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A B S T R A C T

Dravet syndrome (DS) is an early onset refractory epilepsy typically caused by de novo heterozygous variants in
SCN1A encoding the α-subunit of the neuronal sodium channel Nav1.1. The syndrome is characterized by age-
related progression of seizures, cognitive decline and movement disorders. We hypothesized that the distinct
neurodevelopmental features in DS are caused by the disruption of molecular pathways in Nav1.1 hap-
loinsufficient cells resulting in perturbed neural differentiation and maturation. Here, we established DS-patient
and control induced pluripotent stem cell derived neural progenitor cells (iPSC NPC) and GABAergic inter-
neuronal (iPSC GABA) cells. The DS-patient iPSC GABA cells showed a shift in sodium current activation and a
perturbed response to induced oxidative stress. Transcriptome analysis revealed specific dysregulations of genes
for chromatin structure, mitotic progression, neural plasticity and excitability in DS-patient iPSC NPCs and DS-
patient iPSC GABA cells versus controls. The transcription factors FOXM1 and E2F1, positive regulators of the
disrupted pathways for histone modification and cell cycle regulation, were markedly up-regulated in DS-iPSC
GABA lines. Our study highlights transcriptional changes and disrupted pathways of chromatin remodeling in
Nav1.1 haploinsufficient GABAergic cells, providing a molecular framework that overlaps with that of neuro-
developmental disorders and other epilepsies.

1. Introduction

Dravet syndrome (DS) is a devastating type of epilepsy with an
unfavorable long-term outcome and pharmaco-resistance (Akiyama
et al., 2010; Brunklaus and Zuberi, 2014; Delahaye-Duriez et al., 2016;
Symonds et al., 2017). The onset of seizures, usually triggered by fever,
occurs within the first 12months of life. The symptoms progress with
age including increased seizure frequency, neurodevelopmental delay,
age-dependent movement disorders and behavioral problems (Catarino
et al., 2011; Dravet et al., 2005, 2011) suggesting pathophysiological
mechanisms that interfere with brain development. Approximately 80%
of Dravet cases are caused by heterozygous SCN1A gene variants re-
sulting in Nav1.1 haploinsufficiency (Bechi et al., 2012; Chopra and
Isom, 2014; Depienne et al., 2009; Harkin et al., 2007; Lorincz and
Nusser, 2010; Scheffer et al., 2009).

Important prior insights into DS neuropathogenesis have come from
studies of Scn1a heterozygous mouse models showing loss of sodium

current in GABAergic inhibitory interneurons (Yu et al., 2006) and
prolonged circadian rhythms (Kalume et al., 2015). In addition, several
groups have modeled DS using patient derived human induced plur-
ipotent stem cells (iPSC) to recapitulate disease mechanisms (Higurashi
et al., 2013; Jiao et al., 2013; Maeda et al., 2016; Schuster et al., 2015;
Sun et al., 2016). These studies have confirmed partial or delayed so-
dium currents of activated inhibitory but not excitatory neurons
(Higurashi et al., 2013; Jiao et al., 2013; Maeda et al., 2016), sup-
porting the notion that seizures in DS are caused by deficient cortical
inhibition (Sun et al., 2016). While it is clear that heterozygous SCN1A
variants cause a reduced sodium current density, the biological pro-
cesses and the molecular mechanisms behind the different neuro-
pathological features in DS are not fully understood. Furthermore, only
a few studies have analyzed the effect of SCN1A variants in iPSC de-
rivatives enriched for cortical GABAergic neurons, the cell type be-
lieved to mediate the abnormalities in DS (Catterall et al., 2010;
Higurashi et al., 2013; Jiao et al., 2013; Lorincz and Nusser, 2010;
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Fig. 1. DS-iPSC GABAergic cells with SCN1A variants exhibit impaired sodium current activation and stress response.
A, Schematic structure of SCN1A encoded voltage-gated sodium channel (Nav) 1.1 consisting of four transmembrane domains (D-I to D-IV) and an intracellular C-
terminal tail. The predicted Nav 1.1 protein alterations caused by pathogenic SCN1A variants in three patients with DS are indicated (DS1: p.P1837fs, purple, within
the intracellular tail region; DS4: p.A989P, green, located in the pore region of domain 2 segment 6 (D-II-6); DS5: p.T217R, blue, within the voltage sensor region of
domain 1 segment 4 (D-I-6)). B, Schematic outline of protocol used to differentiate iPSCs into neural cultures enriched for GABAergic cells. Neural markers stained
positive are indicated (NPC: Neural progenitor cells). C, Neural cultures at d65 are highly enriched for cells with a cortical interneuron identity. Immunostaining of
iPSC-GABA cells at d65 derived from subjects Ctl8 (healthy donor), DS1, DS4 and DS5, respectively, against β-III-tubulin (TUBB3), γ-butyric acid (GABA) and Nav1.1
counterstained with DAPI. Size bars: 20 μm. D, Action potentials (AP) evoked in response to step current injections in Ctl-iPSC GABA (control) and DS-iPSC GABA
cells containing each of the three SCN1A variants (DS1, DS4 and DS5), respectively. Representative and aberrant responses to step current injections are shown for
cells from each of the three DS-iPSC GABA cultures. The holding potential was −60mV and a 40 pA step current injection lasting 500ms was applied. E, DS-iPSC
GABA cells show a shift in sodium current activation. Current-voltage relationship for Ctl-iPSC GABA (black) and DS-iPSC GABA cells (DS1, purple; DS4, green; DS5,
blue). Representative currents are shown for individual DS-iPSC GABA cells and an average current for control cells (n=3). DS-iPSC GABA cells display a shift of
sodium current activation to more depolarized potentials as compared to the Ctl-iPSC GABA cells suggesting specific deficits in sodium currents (error bars represent
SEM; V, voltage (mV); I, current (mA); controls, black; DS1, purple; DS4, green; DS5, blue). F, Increased sensitivity to cellular stress in DS-iPSC GABA cells. Analysis
of intracellular reactive oxygen species (ROS) in iPSC GABA at d65 with (open symbols) or without (closed symbol) induction using hydrogen peroxide (H2O2).
Increased ROS levels are detected in DS-iPSC GABA cells (n=3) carrying pathogenic SCN1A variants after H2O2 induction (blue squares) when compared to Ctl-iPSC
GABA cells (n=3; grey circles; * p < .05; one-way ANOVA and Kruskal Wallis ad hoc test). (For interpretation of the references to colour in this figure legend, the
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Maeda et al., 2016; Yu et al., 2006).
Transcriptional signatures have uncovered critical molecular net-

works and disrupted functions in neurodevelopmental disease
(Katayama et al., 2016; Tebbenkamp et al., 2014). Given the extended
maturation of the human GABAergic system from late gestation into
postnatal stages (Xu et al., 2011), we therefore set out to decipher ab-
normalities in the gene expression profile in DS-patient iPSCs at two
different time points along neural differentiation into GABAergic cells.
Here, we generated DS patient iPSC neural progenitor cells (DS-iPSC
NPC) and DS patient iPSC GABAergic cells (DS-iPSC GABA) derived
from three patients with different SCN1A variants. Using RNA se-
quencing, we characterized the gene expression profiles of iPSC neural
lines derived from the DS patients and three healthy control subjects.
Moreover, we assessed electrophysiological properties and sensitivity to
cellular stress of DS-iPSC GABA cells versus control cells. Taken to-
gether, we demonstrate that DS-iPSC GABA cells with characteristic
electrophysiological abnormalities show increased sensitivity to in-
duced stress and dynamic dysregulations of specific molecular path-
ways and genes, providing a transcriptional framework relevant for the
complex neuropathophysiology of DS.

2. Materials and methods

2.1. Patient characteristics and sampling

We identified three patients (DS1, DS4 and DS5) with clinical fea-
tures of DS. The three patients had an onset of generalized febrile sei-
zures within the first ten months of life. Patient DS1 was diagnosed with
DS, severe developmental delay and ataxia. The patient carries a de
novo frameshift variant c.5502-5509dupGCTTGAAC
(p.Pro1837Argfs24) in the intracellular COOH-terminal domain of
Nav1.1. Patient DS4, diagnosed with DS and developmental delay,
carries a de novo pathogenic missense variant c.2965G>C
(p.Ala989Pro), located in the pore region of the second transmembrane
domain of the Nav1.1 protein (domain II, segment 6). Patient DS5 had a
less severe DS phenotype presenting with mild cognitive decline and
she had a history of both febrile and non-febrile seizures. The patient
carries a pathogenic missense variant c.651C>G (p.Thr217Arg; do-
main I segment 4, voltage sensor of Nav1.1) inherited from her mother
with FS+ (Fig. 1A; Supplementary Fig. S1A). Dermal fibroblast (HDF)
lines were established from skin punch biopsies obtained from each
patient (Rooney and Czepulkowski, 1992). All procedures were in ac-
cordance with the Helsinki convention and written informed consent
was obtained from all patients or their legal guardians. The study was
approved by the regional ethical committee of Uppsala, Sweden (D-
numbers 319/2009 and 209/2016).

2.2. Cell reprogramming and stem cell culture

Fibroblasts obtained from skin punch biopsies were maintained in
human foreskin fibroblast (HFF) medium [Dulbecco's modified Eagle's
medium (DMEM, high glucose; Sigma) supplemented with 10% fetal
bovine serum (FBS; Sigma), 2 mM L-glutamine, non-essential amino
acids, and penicillin/streptomycin (Life Technologies)] in a humidified
atmosphere with 5% CO2 at 37 °C. Fibroblasts from DS patients (n=3)
and healthy control subjects (n= 3) were reprogramed using the
Cytotune® iPS 2.0 kit (ThermoFisher Scientific) following manufac-
turer's protocols with minor modifications. Briefly, 25′000 fibroblasts
were plated per 1-well of a 24-well plate (Sarstedt) and kept in HFF
medium for additional two days and transduced by Sendai virus ex-
pressing the four factors OCT4, SOX2, KLF4 and c-MYC (CytoTune®-iPS
Sendai Reprogramming Kit, Gibco). On day 3 after transduction, cells
were plated into 2 wells of a Matrigel® (BD) coated 6-well plate in

TesR™-E7™ medium (Stem Cell Technologies). Medium was changed
daily until distinct iPSC colonies appeared (day 21–30; Supplementary
Fig. S1B). The iPSCs colonies were picked manually and transferred to
Vitronectin XF™ (VTN-N, Stem Cell Technologies) coated plates and
further expanded in Essential-8™ medium (ThermoFisher Scientific).
Three control iPSC lines (Ctl1, Ctl7 and Ctl8) were derived from healthy
subjects and have been described earlier (Sobol et al., 2015). All six
iPSC lines were maintained on Vitronectin coated cell culture ware in
Essential-E8™ medium (ThermoFisher Scientific) and passaged as
clumps with gentle cell dissociation reagent (GCDR; Stem Cell Tech-
nologies).

2.3. Sanger sequencing

The presence of heterozygous SCN1A variants were confirmed in
fibroblasts and iPSCs lines derived from DS patients by bidirectional
sequencing of PCR products using primers flanking each SCN1A variant
(Supplementary methods).

2.4. Cortical differentiation

Cortical differentiation of iPSC was carried out as described (Maroof
et al., 2013)Fig. 1B; Supplementary Fig. S2A). Two days before neural
induction, cells were harvested with GCDR and plated in Essential-E8™
medium supplemented with 10 μM Rho-kinase inhibitor Y27632 (Stem
Cell Technologies) to Matrigel® coated 6-well culture dish to yield>
80% confluence the next day. When cells reached 100% confluence,
neural differentiation was induced on iPSC (day 0) using dual SMAD
inhibition. Briefly, cells were washed with 1× DPBS and neural in-
duction medium (NIM; [DMEM-KO, 15% KnockOut Serum Replace-
ment, 1× GlutaMax, 1× non-essential amino acids, 1% penicillin/
streptomycin (all Invitrogen)]), supplemented with 2 μM tankyrase in-
hibitor XAV939 (Sigma), 100 nM ALK2/3 inhibitor LDN193189 (Mil-
tenyi Biotech) and 10 μM ALK4/5/7 inhibitor SB431542 (Millipore)
was added. Medium was changed on day (d) 1 and d2. On d4, medium
was replaced by NIM:NBN medium [Neurobasal medium, N2 (1:100),
B27 without Vitamin A (1:200), 1% penicillin/streptomycin (all In-
vitrogen)] in a ratio of 3:1, supplemented with inhibitors as in the in-
duction medium. Medium was changed on day 6 (NIM:NBN; 1:1) and
d8 (NIM:NBN; 1:3). On d10 of neural differentiation, cells were har-
vested with accutase® (Sigma), collected by centrifugation, washed in
DPBS, and subsequently spotted or plated at a density of
80–100,000 cells/cm2 onto poly-L-ornithine (PLO)/laminin (LMN; both
Sigma) coated plates or cover slips, respectively. From d10, cells were
patterned towards cortical fate using NBN medium supplemented with
5 nM recombinant mouse sonic hedgehog (SHH C25II; RnD Systems),
1 μM SHH agonist Purmorphamine (Miltenyi biotech), 10 ng/ml re-
combinant human brain derived neurotrophic factor (BDNF; Thermo-
Fisher Scientific), 200 μM ascorbic acid (Sigma) and 100 μM 2′-O-Di-
butyryladenosine 3′,5′-cyclic monophosphate (cAMP; Sigma). Medium
was changed on d13 and d16. On d19, cells obtained neuronal pro-
genitor cells (iPSC NPC) morphology and were plated onto PLO/LMN
coated coverslips/dishes in NBN medium supplemented with BDNF,
ascorbic acid and cAMP. For further differentiation, medium was
changed twice a week from this point onwards until cells were either
harvested, fixed with 4% PFA or analyzed at> d65 (iPSC GABA).

2.5. In vitro differentiation of embryoid bodies

Embryoid bodies (EBs) were formed in AggreWell™ EB formation
medium (Stem Cell Technology) using AggreWell™ 400 Plates (Stem
Cell Technologies) following manufacturer's protocol. Two days after
EB harvest, AggreWell™ EB formation medium was replaced by fresh

reader is referred to the web version of this article.)
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medium and two days later, an equal volume of KSR medium (DMEM
Knock-out, supplemented with 15% serum replacement, non-essential
amino acids, L-glutamine, penicillin/streptomycin (all ThermoFisher
Scientific)) was added. After two days, medium was changed and EBs
were cultured as floating spheres for a total of four weeks. EBs were
harvested for RNA isolation and total RNA was analyzed by scorecards
(ThermoFisher Scientific).

2.6. RNA isolation, quantitative real-time RT/PCR and RNA sequencing

Total RNA from iPSC, EBs, iPSC NPCs and iPSC GABA cells was
isolated using a miRNeasy micro kit (Qiagen) following manufacturer's
protocol. Quality of RNA was assessed using a RNA 6000 Nano Chip
and a Bioanalyzer (Agilent Technologies) and RNA samples with an
integrity number (RIN) above 7.7 were accepted for further analysis.
For quantitative real-time RT/PCR (qPCR), 1 μg RNA was reverse-
transcribed into cDNA using SuperScript VILO cDNA Synthesis Kit
(ThermoFisher Scientific). FastStart Universal SYBR Green Master mix
(Roche) was used for qPCR with relevant primers (Supplementary Table
S1). The PCR mix for a 25 μl reaction contained 12.5 μl FastStart
Universal SYBR Green Master Mix, 300 nM of forward and reverse
primer and 2.5 μl of template cDNA. StepOnePlus™ Real-Time PCR
System (Applied Biosystems) and Step one software v2.2.2 were em-
ployed and results were normalized to GAPDH. Paired-end RNA-se-
quencing libraries were prepared from 350 μg of total RNA using
TruSeq stranded total RNA library preparation kit with RiboZero Gold
treatment (Illumina) according to manufacturer's protocols. Sequencing
was performed on a HiSeq2500 (Illumina) with v4 sequencing chem-
istry on a total of 2 lanes at the SNP&SEQ platform, Science for Life
Laboratory, Uppsala, Sweden.

2.7. Characterization of iPSCs and EBs using TaqMan™ hPSC Scorecard™

Pluripotency and germ-layer formation were assessed in all six iPSC
lines and after differentiation into EBs. One μg of total RNA was con-
verted to cDNA using a High capacity cDNA Synthesis kit
(ThermoFisher Scientific), subsequently mixed with TaqMan™ Gene
Expression Master Mix, and loaded onto a TaqMan™ hPSC Scorecard™
(ThermoFisher Scientific) following manufacturer's protocols. The
scorecard was run on a 7900HT Real-Time PCR System (Applied
Biosystems), and data was analyzed using the web-based analysis in-
terface (www.thermofisher.com).

2.8. Immunofluorescence staining (IF)

Immunostaining was performed on cells fixed with ice-cold 4%
paraformaldehyde and subsequent permeabilization in blocking solu-
tion (1×phosphate-buffered saline pH 7.4, 1% bovine serum albumin,
0.1% Triton X-100, 5% donkey serum (all Sigma)). Primary antibodies
used for immunostaining were GABA (1:500, Sigma), Nav1.1 (1:40,
Abcam), β-III Tubulin (1:10,000, Sigma), NANOG (1:100, Millipore),
TRA-1-60 (1:100, Thermo), SSEA4 (1:100, Thermo). Primary antibodies
were allowed to bind overnight separately or in appropriate combina-
tions at 4 °C. After washing three times in 1× TBS, 0.05% Tween, the
secondary antibodies donkey anti-goat IgG AlexaFluor 633, donkey
anti-rabbit IgG AlexaFluor 568 or donkey anti-mouse IgG AlexaFluor
488 (1:1000; Invitrogen) were applied alone or in appropriate combi-
nations for 1.5 h at room temperature in the dark. Visualization was
performed on a Zeiss 510 confocal microscope (Carl Zeiss Microscopy)
using Zen imaging software, or an AxioImager (Zeiss), respectively.

2.9. Karyotyping

Chromosome preparation of iPSCs was performed as described
previously (Sobol et al., 2015). Metaphases of G-banded chromosomes
(> 400 bands) were analyzed using Metafer slide scanning platform

and IKAROS-software (MetaSystems). Twenty metaphases were ana-
lyzed for each cell line.

2.10. Analysis of ROS levels in iPSC derived GABAergic neuronal cells

Reactive oxygen species (ROS) levels in cultured neuronal cells were
analyzed using the OxiSelect™ Intracellular ROS Assay Kit (Cell Biolabs)
following manufacturer's protocol. Briefly, DS-iPSC GABA and Ctl-iPSC
GABA cells at d65 were loaded with 2′,7′-dichlorodihydrofluorescin
diacetate (DCFH-DA) for 1 h. The levels of reactive oxygen species
(ROS) were determined from the increase in fluorescence (excitation:
480 nm; emission: 530 nm) for 120min using a VarioScan LUX
(ThermoFisher Scientific) plate reader. A second set of cells was treated
with hydrogen peroxide immediately before fluorescence measurement.
Data was normalized to fluorescence at start of the experiment (t=0)
and plotted as relative fluorescence units using Prism® reflecting
change of intracellular ROS load over time.

2.11. Electrophysiological recordings of GABAergic neural cells

Whole-cell patch-clamp recordings were performed on DS-iPSC
GABA and Ctl-iPSC GABA cells from d65 at room temperature
(20–22 °C) with Axopatch 200B amplifier, filtered at 2 kHz, digitized
on-line at 10 kHz using an analogue-to-digital converter and pClamp
10.2 software (Molecular Devices, USA) as described (Jin et al., 2011).
Recording pipettes were made from borosilicate glass capillaries (Har-
vard Apparatus LTD, UK) with a resistance between 4 and 8MΩ when
filled with 3.2 μl of intracellular solution. The intracellular solution
contained 130mMK-Gluconate, 20mM KCl, 0.3mM NaGTP, 0.2 mM
EGTA, 4mM MgATP, 10mM HEPES, 10mM Na-phosphocreatine ad-
justed to pH 7.3 with KOH (all from Sigma-Aldrich), 285mOsm. The
extracellular solution contained 140mM NaCl, 5 mM KCl, 2 mM
CaCl2·2H2O, 2mM MgCl2·6H2O, 10mM HEPES and 10mM glucose
adjusted to pH 7.4 with NaOH (all from Sigma-Aldrich) at 301mOsm.
Recordings in current or voltage clamp modes were conducted to
measure action potentials and membrane currents, respectively. For
current-clamp recordings, the voltage response was evoked from a
holding potential of −60mV by applying current steps in 10 pA in-
crements, each for 500ms duration. For voltage-clamp recordings, cells
were clamped at −60mV and currents were evoked by voltage steps
ranging from −80 to +60mV in 10mV increments and the peak cur-
rent was measured.

2.12. Bioinformatic and statistical analysis

RNA sequencing reads were aligned to the ENSEMBL human re-
ference genome (Homo_sapiens.GRCh37.75) and gene counts were
generated using the STAR read aligner (Dobin et al., 2013). The
Number of expressed transcripts in each cell line was defined as all
transcripts with>1 count detected (count> 1). Analysis of the count
data to identify differentially expressed transcripts was performed using
the DESeq2 package (Love et al., 2014). We also used DESeq2 to per-
form a time-series experiment using the likelihood ratio test to see
whether the condition induces a change in gene expression during
differentiation. A Benjamini-Hochberg adjusted p-value (p-adjusted) cut
off of 0.05 was considered significant. To assess overall similarity be-
tween samples we calculate the Euclidean distance between samples
using DESeq2. The functional annotations of differentially expressed
genes (DEG) in DS cells compared to controls were identified using the
web based annotation tools found in EnrichR (http://amp.pharm.mssm.
edu/Enrichr/ (Wiki Pathways, ENCODE and ChEA Consensus TFs from
ChIP-X; (Kuleshov et al., 2016). EnrichR was also used to detect simi-
larities in expression patterns between our differentiated iPSCs and
different brain regions (Human Gene Atlas (http://biogps.org/#goto=
welcome) and Allen Brain Atlas (http://portal.brain-map.org/)).
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3. Results

3.1. DS-iPSC GABA cells show decreased sodium current density and
altered voltage dependence

Pluripotency of patient derived induced pluripotent stem cell (DS-
iPSC) clones carrying each of the heterozygous SCN1A variant was
confirmed according to established criteria (Supplementary Fig.
S1A–D). All DS-iPSC showed normal karyotypes from high-resolution
G-banding. The DS-iPSC and Ctl-iPSC lines were matched for similar
number of passages and then differentiated into neural progenitor cells
(iPSC NPC) and GABAergic inter-neuronal (iPSC GABA) cells (Fig. 1A;
Supplementary Fig. S2A). Immunostaining and quantitative real-time
RT-PCR of iPSC NPC and iPSC GABA lines revealed neuronal cultures
highly enriched for cells with a cortical interneuron identity (Maroof
et al., 2013); Fig. 1C; Supplementary Fig. S2B). Expression of SCN1A
and glutamate decarboxylase (GAD) was confirmed in neuronal cul-
tures from d19 of differentiation (Supplementary Fig. S2B) and im-
munostaining confirmed that approximately 80% of neuronal cells were
GABA-positive at d65 of differentiation in all cell lines (Fig. 1C).

Because SCN1A mutations reduce Nav1.1 channel function, we as-
sessed the electrophysiological properties in neuronal cells from d65.
We performed whole-cell patch-clamp recordings on cells with a mature
neuronal morphology (i.e. large and complex cell body, three or more
neurites). The resting membrane potential generally ranged between
−50mV and −70mV and the membrane capacitance was> 20 pF. In
iPSC GABA cells derived from both controls and DS patients, action
potentials were evoked in response to step current injections (Fig. 1D).
The maximal frequency of the action potentials was significantly de-
creased in DS-iPS GABA cells (3.7 ± 1.1 Hz; n=6) as compared to Ctl-
iPSC GABA cells (9.7 ± 1.7 Hz; n=7; p-value= .016, Student's t-test).
When the activating current stimulus was 40 pA, the action potential
frequency was 2.3 ± 0.3 Hz in DS (n=6) and 7.4 ± 2.1 Hz in control
cells (n=7; p-value= .0513, Student's t-test). We further observed a
shift of sodium current activation to more depolarized potentials in the
three DS-iPSC GABA lines as compared to the three Ctl-iPSC GABA lines

(Fig. 1E) suggesting SCN1A specific deficits in sodium currents. The
detected shift in the maximal action frequency in the DS-iPSC GABA
cells is in accord with the observed shift of the inward sodium current,
disclosing biophysical impairments that recapitulate electro-
physiological hallmarks of Nav1.1 haploinsufficient interneurons.

3.2. DS-iPSC GABA cells show impaired response to oxidative stress

Several lines of evidence suggest oxidative stress to be a con-
tributing factor in the pathophysiology of epilepsy (McElroy et al.,
2017). In DS, seizures may be triggered by fever or external stimuli and
we hypothesized that DS-iPSC GABA cells display increased sensitivity
to cellular stress. We therefore measured the intracellular levels of re-
active oxygen species (ROS) in d65 neuronal cell cultures enriched for
GABAergic neurons, with and without hydrogen peroxide induction.
Non-induced DS-iPSC GABA lines (n=3) and Ctl-iPSC GABA lines
(n=3) displayed comparable levels of ROS (Fig. 1F). However, after
adding hydrogen peroxide, the three DS-iPSC GABA lines exhibited a
marked increase in levels of ROS compared to the Ctl-iPSC GABA lines
(Fig. 1F; p-value < 0,05). This finding suggests impaired response to
induced stress in DS-iPSC GABA cells.

3.3. Ctl-iPSC GABA cells display transcriptional profiles similar to brain
regions relevant for Dravet syndrome

We assessed transcriptomes of DS-iPSC NPCs at d19 and of DS-iPSC
GABA at d65 of differentiation (n=3) and the corresponding cells from
healthy subjects (n=3) using strand sensitive RNA sequencing. We
obtained on average 32 million reads in each sample (ranging from
25.5 * 106 to 39.8 * 106 reads), and we identified on average 28′169 and
25′947 expressed transcripts (counts> 1) in the samples at d19 and
d65, respectively. The Euclidean distance between all samples (n=12)
was calculated from normalized expression data and samples clustered
according to differentiation time points (Fig. 2A). This suggested that
the overall transcriptome profiles of the iPSC NPCs and iPSC GABA are
related primarily to degree of differentiation and not to the SCN1A
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Fig. 2. Transcriptome profiles of iPSC neural derivatives show similarities to those from human brain regions relevant for DS.
A, Heatmap illustrating Euclidian distance of transcriptomes from neural lines with pathogenic SCN1A variants (DS1; DS5; DS5) and controls (Ctl1, Ctl7 and Ctl8) at
d19 (iPSC NPC; green) and d65 (iPSC GABA; red) of differentiation. Transcriptomes cluster according to stage of differentiation and not to the SCN1A genotype (blue
colour indicates similarities between samples, see scale bar). B, Schematic illustration of a section of human brain highlighting regions with transcriptome signatures
similar to those in Ctl-iPSC GABA cells (brown, prefrontal cortex; blue, hippocampus with dentate gyrus in dark blue). The regions are important for e.g. executive
functions, emotions, memory and cognition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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genotype.
Identification of relevant molecular perturbations in DS patient

neural cells requires a system that generates transcriptome profiles from
appropriate brain regions. To this end, we first assessed the composition
of transcriptomes in Ctl-iPSC GABA at d65 and we compared the 3′000
most highly expressed genes with those across different brain regions in
the Human Gene Atlas and the Allen Brain Atlas, respectively. Using
EnrichR, we identified a strong overlap with brain regions termed
“Prefrontal Cortex” and “Fetal Brain” (Human Gene Atlas) as well as
“Dentate gyrus” and “Superficial dorsofrontal area” (Allen Brain Atlas;
EnrichR combined score> 50; Fig. 2B). The prefrontal or dorsofrontal
areas are highly interconnected parts of the prefrontal cortex involved
in executive functions, memory and emotion (Lee and Worrell, 2012).
These regions are relevant for cognition and different types of epilepsies
(Lee and Worrell, 2012). The dentate gyrus is a structural part of the
hippocampus that contains a significant number of inhibitory inter-
neurons interconnected with other parts of the brain (Amaral et al.,
2007). Furthermore, the dentate gyrus is of importance for cognition
and the progression of ictal activity (Bui et al., 2018). These findings
demonstrated that the Ctl-iPSC GABA cells yielded a transcriptional
profile similar to that of brain regions relevant for DS.

3.4. Perturbed regulation of histone protein genes in differentiating neural
cells with SCN1A variants

We then analyzed the three neural Ctl-iPSC lines for temporal
changes in global transcriptomes between d19 (Ctl-iPSC NPC) and d65
(Ctl-iPSC GABA) of differentiation (Supplementary Fig. S3). Genes that
were up-regulated (n=1210) belonged to Wiki pathways for neuronal
cell maturation (e.g. synaptic transmission and ion transport), while
down-regulated genes (n=780) belonged to Wiki pathways that are
negatively associated with differentiation (e.g. cell cycle, DNA re-
plication and chromatin remodeling; Supplementary Table S2 and
Supplementary Table S3). This further supported that the iPSC GABA
cells from healthy subjects represent mature and post-mitotic
GABAergic neurons.

We hypothesized that Nav1.1 haploinsufficiency interferes with
gene expression and molecular pathways in a differentiation dependent
manner. We therefore performed a time course analysis on tran-
scriptome data obtained from the three DS-iPSC lines and the three Ctl-
iPSC lines between d19 and d65. We identified altogether 14 transcripts
that significantly changed expression in a condition-specific manner
over time in the DS-iPSC neural lines when compared to iPSC neural
lines from healthy subjects (adjusted p value < .05; Fig. 3A; Supple-
mentary Table S4). In Ctl-iPSC neural lines, the 14 differentially ex-
pressed genes (DEGs) became markedly down-regulated between d19
and d65 whereas in DS-iPSC neural lines the same genes retained or
increased their expression levels. Notably, 11 out of the 14 DEGs en-
code for histone proteins and another two DEGs, UHRF1 and BIRC5, are
important for histone ubiquitination (Kelly et al., 2010; Nishiyama
et al., 2013) (Supplementary Table S4). Pathway analysis confirmed
that these 13 DEGs belong to the Histone modification pathway (En-
richR and WikiPathway). The remaining DEG, CEP55, encodes a cen-
trosomal protein of importance for mitotic exit (Fabbro et al., 2005).

To corroborate our findings and to identify additional transcrip-
tional dysregulations in DS-iPSC neural cells with differentiation, we
compared transcriptome data from the three DS-iPSC lines and the
three Ctl-iPSC lines at either d19 or d65, respectively (Supplementary
Fig. S3). At d19 we identified 26 DEGs (Supplementary Table S5)
whereas at d65 of differentiation the number of DEGs increased to 171
DEGs (adjusted p-value < .05; Supplementary Table S6) of which 120
were expressed at a higher level in DS-iPSC GABA (Supplementary Fig.
S3; Supplementary Table S6). Notably, 103 out of the 120 DEGs with
higher expression in DS-iPSC at d65 belonged to a set of 780 genes that
became down-regulated with differentiation in Ctl-lines (Fig. 3B, Sup-
plementary Fig. S3; Supplementary Table S6). This indicates that the

103 genes, including the 14 DEGs identified from our time-course
analysis, show retained or increased level of expression in DS-iPSC
neural lines with differentiation as opposed to decreased expression in
Ctl-iPSC neural lines. The DEGs at d19 and d65, respectively, were then
investigated for clustering to biological functions. The analysis revealed
that the DEGs in DS-iPSC GABA at d65, but not in DS-iPSC NPC at d19,
were highly enriched in two pathways; Histone Modification (WP2369;
adjusted p-value= 1.8× 10–16) and Cell Cycle (WP179; adjusted p-
value= 2.1× 10–15; Fig. 3C; Supplementary Table S7).

The expression of histone genes is interconnected with cell cycle
regulation (Almeida et al., 2018) and tightly regulated by 24 defined
transcription factors (TFs; ENCODE and ChEA Consensus TFs from
ChIP-X). We therefore investigated the expression of these up-stream TF
genes in our data set and we found a marked up-regulation of FOXM1
(adjusted p-value= 3.7× 10−27) and E2F1 (adjusted p-
value= 1.5× 10−5) in all DS-iPSC GABA cells (Fig. 3C; Supplementary
Table S6). The two TFs are positive regulators of 44 out of the 103 up-
regulated genes belonging to the disrupted Histone Modification and
Cell Cycle pathways in DS-iPSC GABA (Supplementary Table S8). Fi-
nally, 51 genes among the 171 DEGs identified at d65 showed reduced
expression in DS-iPSC GABA cells when compared to control; and two
of these genes belong to the Glutathione metabolism pathway (WP100;
Supplementary Fig. S3; Supplementary Tables S6–S7). Taken together,
our findings disclose an increasing number of DEGs in DS-iPSC neural
cells with differentiation into GABAergic cells, predominantly because
of retained or increased expression levels. The DEGs are highly enriched
for genes encoding histones, histone modifiers and proteins important
for the cell cycle, suggesting global effects on the chromatin archi-
tecture with neural differentiation. Furthermore, we identified an up-
regulation of the genes encoding the two transcription factors FOXM1
and E2F1 as likely contributors to the perturbed pathways for histone
modification and cell cycle regulation (Fig. 3A–C; Supplementary Table
S7).

3.5. Co-dysregulation of genes for epilepsy and neural plasticity in DS-iPSC
neural cells

Besides the transcriptional alterations emerging with differentiation
in neural lines carrying SCN1A variants, we sought to investigate if any
genes were dysregulated in DS-iPSC at both d19 and d65 of differ-
entiation. We found ten genes with a sustained dysregulation in DS-
iPSC neural lines when compared to Ctl-iPSC neural lines (Fig. 3D–E).
The genes included one antisense transcript, five long non-coding RNA
(lncRNA) genes and four protein-coding genes (DPP6, GSTM1, LYNX1
and ZXDA; Fig. 3D–E). Notably, three out of the four dysregulated
protein coding genes have a strong connection to neuronal functions
relevant for DS. First, the DPP6 gene, encoding Dipeptidyl peptidase VI,
was markedly downregulated (log2 fold change −9.7). The protein is
important for excitability and synaptic long-term potentiation and has
previously been associated with neurodevelopmental delay (Maussion
et al., 2017) and impaired learning in mice (Lin et al., 2018). Second,
the GSTM1 gene, encoding Glutathione S-transferase of importance for
oxidative stress control (Liu and Tsai, 2002), was down-regulated
(log2fold change −6.4). GSTM1 gene variants have previously been
associated with seizures (Chbili et al., 2014). Finally, LYNX1, encoding
Ly6/neurotoxin, was strongly up-regulated (log2fold change 9.2). The
protein restricts plasticity of mature cortical networks (Morishita et al.,
2010). The four dysregulated lncRNAs and the antisense transcript have
not been studied in detail and the role for these particular transcripts in
neuronal function and neurodevelopment are yet unclear. Further stu-
dies are required to clarify the specific functions of these RNAs (Ayana
et al., 2017; Clark and Blackshaw, 2014; Koreman et al., 2018; Yao and
Jin, 2014). These results indicate a preserved co-dysregulation of a
small set of genes in both DS-iPSC NPCs and DS-iPSC GABA cells. Three
of these genes are previously associated with neurodevelopment, sei-
zures or neural plasticity, suggesting complex functional perturbations
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in Nav1.1 haploinsufficient iPSC neural derivatives that are relevant for
DS.

4. Discussion

In this study, we established iPSCs from skin fibroblasts of three DS
patients carrying distinct heterozygous SCN1A variants. The DS-iPSC
lines and three iPSC lines derived from healthy donors were subse-
quently differentiated into neural cell cultures highly enriched for
GABAergic neurons, the cell type primarily affected in DS. The sig-
nificance of our model for neurodevelopment in DS was assessed by
transcriptome analysis from GABAergic neuronal cultures showing a
global gene expression pattern similar to that of “Prefrontal Cortex”,
“Fetal Brain”, “Dentate gyrus” and “Superficial dorsofrontal area”,
brain regions that are relevant for clinical features in DS. Furthermore,
we detected electrophysiological abnormalities in the DS-iPSC GABA
lines carrying SCN1A variants consistent with a decreased sodium
current density and an impaired excitability of inhibitory interneurons,
previously reported in a DS mouse model (Tai et al., 2014). These
combined findings suggest that our neural iPSC lines are suitable for

exploration of neuropathophysiological mechanisms in DS.
We tested our DS model for response to oxidative stress with and

without hydrogen peroxide (H2O2) induction. The analysis revealed
increased ROS levels in our DS-iPSC GABA lines after H2O2 induction
when compared to Ctl-iPSC GABA cells. Elevated ROS levels and es-
calated oxidative stress have been reported in models of temporal lobe
epilepsy with memory deficits (TLE; (Pearson et al., 2015). Interest-
ingly, pharmacological removal of ROS attenuated the cognitive
symptoms. In DS, independent reports have documented cases with
SCN1A mutations showing atypical neurological sequelae following
status epilepticus (Okumura et al., 2012; Tang et al., 2011). Our study
shows that the Nav1.1 haploinsufficient iPSC GABA cells are more
vulnerable to induced stress and the increased ROS levels may suggest a
contributing mechanism to neuronal cell damage in DS.

We performed a comprehensive analysis of gene expression in iPSC
derived GABAergic lines from DS patients and healthy subjects that
brings novel aspects for further understanding of the molecular per-
turbations in Nav1.1 haploinsufficient interneurons. The transcriptome
profiles of differentiating, GABAergic and Nav1.1 haploinsufficient cells
uncovered an enrichment of dysregulated genes of importance for

Fig. 3. Dysregulation of genes for chromatin archi-
tecture, cell cycle and neuronal function in DS-iPSC
with SCN1A variants.
A, Time course experiment comparing tran-
scriptomes from iPSC NPC at d19 and iPSC GABA at
d65 of neural differentiation in SCN1A hap-
loinsufficient (DS; n=3) and control (Ctl) lines
(n=3). Fourteen genes show a distinct and condi-
tion specific decrease in expression in Ctl-iPSC lines
(red lines) whereas the SCN1A haploinsufficient
lines show retained or increased expression levels
(blue lines). Expression of genes (counts) is shown
relative that at d19 (HIST1H(n), Histone genes;
UHRF1, Ubiquitin like with PHD and Ring Finger
Domains 1; CEP55, Centrosomal Protein 55; BIRC5,
Baculoviral IAP Repeat Containing 5). B, Venn dia-
gram illustrating the number of genes that are down-
regulated during differentiation in Ctl-iPSC neural
cells (Ctl-iPSC NCP ➔ Ctl-iPSC GABA ‘decreased
expression’; blue circle, n=780) and the over-
lapping proportion (orange line; n=103) of genes
showing a relative increase in expression in neu-
ronal cells with pathogenic SCN1A variants (DS-
iPSC GABA ‘increased expression’; orange circle,
n=120). The majority of DEGs (n=103) in DS-
iPSC GABA lines at d65 show retained or increased
expression levels between d19 and d65. C, Diagram
showing the enrichment of pathways for Histone
modification and Cell Cycle (Wiki Pathways) after
analysis of the 103 DEGs with relative increase in
expression in DS-iPSC GABA cells. Both pathways
are regulated by the transcription factors FOXM1
and E2F1 having increased expression in DS-iPSC
GABA cells. The relative increase of expression of
the two TFs in DS-iPSC GABA cells is indicated
(−log2 adjusted p-value). D, Venn diagram illus-
trating 26 DEGs at d19 (orange circle) and 171 DEGs
at d65 (blue circle) when comparing transcriptomes
from DS-iPSC and Ctl-iPSC neural cell lines. Ten
genes (orange line) were differentially expressed in
DS-iPSC neural cells at both d19 and d65 of differ-
entiation. E, Boxed graph showing 10 DEGs that are
dysregulated at both d19 (orange bars) and d65
(blue bars) of differentiation in DS-iPSC lines vs. Ctl-
iPSC lines (log2 fold change). The DPP6 (Dipeptidyl
Peptidase Like 6), GSTM1 (Glutathione S-

Transferase Mu 1) and LYNX1 (Ly6/Neurotoxin 1) genes are previously associated with specific neuronal functions relevant for DS. (ZXDA, Zinc Finger X-Linked
Duplicated A; lincRNA genes: RP11-497H16.9, RP11-195E2.4, AC069277.2, AC090044.1; antisense RNA gene: FAM66D). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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chromatin assembly and cell cycle regulation. In addition, the study
identified three continuously co-dysregulated genes in DS-iPSC neural
cells previously associated with epilepsies, cognitive deficit and aber-
rant neuronal plasticity.

The co-dysregulation of the genes GSTM1 and DPP6, previously
associated with excitability, and at two differentiation time points in
our DS model, adds to prior findings of a shared gene regulatory net-
work in epilepsies (Delahaye-Duriez et al., 2016; Noebels, 2015). The
reduced expression of the epilepsy gene GSTM1, important for oxida-
tive stress control and ROS clearance that alleviate seizures (Liu and
Tsai, 2002), is also consistent with our observed increase in ROS levels
in stress induced DS-iPSC GABA cells. This finding supports an impaired
response to cellular stress in Nav1.1 haploinsufficient cells as a poten-
tially contributing factor in the pathophysiology of DS (McElroy et al.,
2017). Variants in the DPP6 gene have previously been associated with
neurodevelopmental delay (Maussion et al., 2017) and Dpp6 null mice
show impaired learning and memory (Lin et al., 2018). The marked
down-regulation of DPP6 in Nav1.1 haploinsufficient GABAergic cells
may thus suggest one link to the cognitive deficit in DS. We further
identified an up-regulation of LYNX1 encoding a protein that inhibits
nicotinic n-acetylcholine receptor activity (Miwa et al., 1999). The
LYNX1 protein restricts plasticity of mature cortical networks resulting
in disturbed neuronal connectivity and synaptic functions (Morishita
et al., 2010). The increased LYNX1 expression is thus compatible with
perturbation of neural circuitries in the developing brain mediated by
Nav1.1 haploinsufficient cells.

Unexpectedly, the transcriptome analysis revealed a marked and
dynamic dysregulation of pathways for histone modifications and cell
cycle regulation in the DS-iPSC neural lines. These two interconnected
pathways were altered in DS-iPSC GABA cells at d65, but not in DS-iPSC
NPC at d19 from our time course analysis. The expression of histone
protein genes was markedly increased in DS-iPSC neuronal lines as
opposed to down-regulation in control iPSC lines. Histones and histone
modifications are essential for cell proliferation and transcriptional
control as well as for the temporal dynamics of gene expression reg-
ulating neural cell fate specification, commitment and differentiation
(Gao et al., 2014; Lilja et al., 2013; Park et al., 2014). Furthermore,
chromatin remodeling is a prerequisite for the plasticity of neural
networks throughout development that is specific for brain regions and
age (Broccoli et al., 2015; Gao et al., 2014; Park et al., 2014). Since the
initial discovery of pathogenic variants in genes encoding chromatin
remodelers and chromatin components behind disrupted brain devel-
opment (Amir et al., 1999; Gibbons et al., 1995), an expanding number
of neurodevelopmental disorders are now associated with perturbations
of chromatin architecture and histone modifications (Kleefstra et al.,
2014; Larizza and Finelli, 2019). Increased histone protein levels and
altered histone stoichiometry have been shown to disturb histone de-
position and chromatin structure in dividing cells (Lacoste et al., 2014).
This provides a mechanistic model by which altered levels of histones
may contribute to perturbed neurogenesis in Nav1.1 haploinsufficient
cells.

Histone protein genes are transcribed in the S-phase and tightly
coordinated with DNA replication (Kurat et al., 2014). In addition to
the marked upregulation of histone protein genes in our study, we
found increased levels of CEP55, important for mitotic exit (Fabbro
et al., 2005), BIRC5, promoting chromosome segregation and pro-
liferation (Kelly et al., 2010), and UHRF1, important for G1/S transition
(Nishiyama et al., 2013). This observation indicates a disturbed cell
cycle progression in differentiating GABAergic cells carrying patho-
genic SCN1A variants. Interestingly, the dysregulation of pathways for
histone modifications and cell cycle regulation in differentiating neural
cells is accompanied by an up-regulation of the TF genes FOXM1 and
E2F1. Both TFs are positive regulators of the 14 “core” genes that are
strongly up-regulated between d19 and d65. FOXM1 targets critical
genes regulating the G2/M phases of the cell-cycle whereas E2F1
functions in the progression from G1 to S phase (Fischer et al., 2016).

The two TFs are seemingly complementary in targeting critical genes of
importance for cell cycle progression and their up-regulation is con-
sistent with the dysregulated pathways for histone modification and cell
cycle in our model of DS neurogenesis.

Although seizure is a predominant feature in DS, cognitive impair-
ment appears to develop independently (Brunklaus and Zuberi, 2014;
Gataullina and Dulac, 2017, 2018) and possibly related to distinct
Nav1.1 haploinsufficient cell populations that do not mediate ictal ac-
tivities. The human GABAergic system develops during the second half
of gestation into infancy (Xu et al., 2011) and forms numerous con-
nections with other neuronal subtypes in the cortex that are pivotal in
controlling neural circuitries of the central nervous system (Kepecs and
Fishell, 2014). In rodents, at least 20 different GABAergic inter-neu-
ronal subtypes are described with distinct morphology, connectivity
and biophysical properties (Kelsom and Lu, 2013). Furthermore, the
effects of GABAergic transmission vary with neuronal development
(Galanopoulou, 2007). Given the functional heterogeneity of GA-
BAergic interneurons, the different transcriptional changes disclosed in
our study may hypothetically, and possibly in combination, result in a
plethora of neurodevelopmental perturbations. While our model shows
extensive promise for further understanding of molecular mechanisms
behind perturbed neurogenesis in DS, the protocol to generate forebrain
neural cells and GABAergic interneurons in particular, may under-
estimate the molecular alterations in vivo because of the reduced het-
erogeneity in our cultured cell populations. Further investigations of
Nav1.1 haploinsufficiency in functionally distinct interneuronal cell
populations are now required to clarify the molecular background to
different neurological features associated with DS. More complex
models of human neural differentiation using e.g. 3D organoids, build
up by a mixture of cell types, followed by single cell transcriptome
analysis may add to our findings.

5. Conclusion

We established DS patient iPSC GABAergic cells with Nav1.1 hap-
loinsufficiency displaying characteristic electrophysiological abnorm-
alities and impaired response to induced cellular stress. Using tran-
scriptome analysis, we show that genes for chromatin components,
chromatin modifications and cell cycle regulators are markedly dysre-
gulated and emerge with differentiation from DS-iPSC NPC to DS-iPSC
GABAergic cells. Furthermore, we show that DS-iPSC neural cells ex-
hibit co-dysregulated genes of importance for neuronal plasticity, ex-
citability and connectivity. The combined findings highlight candidate
genes and processes for perturbed neurodevelopment in DS that overlap
with mechanisms behind neurodevelopmental disorders. The data
provide a framework to identify and test biological mechanisms un-
derlying the neuropathophysiology and the complex clinical features in
DS.

Supplementary data to this article can be found on-line.
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