R89C signifi-
cantly modulated the voltage dependence or kinetic properties
of Na,1.1-, Na,1.5- or Na,1.6-generated Iy, (Supplementary
Figs. 4D, 4E, 5D and 5E; Supplementary Tables 1-3; Fig. 3D
and E). These results show that B1-p.R89C polypeptides differ-
entially modulate VGSC a subunits iz vitro.

Following RIP, the B1-ICD can translocate to the nucleus
and regulate expression of several subsets of genes, including
those encoding voltage-gated sodium, potassium and

calcium channel subunits.””> We asked whether p1 and
B1-p.R8IC regulate similar VGSC o subunit genes by com-
paring the abundance of Scnla, Scn2a, Scn3a, Scn4a,
ScnSa, Scn8a and Scn9a mRNAs in Scnlb™~ and
Sen1b“®”’“8? mouse brain areas using RT-qPCR.

We used Scn1b™ mice previously to investigate genes
that are normally regulated by the B1-ICD in heart.>* Here,
we found that Scnla, encoding Nay1.1, mRNA abundance
was reduced by ~50% in the somatosensory cortex of
Scn1b™~ brain compared with Scn1b** (P <0.001), with
no changes detected in the cerebellum, hippocampus or
brainstem (P > 0.05) (Fig. 4A). This change in the somato-
sensory cortex was specific to Scnla, as neither Scn2a,
Scn3a, Scnda, ScnSa, Scn8a nor Scn9a o subunit mRNAs
showed altered abundance in this brain area (Fig. 4B). In
addition, Nay1.1 protein expression was reduced ~30% in
Scn1b™~ whole brain compared with Scn1b*"* whole brain,
as assessed by western blot (P<0.01) (Fig. 4A).
Confirmation of the near absence of Scn1b mRNA in the
Scn1b™~ mouse model is shown in Fig. 4C (P <0.0001).
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Figure 3 p1-p.R89C modulates Na, |.6-generated Iy, density. HEK cells stably expressing human Na, |.6 were transiently co-transfected
with B1-WT-V5-2AeGFP (dark blue) §1-p.R89C-V5-2AeGFP (purple), or eGFP (light blue). Cells transfected with eGFP were used as negative
controls. (A) Representative I, density traces. (B) Na, |.6 I, current—voltage relationship. (C) Iy, density was increased with co-expression of
WTBI or B1-p.R89C. (D) No differences in the mean voltage-dependent activation and inactivation curves were observed. (E) Recovery from
inactivation was expressed as the fraction of current produced by a second pulse over time following an identical pre-pulse. The data were fit to a
double exponential function. Data in (B), (C), (D), and (E) are presented as means + SEM. **P < 0.0/, *P < 0.05 by a one-way ANOVA with
Tukey’s post hoc comparison test. Dots represent individual cells. Voltage-dependence of activation and voltage-dependence of inactivation,n = 17
(eGFP alone), 16 (+B1), 14 (+p1-p.R89C); recovery from inactivation, n =n =8 (eGFP alone), 6 (+§1), 6 (+p1-p.R89C).

Taken together, these results suggest that the ICD generated
from WT B1 normally regulates Scn1a mRNA abundance in
mouse somatosensory cortex. Furthermore, the observation
of Scnla haploinsufficiency resulting from Scn1b deletion
suggests an additive mechanism for the severity of the
Scn1b™~ model compared with Scrzla*~ DS mice, which
have a later age of seizure onset and a lower rate of
SUDEP*° compared to Scn1b™~ mice.*®

Scn1b“8?’“8? mice, in which a B1-ICD is generated
(Fig. 2), showed differential VGSC o subunit mRNA expres-
sion compared with Scz1b~~ mice, in which the p1-ICD sig-
nalling cascade is absent. Scn1b“*?“*? mice had
significantly increased Scnla mRNA abundance in the
brainstem compared with = Scn1bR8R87 (P <0.05);
however, in contrast to Scn1b™~ mice, there were no
changes in Scnla mRNA levels detected in the
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Video | Spontaneous generalized seizure in a Scn[b“*7/<%?

somatosensory cortex, cerebellum or hippocampus
(Fig. SA). Instead, Scn2a (P <0.001), Scn3a (P <0.05) and
ScnSa (P < 0.05) mRNA levels were increased in the somato-
sensory cortex of Scnl1b“*”“®’ mice compared with
Scn1bR8'R8? mice (Fig. 5B). Finally, Scn1b“®”“%° mice
showed increased Scn1b mRNA abundance in the somato-
sensory cortex (P <0.05) and cerebellum (P <0.05) com-
pared with Scn1b®*R%? with no changes in the
hippocampus or brainstem (Fig. 5C), suggesting compensa-
tory upregulation of the mutant gene in specific brain areas.

Scn1b“%?'“%? pups have increased
susceptibility to
hyperthemia-induced seizures

Because the proband had frequent febrile seizures as an in-
fant, we compared hyperthermia seizure susceptibility be-
tween Scn1b®¥R8 and Scn1b“5¥°%° mice at P1S.
Sen1b“3”“%? pups had convulsive seizures at significantly
lower temperatures than  Scn1bR¥”R%%  littermates
(Fig. 6A; in all panels Scn1b®®?R8? indicated in black;
Scn1b“3”“%? indicated in purple). In addition, Scn1b<57/C5?
pups showed reduced latency to first seizure compared with
Scn1b®3¥R8? animals (Fig. 6B). When the hyperthermia
seizure data were separated by sex, no differences in tem-
perature or latency were observed between Scn1b©%”/<%?
male and female pups (Fig. 6C-F). These results indicate
that, similar to the proband, the biallelic Scn1b-p.R89C
mutation confers increased hyperthermia seizure sensitivity
to paediatric animals.
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9IC89 _ .
Scn1b<%?“%? mice have spontaneous

seizures

Continuous video/EEG recordings showed that Scn1b<5/¢8?

mice have spontaneous convulsive seizures observed that be-
gin as early as P13 (video recording alone) with ictal electro-
graphic patterns that were characterized by a sudden-onset
bilateral spike, followed by attenuation and increasing fast
activity, with spike discharges that increased in frequency
and amplitude before sudden cessation, background attenu-
ation and bilateral delta slowing. The majority of the electro-
graphic seizures resulted in a Racine Grade 4-6 clinical
seizure (Fig. 7A and B; Video 1). No seizures were observed
in Scn1bR37R8? (Fig. 7E) or Scn1bR”’8? mice (not shown).

Because the proband had early-life febrile seizures that later
became more severe and afebrile, we asked whether early-life
(P15) exposure to hyperthermia would result in increased spon-
taneous seizure frequency or duration in Scz1b“5”“%? mice la-
ter in life. We found no differences in behavioural seizure
frequency or duration in Scrz1b5“%”“%? mice that had undergone
early-life hyperthermia compared with those that had not
(Fig. 7 Cand D). A raster plot showing time of spontaneous sei-
zures during light (yellow) versus dark (white) cycles during the
entirety of the recording period (8-14 days) for Scn1bR8”/R8?
mice, hyperthermia pre-treated Scn1b*”“®° mice (red) and
non—pre-treated Sc1b<5”5° mice (blue) is shown in Fig. 7E.
As expected, Scn1bR¥R8? (WT) mice did not exhibit seizures.
We found no differences in seizure frequency between hyper-
thermia pre-treated and non—pre-treated Scn1b“*”“%? mice;
however, for both groups there were significantly more seizures
during the dark cycle (Fig. 7E and Table 1).
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Figure 4 Differential VGSC o and p subunit expression in P15-18 Scnlb*™* and ScnIb™'~ mouse brains. (A) Scn/a and Navl. |
expression in Scnb** (WT) versus Scn b~ (null) mouse brain. Scnla gene expression was significantly decreased in null somatosensory cortex
(*P < 0.001); however, no changes in Scnla were detected in the cerebellum, hippocampus or brainstem (P> 0.05). Bottom panel: Navl.| protein
expression was significantly decreased in Scn/b null mouse whole brain membranes compared with WT whole brain. Left: Quantification of
anti-Nav|.| immunoreactive bands normalized to corresponding anti-TfR bands for Scn/b WT versus null brains for the blot shown on the right.
Data are represented as means + SEM for three WT and three null brains, respectively. Statistical significance was determined using Student’s
t-test (*P < 0.01). Right: Western blot analysis of Navl.| protein in Scn/b null and WT whole brain membranes, as indicated. Upper blot:
anti-Nav|.|. Lower blot: anti-TfR. Molecular weight markers are indicated. (B) VGSC o subunit gene expression in WT versus null somatosensory
cortex. No changes were detected in the relative expression of Scn2a, Scn3a, Scn4a, Scn5a, Scn8a or Scn9a between null and WT somatosensory
cortex (P> 0.05). (C) Confirmation of Scnlb deletion in WT versus null mouse brain. Relative expression of Scn/b in null and WT mouse
somatosensory cortex, cerebellum, hippocampus and brainstem (P < 0.0001). Statistical significance was determined using Student’s t-test
(P-value < 0.05). Data are represented as the mean + SEM. WT: n = 3-5, null: n = 3-5. Male and female mice were used in all experiments (A and B).
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Figure 5 Differential VGSC a and f subunit mRNA expression in P15-18 Scn1bR®'R8? and Sen1b“®?"“®**mouse brains. (A) Scnla

R89/R89 C89/C89 R89/R89 €89/C89
b b b versus Scnlb mouse

expression in Scnl versus Scn mouse brain. Relative expression of Scnlain Senl
somatosensory cortex, cerebellum, hippocampus and brainstem. Scnla gene expression was significantly increased in Scn1b“?“%? brainstem
compared to ScnlbR8R87 (P < 0.05); however, there was no change in Scnla mRNA between genotypes in the cortex, cerebellum or
hippocampus. (B) VGSC « subunit gene expression in Scn b8R8 versus Scn 168”87 somatosensory cortex. Relative expression of Scn2a,
Scn3a, Scnda, Scn5a, Scn8a and Sen9ain Scn [ bR87/R87 versus Scn 164787 somatosensory cortex. Scn2a (P < 0.001), Scn3a (P < 0.05) and Scn5a (P <
0.05) were significantly increased in Scn | b“4”“®? cortex compared with Scn 1 b"8”R8%_ Scn4a, Scn8a and Scn9a mRNA expression was not different
between genotypes (P> 0.05). (C) Senlb expression in Scn I b*8R87 versus Scn 1 b“87/“%% mouse brain. Relative expression of Scnlb in Scn | bR87/R8?
versus Scn [ b8“®? mouse somatosensory cortex, cerebellum, hippocampus and brainstem. Scn /b gene expression was significantly increased in
Sen1b®”®? cortex (P < 0.05) and cerebellum (P < 0.05) compared with Scnlb"8R8? however, there was no change in the hippocampus or
brainstem. Statistical significance was determined using Student’s t-test (P < 0.05). Data are represented as the mean + SEM. Scn | bR87/R8%: n = 35,

Scn 1b87“8%; n = 3-5. Male and female mice were used in all experiments.
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mice are more susceptible to hyperthermia-induced seizures than Scnlb?*'R? Jittermates at P15.

Behavioural seizures were observed and recorded by an investigator blinded to genotype. Seizures were induced as described in Methods. Kaplan—
Meier curves showing first observed seizure for all mice (female and male) (A), for female mice only (C), or for male mice only (E) in relation to
temperature. Survival curves to first observed seizure for all mice (B), for female mice only (D), or for male mice only (F) in relation to time. For
all panels: Scn 1 b"87R8% mouse data = black; Scn 1b“4”“® mouse data = purple. The numbers of mice used were: Scn b8R8 n = |5 (5 female and
10 male), Scn1b®7“®? n = |5 (9 female and 6 male). *P < 0.05 (Log-rank Mantel-Cox test).

Discussion

DEE:s such as DS are devastating to families because of the
high degree of neurodevelopmental compromise, including
developmental delay, cognitive decline and intellectual dis-
ability.’! Most concerning are the severe seizures and high
risk of SUDEP.’**3 While the majority of DS cases are linked
to variants in SCN1A that result in haploinsufficiency,’’ a
growing list of SCN1B biallelic variants is also linked to
DS or to the more severe early infantile DEE (both classified
as DEES2).°%5% Because SCN1B is expressed in all excitable
tissues, e.g. heart, in addition to brain, and because SCN1B
variants are linked to cardiac arrhythmias in addition to epi-
lepsy in human patients, we have proposed that the mechan-
ism of SUDEP in DEES52 includes cardiac arrhythmias in
addition to seizures.'**>>” Scn1b™'~ mice have a phenotype
that is more severe than DS, with early-onset seizures of mul-
tiple aetiologies, delayed maturation of inhibitory signalling

in brain, atrial and ventricular cardiac arrhythmias and
death in 100% of animals prior to weaning.?®>7-*¢-%%

A critical next step in our ability to make correct genetic
diagnoses and to discover novel treatments for DEES2 pa-
tients, including developing strategies for SUDEP preven-
tion, is to understand whether Scn1b™~ mice accurately
model human DEES2 and to determine if all SCN1B patho-
genic variants are LOF. Heterologous studies of DEES2 var-
iants expressed as mutant B1 subunit polypeptides have
provided important insights. For example, we showed that
the mutant B1-p.R125C protein is retained intracellularly
in heterologous cells, predicting LOF.” In contrast, the mu-
tant B1-p.R85C is expressed at the plasma membrane in
heterologous cells but does not modify Nav1.1-generated
Ing, suggesting partial, but not complete, LOF.* However,
while heterologous expression systems are valuable, they
cannot replicate native neurons, much less model complex
brain networks, with cell type-specific expression of an array
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mice have spontaneous generalized seizures. (A) Still photo from Video | showing a spontaneous generalized

seizure in a Sen1b“®”®? mouse. (B) EEG trace showing a generalized seizure in a Scn/b“4”“®? mouse displayed in a referential montage of L

parietal-Ref (top trace) and R parietal-Ref (bottom trace). (C) Average seizures per day in young adult (P60-90) Scn | b<4"“®? mice that were

exposed to hyperthermia at P15 (clear bar, n = 8) versus mice that had no pre-exposure (purple bar, n = 8) versus Scn I b*8”R8? mice (WT, black
symbols, n = 4). There was no significant difference between seizure frequency between hyperthermia exposure and non-pretreated groups (P =
0.80, unpaired t-test). (D) Average seizure duration in Scn/b®”“®? mice that were pre-exposed to hyperthermia at P15 (clear bar, n = 8) versus
mice that had no pre-exposure (purple bar, n = 8). There were no significant differences between groups (unpaired t-test). (E) Raster plot showing
time of seizure occurrence for young adult Scn I b“4”<8% (R89C) or Scn | b8R8 mice (WT) mice during the light (yellow) and dark (white) cycles
during the entirety of the recording period (8—14 days). Blue: Non-pretreated mice. Red: Mice that were pre-exposed to hyperthermia at P15.

Table | Seizure frequency in Scn1b“*¥“%? mice
separated by day/night cycle (06:00-18:00 and
18:00-06:00)

Time cycle Average SD t-test
06:00—18:00 0.45 0.65 0.0139*
light
18:00-6:00 0.82 1.07
dark
Values show average seizure frequency per day for Scnl b8 mice separated by time

group. Paired sample one-tailed t-test was performed to compare the time groups. SD,
standard deviation. *Significance defined as P < 0.05.

of ion channel subtypes, neurotransmitters and intracellular
signalling molecules. Importantly, heterologous systems
also do not provide information on neuro-cardiac mechan-
isms of SUDEP. Thus, the development and validation of
transgenic animal models of biallelic human DEES2 variants
is essential to our goal of identifying novel therapeutics for
SCN1B-linked DEE.

Here, we show that Scnl mice have normal body
weights and a premature mortality rate of ~20%, compared
with severely reduced body weight and 100% mortality in

bC89/C89

Scn1b™~ mice. Unlike Scz1b™~ mice, p1 subunit polypep-
tides are expressed in Scn1b“%”“%? mice and heterologous
expression studies predict cell surface localization. The pre-
dicted mutant B1 polypeptide, p1-p.R89C, modulates Iy,
density generated by Nav1.6 in heterologous cells but has
no significant effects on Iy, density generated by Nav1.1
or Nav1.5, suggesting VGSC o subunit selective effects in
vivo. We found that VGSC o subunit mRNA abundance is
differentially altered in Scn1b“5”“%% brains. While Scnla
mRNA abundance in somatosensory cortex is normal, levels
of Scn2a, Scn3a and ScnSa mRNA are increased relative
to Scn1bR3”R8? littermates, which may contribute to
hyperexcitability. Scn1b mRNA abundance is increased in
Scn1b“37C8? brains compared to Scn1bR¥”R8? littermates,
suggesting a compensatory mechanism in neurons to attempt
to overcome LOF effects. As expected, Scn1b“5”“%? pups
are more susceptible to hyperthermia-induced seizures than
Scn1bR3?R8? littermates. In addition, EEG recordings de-
tected epileptic discharges in young adult Scn1b<57¢%?
mice that coincided with convulsive seizures and myoclonic
jerks. Scn1b™"~ and Scn1b“3”"%? pups begin to exhibit con-
vulsive seizures at similar time points, ~P13.%® Because the
proband in our study experienced frequent early-life febrile
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seizures, we compared seizure onset, frequency and duration
in a subset of young adult Scn15“5”“5° mice that had been
exposed to hyperthermia at P15 versus a subset that were
not exposed; however, this treatment did not result in in-
creased frequency or duration of spontaneous seizures. For
hyperthermia-exposed and non-exposed young adult
Scn1b“37C%? mice, the spontaneous seizure pattern was di-
urnal, occurring with higher frequency during the dark cycle.
Taken together, our results suggest that the SCN1B-c.265C
>T variant does not result in complete SCN1B LOF.
Scn1b“*?’“*? mice more accurately model partial LOF
DEES2 variants than Scz1b~~ mice, which model complete
LOF variants. The combined results from these two models
will enhance our ability to identify novel therapeutics for
DEES2 patients.

Interestingly, we found Scz1b™~, but not Scnl
mouse somatosensory cortex to be haploinsufficient for
Scnla, with reduced Nav1.1 protein in whole brain. We pro-
pose that the absence of p1-ICD formation through the RIP
cascade?” results in dysregulation of Scnla expression in
Scn1b™ cortical neurons, with subsequent disruption of ex-
citatory:inhibitory balance. These data are consistent with
our previous report of reduced Iy, density and hypoexcit-
ability of parvalbumin-positive fast-spiking interneurons in
Scn1b™~ cortex.”” This observation may provide at least a
partial explanation for the increased severity of the Scn1b
null model via disrupted transcriptional regulation of an-
other VGSC gene implicated in DS, resulting in an effective
double-hit mutation.

The work presented here is the first report of a transgenic
mouse model of DEES52. Previous work from the Petrou
group characterized the variant SCN1B-p.C121W in trans-
genic mice®’; however, this variant is associated with genetic
epilepsy with febrile seizures plus (GEFS+) in monoallelic pa-
tients and has not yet been reported in a biallelic patient with
DEES52. We chose the SCN1B-¢.265C>T variant for the pre-
sent work because of its identification in three patients in two
unrelated DEES52 families. Development of this animal mod-
el will allow future studies of epilepsy mechanisms, cardiac
arrhythmia, cardiac myocyte excitability and neuro-cardiac
contributions to SUDEP. The variability in phenotypic sever-
ity between the identified probands suggests genetic back-
ground effects, which can be studied in the future by
crossing this novel mouse line to various background strains.
Importantly, this new work suggests that not all SCN1B
DEE variants result in complete LOF. While Scz16™"~ mice
remain a valuable model for complete LOF variants, this
new mouse model is an important new tool in understanding
how SCN1B partial LOF results in DEES2.
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Supplementary material is available at Brain Comumunications
online.
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