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ABSTRACT: This study investigates the impact of sodium channel Con  SCN1AKO con ScN1A KO

protein type 1 subunit alpha (SCN1A) gene knockout (SCN1A KO) . ‘ ‘ Do D20 Do b0

on brain development and function using cerebral organoids coupled
found that SCN1A KO organoids exhibit decreased growth, aa0n ool

with a multiomics approach. From comprehensive omics analyses, we
dysregulated neurotransmitter levels, and altered lipidomic, proteomic, "

and transcriptomic profiles compared to controls under matrix-free &

differentiation conditions. Neurochemical analysis reveals reduced = o

levels of key neurotransmitters, and lipidomic analysis highlights §

changes in ether phospholipids and sphingomyelin. Furthermore, Peias

quantitative profiling of the SCN1A KO organoid proteome shows e

perturbations in cholesterol metabolism and sodium ion trans- © 20 4o 60 & 100 120

Culture days
portation, potentially affecting synaptic transmission. These findings ’

suggest dysregulation of cholesterol metabolism and sodium ion transport, with implications for synaptic transmission. Overall, these
insights shed light on the molecular mechanisms underlying SCN1A-associated disorders, such as Dravet syndrome, and offer
potential avenues for therapeutic intervention.

B INTRODUCTION providing insights into the interplay between genetic
predispositions and environmental influences in neurological
disorders.'”"" Notably, they have been instrumental in
recapitulating features of various epileptic conditions, enabling
the study of disease progression and the evaluation of potential
therapeutic stra‘cegies.lz_14

Moreover, cerebral organoids play a pivotal role in drug
discovery and personalized medicine initiatives, offering a
platform for testing therapeutic compounds in a human-
relevant context.'> As our understanding of cerebral organoids
advances, their significance in elucidating the complexities of
brain development and disease pathogenesis is poised to
expand, promising transformative impacts on both basic
neuroscience research and clinical applications.

While neurotransmitters have long been recognized for their
crucial role in neural communication and physiological

The sodium channel protein type 1 subunit alpha (SCN1A)
gene encodes the alpha subunit of the voltage-gated sodium
channel Navl.1, predominantly expressed in neurons within
the central nervous system." Mutations in SCNI1A are
associated with various conditions, including idiopathic
epilepsy and genetic epilepsy with febrile seizures, and are
particularly relevant to Dravet Syndrome.”” Mouse models
with SCNIA knockout exhibit significant disruptions in
GABAergic sodium currents,” leading to decreased neural
inhibition and heightened seizurogenic activity.’

Cerebral organoids represent a groundbreaking advance-
ment in neurobiology, offering a three-dimensional in vitro
model that faithfully recapitulates the structural and functional
complexities of the human brain.”” Derived from stem cells,
these self-organizing neural structures mimic aspects of
embryonic brain development, facilitating the exploration of

neuronal migration, synaptic connectivity, and regional differ- Received: May 29, 2024
entiation.” Additionally, cerebral organoids serve as valuable Revised:  August 29, 2024
tools for disease modeling, particularly in the realm of Accepted: September S, 2024

neurodevelopmental and neurodegenerative disorders.” A key Published: September 13, 2024

strength of cerebral organoids is their capability to mimic
human-specific aspects of brain development and pathology,
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Figure 1. Morphological differences between control (Con) and SCNIA KO (KO) cerebral organoids. (A) Diameter (from 24 individual
organoids for each group) (B) 120 days cultured control and SCN1A KO cerebral organoids (from S individual organoids for each group) SCN1A
protein expression with Western blot and (C) Stem cell and neuronal marker expression of Con vs KO cerebral organoids with
immunofluorescence imaging. Error bars represent the standard error of the mean of three independent experiments.

. 16—19 : . . .
regulation, their expression and alterations in recently

developed brain organoids remain relatively unexplored.
Previous studies utilizing targeted metabolomics, including
neurotransmitters and neurosteroids, have provided insights
into the dynamic changes occurring during cerebral organoid
differentiation.”” However, there remains a critical gap in
understanding, particularly regarding genetic mutations,
especially in the context of rare diseases such as SCNIA-
associated disorders.

Cerebral organoids, coupled with the multiomics approach,
offer an integrated approach to comprehensively analyze
molecular components within these structures.”’ This holistic
strategy enhances our ability to identify genetic and molecular
determinants underlying neurological disorders, paving the way
for tailored therapeutic interventions.”” This study investigates
the impact of SCNIA gene knockout (KO) on brain
development and function with a multiomics analysis approach
using cerebral organoids.

B RESULTS

Comparison of Growth and Maturation between
Control and SCN1A KO Cerebral Organoids. The
diameter of both control and SCN1A KO cerebral organoids
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was monitored during the culture period. Our data suggest that
the diameter of control and SCN1A KO cerebral organoids
started to differentiate after 60 days of culture (Figure 1A).
After 120 days of culture, the average diameter of control
cerebral organoids was about 61.9% larger than that of SCN1A
KO organoids (Figure 1A). Western blot data show that the
expression of SCN1A protein was not detected in SCN1A KO
cerebral organoids after 120 days of culture (Figure 1B).
Immunofluorescence images show that the expression levels of
the proliferating neuronal marker antigen K-67 and the
glutamate transport-associated protein Vesicular glutamate
transporter 1 (VGLUT1), antigen kiel 67 (K-67) were
noticeably increased in SCN1A KO cerebral organoids, while
the expression level of the GABA synthesis-related Glutamate
decarboxylase or glutamic acid decarboxylase 67 (GAD-67),
glial fibrillary acidic protein (GFAP) were distinctly decreased
compared to that of control cerebral organoids after 120 days
of culture (Figure 1C). No significant differences in the
expression level of SRY sex determining region Y-box 2
(SOX2), NeuN and special AT-rich sequence-binding protein
2 (SATB2) were detected in SCN1A KO cerebral organoids
compare to control.

https://doi.org/10.1021/acsomega.4c05039
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Figure 2. Quantitative analysis of neurotransmitter production by control (Con) and SCN1A KO (KO) cerebral organoids. (A) Heatmap of 18
neurotransmitter production levels. (B) ACHO (C) S-HT (D) DA (E) GABA and (F) GLU production levels from Con and KO cerebral
organoids. Error bars represent the standard error of the mean of three independent experiments.

Dysregulation of Neurotransmitters in Cerebral
Organoids. We conducted a quantitative analysis of 18
neurochemicals, encompassing 7 neurotransmitters along with
their precursors and metabolites. Figure 2A illustrates the
profile change of the S-categorized neurochemical system in
cerebral organoids. The entire data set is standardized using Z-
scores, with red indicating relative increases and green
indicating relative decreases. Overall, the SCN1A KO cerebral
organoids exhibited a significantly decreased profile in the
overall neurochemical levels compared to the control cerebral
organoids. Specifically, significant changes were observed in
the cholinergic, serotonergic, kynurenergic, and dopaminergic
systems. While the control cerebral organoids showed a
significant increase in profile at each developmental stage, the
SCNI1A KO cerebral organoids, in contrast, displayed limited
changes across developmental stages (Figure 2A—D). How-
ever, GABAergic neurotransmitters such as GABA and GLU
exhibited abnormal increases in SCN1A KO cerebral organoids
(Figure 2E,F).

Lipidomic Profiling of Temporal and SCN2A KO-
Dependent Alterations. In the present study, we employed
partial least-squares-discriminant analysis (PLS-DA) and
volcano plot analyses to investigate the lipidomic alterations
consequent to the knockout of the SCN1A gene at two distinct
time points: Day 0 and Day 120. In the top part of Figure 1A,
there are PLS-DA plots revealing the separation between
control and SCN1A KO cerebral organoids for Day 0 (top-
left) and Day 120 (top-right). These plots highlight the
differential clustering of lipid species, signifying a distinct
lipidomic profile attributed to the absence of SCNI1A gene
function. The volcano plots in the lower part of Figure 3A
encapsulate the statistical significance against the magnitude of
alteration in lipid species between the control and SCN1A KO
cerebral organoids for both Day 0 (bottom-left) and Day 120
(bottom-right). The red and blue points represent significantly
upregulated and downregulated lipid species, respectively,
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demonstrating a substantial shift in the lipidome upon the
knockout of SCN1A. Changes in identified lipid species are
presented as log2 fold change (Log2 FC) values, comparing
data from the two time points: Day 0 and Day 120 (Figure
3B). Notably, lipid species such as ether phospholipids (e.g.,
PC-O 35:1, 35:0, 33:1, and LPC O-19:1, 19:0, 17:0), SM 11:0,
and DGCC 18:0 exhibited pronounced alterations in SCN1A
KO cerebral organoids following Day 120, underscoring the
impact of SCN1A gene knockout on the lipid metabolic
pathway.

In our investigation of the lipidomic results of SCN1A gene
knockout, we conducted a comprehensive analysis. Figure 3C
shows a heatmap of the identified lipid species, which displays
the comparative lipid profiles between the control and SCN1A
KO cerebral organoids at two different cultivation periods: Day
0 and Day 120. Figure 3D illustrates the log2 fold change
(Log2 FC) plot of the identified lipid species, quantifying the
magnitude of expression changes between the control and
SCNI1A KO cerebral organoids at the two time points. Similar
to the findings presented in Figure 3B, various ether
phospholipids and SM 11:0 showed pronounced upregulation
in the SCN1A KO cerebral organoids after 120 days, a pattern
that is mirrored in the visualized heatmap.

In our quantitative analysis of neurosteroid changes due to
SCNIA gene knockout, Figure 3E illustrates the log2 fold
change (Log2 FC) in neurosteroid levels between baseline
(Day 0) and an extended period (Day 120) postknockout. The
targeted lipidomics assessment was conducted to accurately
measure the concentrations of key neurosteroids, including
pregnenolone, progesterone, 200—OH progesterone, cortisol,
11-desoxycortisol, and 21-desoxycortisol. Neurosteroids 11-
desoxycortisol and 21-desoxycortisol exhibited substantial
upregulation in the SCN1A KO cerebral organoids compared
to the control cerebral organoids over the 120-day period. In
contrast, pregnenolone and progesterone, along with other
metabolites, displayed more modest fluctuations in their levels.

https://doi.org/10.1021/acsomega.4c05039
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Figure 3. Lipidomics profiling and differential analysis in control (Con) and SCN1A KO (KO) cerebral organoids at Day 0 and after 120 days. (A)
Showcases the multivariate and univariate analysis at two time points: PLS-DA plots of day 0 (top-left) and day 120 (top-right) post-SCN1A gene
knockout. (B) Log2 fold change (FC) of identified lipid species, comprising day 120 and day 0 for both Con and KO cerebral organoids. (C)
Heatmap of the relative abundance of identified lipid species in control and SCN1A gene knockout cerebral organoids at the start (Day 0) and after
120 days (D120) of cultivation. (D) Log2 fold changes of the sample lipid species between the KO and Con cerebral organoids as DO and D120.
(E) Log2 fold change of neurosteroids detected by targeted analysis from Con and KO cerebral organoids at two time points, 0 day and 120 days.

Quantitative Total RNA Sequencing Analysis of
Control and SCN1A KO Cerebral Organoids. Total RNA
sequencing analysis was conducted for 120 days cultured
control and SCN1A KO cerebral organoids (Figure 4A).
Among the 30,694 genes detected, the expression level of 1644
genes was increased while the expression level of 1053 was
decreased (>2-fold with p-value <0.05) in SCN1A KO cerebral
organoids compare to control organoids (Figure 4B,C). Gene
Ontology (GO) enrichment analysis suggests that genes
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related to signaling receptor activity, molecular transducer
activity, signal receptor binding activity, cell periphery, and
biological regulation were increased in SCN1A KO cerebral
organoids compared to those of the control (Figure 4D—F).
Quantitative Proteomic Analysis of Control and
SCN1A KO Cerebral Organoids. To explore the differences
in protein expression levels between control and SCN1A KO
cerebral organoids, we performed quantitative proteomic
analysis of SCN1A KO and control cerebral organoids (days

https://doi.org/10.1021/acsomega.4c05039
ACS Omega 2024, 9, 39804—-39816
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Figure 4. Total RNA sequencing analysis of control (Con) vs SCN1A KO (KO) cerebral organoids. (A) Heatmap, (B) volcano plot, and (C)
smear plot of differentially expressed genes (DEGs). Panels (D), (E), and (F) depict gene set enrichment analysis for biological process, molecular

function, and cellular component, respectively.

0 and 120) using isobaric tags for relative and absolute
quantitation (iTRAQ) coupled with online 2D-nLC-MS/MS.
As a result, a total of 5870 proteins, each with at least two
peptides and three iTRAQ values, were commonly quantified
in both SCNIA KO and control organoids (Supporting
Information Tables S1 and S2). Applying a cutoff threshold of
a 2-fold change and adjusted p-value <0.0S, we identified 14
proteins that were differentially expressed in SCN1A KO
organoids compared to controls at day O (Figure SA and
Supporting Information Table S1). Functional enrichment
analysis using both Gene Ontology (GO) biological process
and reactome pathway analysis revealed that downregulated
proteins (ACLY, HMGCR, HMGCS1, and FASN) were
involved in cholesterol and fatty acid biosynthetic processes
(Figure 5B).

Unlike the minimal change in expression levels of differential
proteins between control and SCN1A KO organoids at day 0, a
total of 286 proteins exhibited significant changes at day 120,
with 192/94 proteins up-/downregulated in SCN1A KO
organoids compared to controls (Figure SA and Supporting
Information Table S2). Through hierarchical clustering
analysis, we categorized the 286 differentially expressed
proteins at day 120 into four main clusters based on their
expression patterns (Figure SC and Supporting Information
Table S3). In Cluster 1 (62 proteins), the expression levels
increased from day 0 to day 120 in controls but showed no
significant changes (less than 15%) in SCN1A KO organoids,
even from day O to day 120 (Figure SD). Functional
enrichment analysis using GO and Reactome pathways
revealed that proteins in Cluster 1 were implicated in
cholesterol homeostasis, lipid catabolic processes, extracellular
matrix organization, and integrin cell surface interactions

(Figure SE).
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Cluster 2 contained 27 proteins that showed a slight increase
in expression levels from day 0 to day 120 in controls but a
slight decrease in SCN1A KO cerebral organoids, with no
significant pathway enrichment (less than 17% change).
Regarding Cluster 3 (33 proteins), the expression levels
increased approximately 2-fold from day 0 to 120 in controls,
whereas it showed approximately a 5-fold increase in SCNI1A
KO cerebral organoids. Additionally, proteins involved in
Cluster 4 (150 proteins) were upregulated in both control
(approximately 1.5-fold) and SCN1A KO (approximately 2.5-
fold) from day O to 120. From this in silico proteomic analysis,
we found that Clusters 3 and 4 are mainly enriched in proteins
associated with the neuronal system, transmission across
chemical synapses, regulation of trans-synaptic signaling,
synapse organization, salt-dependent response, and sodium
ion transport. Relative expression levels of representative
sodium ion transporters (SCN2A and SLC1A3) and neuronal
proteins (SYN1 and STXBP1) in Clusters 3 and 4 are shown
in Figure SF.

Our global overview suggests that SCN1A KO specifically
induces an increase in synaptic vesicle genes/proteins (SYP,
SYN1, etc.), clathrin-mediated endocytosis-related genes/
proteins, as well as genes/proteins related to the synaptic

vesicle cycle (Figure 6).

B DISCUSSION

In this study, our aim was to comprehend the distinctions in
brain neurochemistry between the control and SCN1A KO
cerebral organoids. Several studies have proposed that a
thorough quantitative grasp of the broad neurochemical profile
reflects alterations in potential behavioral patterns observed in
16-18 - . . )
humans. The utilization of brain organoids provides
diverse advantages as it mimics actual human brain tissue. We

https://doi.org/10.1021/acsomega.4c05039
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Figure S. Quantitative proteomic analysis of control (Con) and SCN1A KO (KO) cerebral organoids. (A) Volcano plots displaying log2 fold
change (KO/Con) against the —logl0 (adjusted p-value) at day O (left) and day 120 (right). Red dots represent upregulated proteins, and blue
dots represent downregulated proteins. (B) GO annotation and reactome pathway enrichment of downregulated proteins in KO compared with
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three independent experiments.

performed quantitative metabolic profiling of various neuro-
chemical systems, including histaminergic, cholinergic, dop-
aminergic, serotonergic/kynurenergic, and GABAergic, to
deepen our understanding of brain neurochemistry in
SCN1A KO cerebral organoids. Various neurochemical
profiles were dysregulated in SCN1A KO cerebral organoids.

39809

More specifically, the SCN1A KO cerebral organoids
demonstrated a depletion of ACHO, S-HT, and DA—key
neurotransmitters with crucial roles in the central nervous
system associated with learning and memory, sedation, and

117

23,24 o . S . .
motor control."”**** This suggests neurological impairment in

the SCN1A KO cerebral organoids, particularly concerning
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neurochemical synthesis during brain development. ACHO, a
neurotransmitter, is synthesized from CHO through the action
of the metabolic enzyme choline acetyltransferase (ChAT) and
is associated with diverse neurological disorders. In
Alzheimer’s disease, ACHO plays a pivotal role in cognitive
function and memory. The pathology of Alzheimer’s disease
involves a significant reduction in ACHO levels in the brain,
leading to impaired neurotransmission and cognitive de-
cline.'** Moreover, 5-HT is produced from the amino acid
TRYP by Tryptophan dehydroxylase (TPH) and amino acid
decarboxylase (AADC) in brain tissue, playing a regulatory
role in mood and sleep patterns. Insufficient 5-HT levels have
been associated with depressive manifestations, including
feelings of sadness and reduced interest, while disruptions in
S-HT function are implicated in sleep disorders such as
insomnia.”® Additionally, decreased $-HT levels have been
observed in chemically or genetically induced epileptic seizure
models, attributed to the depletion of serotonin’s sedating
effect.””** Serotonin also prevents seizure behavior, indicating
a molecular linkage between 5-HT and epilepsy. GABA is
derived from the amino acid GLU through the action of the
enzyme glutamate decarboxylase (GDC) in neurons. However,
the current study observed a notable increase in both GABA
and GLU levels in the SCNIA KO cerebral organoids,
indicating significant abnormal changes in synaptic plasticity.
These alterations suggest potential abnormalities in neural
activity within the nervous system, implying potential
repercussions on neurological function.” In a recent study, it
was demonstrated that mouse models with SCN1A KO and
SCN1B KO mutations, which are associated with Dravet
Syndrome, exhibit immature GABAergic signaling, potentially
contributing to epileptogenesis.”’ Additionally, SCN1A KO
mice exhibited periodic generalized clonic and bilateral
forelimb convulsive seizures with a specific loss of sodium
current in GABAergic interneurons in the hippocampus of
SCNIA + and SCN1A KO mice.”!

These outcomes could contribute to the worsening of
seizures, status epilepticus, and Sudden Unexpected Deaths in
Epilepsy (SUDEP) in Dravet syndrome patients. However, the

physiological relationship between neurotransmitter levels,
including ACHO, S-HT, GABA, and GLU, and the
epileptogenic potential in humans remains unclear. We
acknowledge that the results of neurotransmitter analysis in
brain organoids do not claim to perfectly replicate actual
human neurochemistry. Nevertheless, integrating neurochem-
ical analysis results from brain organoids with various omics
data will offer a synergistic insight, aiding in the anticipation of
potential changes in actual humans. Therefore, we further
analyzed a multiomics approach to gain a better understanding
of the disease status of SCN1A KO through lipidomic,
proteomic, and transcriptomic approaches.

Lipids play an essential and multifaceted role in brain
function and structure. They are not only major components
of the cellular membranes that encase neurons and glial cells
but also serve as signaling molecules, energy homeostasis, and
modulators of protein function.>””** Disruption of lipid
homeostasis can lead to altered membrane properties, impaired
energy metabolism, dysfunctional signaling pathways, and
neurogenic disorders.”>*® Our nontargeted lipidomic results
reveal dynamic alterations in lipid profiles that may support the
neurological manifestations of Dravet syndrome. At baseline
(Day 0), our control and SCN1A KO cerebral organoids
showed distinct lipidomic profiles, indicating that even in the
absence of overt phenotypic expression, molecular differences
are already present. Notably, levels of specific ether
phospholipids in the knockout model were increased. Ether
phospholipids also play vital roles in neuropsychiatric
disorders’ brain function, pathology, and protection from
oxidative stress.””** In most previous studies addressing brain
diseases, it has been reported that the deficiency of ether
phospholipids, such as plasmalogen, contributes to the
induction of these diseases due to increased oxidative
stress.””*”*” While a limited number of studies have reported
an increase in plasmalogen levels in the brain, our results
suggest that this elevation might represent a negative feedback
response to increased oxidative stress or could be due to
overproduction associated with peroxisome dysfunction. A
significant increase in the levels of SM 11:0, a lipid species of
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sphingomyelin, was observed in the present study. Sphingo-
myelin is related to neuronal excitability. Sphingomyelin
present in the plasma membrane can be cleaved by neutral
sphingomyelinases (nSMase), generating ceramides and
sphingosine-1-phosphate (S1P), which are known to contrib-
ute to neuronal excitability.' This neural excitability can lead
to recurrent epileptic seizures.*” Although the activity of
nSMase was not measured in our study, the elevated levels of
sphingomyelin observed in the KO cerebral organoids at 120
days suggest the possibility of its hydrolysis, potentially
contributing to increased neuronal excitability. Neurosteroids
are brain-synthesized steroids that modulate brain activity by
enhancing inhibitory neurotransmission and relaxing excitatory
responses, playing a key role in maintaining neural function
and offering potential therapeutic targets for various neuro-
logical disorders disorders.*”** In the SCN1A KO cerebral
organoids at 120 days, there was a trend of increased levels of
pregnenolone and its metabolite, progesterone, and 20a-OH
progesterone, though these levels were lower compared to the
control cerebral organoids at the same time point. This pattern
suggests an upregulating of the corresponding biosynthetic
pathway or a downregulation of their further metabolism. The
diminished levels of pregnenolone and its metabolites observed
in the 120-day SCN1A KO cerebral organoids might be
associated with the brain’s neuroprotective response to
epileptic activity, given that pregnenolone and its metabolites
have demonstrated anticonvulsant effect.*>*® Conversely, the
stress-related corticosteroids, cortisol and its precursors, 11-
desoxycortisol, and 21-desoxycortisol, were also elevated,
reflecting a possible chronic stress response in the 120-day
SCNIA KO cerebral organoids.”” This pattern of hormonal
changes is consistent with reports showing increased seizure
frequency due to stress responses.”

In the quantitative proteomic analysis of control and SCN1A
KO organoids, we observed dysregulation of proteins
associated with cholesterol metabolism in SCN1A KO cerebral
organoids. Compared with control cerebral organoids, the
expression levels of proteins (ACLY, HMGCR, HMGCS], and
FASN) that play an important role in cholesterol/fatty acid
synthesis were decreased in SCN1A KO at day 0. Additionally,
proteins (APOA1l, APOA4, APOB, MTTP, and EPHX2)
involved in cholesterol homeostasis were upregulated in
control but not in SCN1A KO during neuronal differentiation
of organoids. Cholesterol is a major component of cellular
membranes and a precursor molecule of steroid hormones,
playing essential roles in neuronal physiology.** Therefore, the
impairment of cholesterol metabolism may contribute to
neuronal dysfunction in SCN1A KO cerebral organoids. Our
proteomic study also revealed an upregulation of various
sodium ion transporters (SCN2A, ATP1A3, ATP1BI,
SLC9A6, SLC8A1, SLC3A1, SLC1A3, SLC6A17, and
SLC23A2) in SCNI1A KO organoids compared with control
at day 120. Notably, in addition to the neuronal voltage-gated
sodium channel NaV1.2 (SCN2A), the excitatory amino acid
transporter 1 (SLC1A3) was upregulated in SCN1A KO
organoids at day 120. SLC1A3 is a glutamate transporter that
uptakes glutamate released from the synaptic cleft, which is
crucial in the termination of synaptic transmission at excitatory
synapses. Therefore, upregulation of SLC1A3 could potentially
affect abnormal synaptic transmission in SCN1A KO cerebral
organoids. Furthermore, our study demonstrated the upregu-
lation of numerous neuronal proteins, including synaptic
proteins SYN1 and STXBPI1, in SCN1A KO organoids

compared with control at day 120. Taken together, these
proteomic findings suggest that the disruption of SCN1A may
lead to the dysregulation of proteins involved in sodium ion
transport and neuronal functions, resulting in neural
abnormalities.

In the Transcriptome/Proteome analysis, we focused on
genes/proteins with a P-value less than 0.05. (For the
Transcriptome, we used the FC and p-value obtained from
the Lead count values provided by Macrogen for the analysis.)
As a result, only 334 genes/proteins were analyzed in both the
Transcriptome and Proteome, which was fewer than expected
(Figure S1). Additionally, when we plotted the Fold change
values on a graph, it showed an R value of 0.049, indicating no
correlation between the data.

Of note, we used cerebral organoids derived from
unmodified IMR90-4 as a control when comparing multiomics
profiles with SCN1A KO IMR90-4 derived cerebral organoids.
Previous studies have shown that nonspecific effects of
molecular alterations or cellular stress can be induced during
transfection with CRISPR-Cas9.*”" Therefore, it is important
to set proper controls and carefully examine the effects of
genetic modification during the CRISPR-Cas9 knockout
procedure, as it may influence the studied system.

In summary, we conducted a systematic comparison of
control vs SCN1A KO cerebral organoids using a multiomics
analysis approach. Our data reveal differences in neuro-
transmitter, neurosteroid/lipid, RNA, and protein expression
in SCN1A KO cerebral organoids compared to control. These
findings may contribute to our understanding of Dravet
syndrome and aid in future treatment development.

B METHODS

Generation of SCN1A KO-Induced Pluripotent Stem
Cell Lines. Induced pluripotent stem cells (iPSCs) derived
from IMR90-4 cells {iPS(IMR90)-4, obtained from WiCell,
Madison, WI} were subjected to SCN1A KO using the
CRISPR-Cas9 system by Toolgen, Inc. (Seoul, Korea). The
following gRNA sequences were used for SCN1A knockout:
S’-CAAACAGTGCTTGTACCACC-3' (5’ gRNA) and §'-
TCGTCGTCATCTTTTTTGTCTGG-3' (3’ gRNA). The
gene knockout protocol employed the NEON system for
electroporation of a DNA mixture containing two pX330
plasmids encoding Cas9 and gRNA. Electroporation was
conducted following the manufacturer’s instructions. In brief, 3
mL of the electrolytic buffer was inserted into the Neon pipet
station. Plasmid DNA/siRNA with cells in a microcentrifuge
tube was loaded, and the electroporation process was started.
Enzymes were used to generate cohesive ends (sticky ends) on
the DNA coding for the selection marker. The transfected cells
were then cultured under antibiotic selection for 5 days.
Following selection, cells maintaining morphology under the
highest antibiotic concentration were reseeded and cultured for
8 days in the presence of multiple antibiotics. Sanger
sequencing results of SCN1A KO iPSCs can be found in
Supporting Information sequence trail files.

Cerebral Organoid Culture. Cerebral organoids were
grown and developed over a span exceeding 120 days followin
a previously established protocol with minor adjustments.””>
Control (iPS(IMR90)-4) and SCN1A KO iPS(IMR90)-4 were
initially seeded onto a 6-well cell culture plate (Corning,
Corning, NY) precoated with matrigel (Corning) diluted 120
times in Dulbecco’s modified Eagle medium/nutrient mixture
F-12 (DMEM/F-12, Invitrogen, Carlsbad, CA). Starting from
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day 0, the iPS(IMR90)-4 cells were cultured in mTeSR1
medium (Stem cell technologies, Vancouver, Canada)
supplemented with 1 uM Y-27632 (Tocris, Bristol, UK).
Subsequently, the medium was replaced daily with Y-27632-
free mTeSR1 from day 1 onward. To initiate the formation of
cerebral organoids, 2 X 10* iPS(IMR90)-4 cells were seeded
into each well of a U-bottom ultralow-attachment 96-well plate
(Corning) in neural induction media. This media comprised
DMEM/F-12 supplemented with 1% glutanax, 1% minimum
essential medium-non essential amino acids (MEM-NEAA),
15% knockout serum, 0.1 nM f-mercaptoethanol, 100 nM
LDN-193189 (Sigma-Aldrich, St. Louis, MO), 10 uM
SB431542 (Sigma-Aldrich), and 2 uM XAV939 (Sigma-
Aldrich). The cells were then cultured for 10 days, with
media changes performed every other day. Following the initial
static culture period, the cerebral organoids were transferred to
ultralow-attachment 6-well plates (Corning) for further
development in neural differentiation media. This media
consisted of a mixture of DMEM/F12 and neurobasal media
(Corning) supplemented with N2 and B27 supplements
(without vitamin A, Thermo Fisher Scientific, Waltham,
MA), 1% MEM-NEAA (Thermo Fisher Scientific), 1%
GlutaMAX (Thermo Fisher Scientific), and human insulin
solution (Thermo Fisher Scientific). The cells were cultured
for an additional 8 days with orbital shaking at 80 rpm/min.
For the subsequent neural maturation phase of the cerebral
organoids, the media was switched to neural differentiation
media containing B27 supplement with vitamin A, brain-
derived neurotrophic factor (BDNF), cyclic adenosine mono-
phosphate (cAMP), and ascorbic acid, with media changes
performed every 4 days starting from day 18.
Immunohistochemistry. Cerebral organoids underwent a
washing step with 500 yL of Dulbecco’s phosphate-buffered
saline (DPBS, Thermo Fisher Scientific). Subsequently, the
organoids were fixed overnight by incubating them with 4%
paraformaldehyde (PFA, Sigma—Aldrich). After fixation, the
organoids underwent two washes with DPBS and were then
sequentially immersed in 10, 20, and 30% sucrose solutions to
enhance their density for easier sectioning. Cryoblocks of the
organoids were formed using an optimal cutting temperature
(OCT, Sakura Finetech USA, Inc., Torrance, CA) compound.
These cryoblocks were frozen both prior to and after
embedding in OCT to ensure uniform freezing of the
organoids. The cryosections were then washed with DPBS to
eliminate excess OCT and were blocked in a solution
containing 1% bovine serum albumin (BSA, Sigma—Aldrich)
and 0.1% Triton X-100 diluted in DPBS for 1 h at room
temperature. This blocking step aimed to minimize nonspecific
binding of primary antibodies. Following blocking, the sections
were incubated overnight at 4 °C with primary antibodies,
diluted in a solution containing 1% BSA and 0.1% Triton X-
100. The primary antibodies used for immunofluorescence
labeling included SOX2 (Abcam, Cambridge, UK), Ki67 (Cell
Signaling Technology, CST, Danvers, MA), GFAP (CST),
NeuN (CST), SCN1A (CST), GAD67 (CST), SATB2 (CST),
and VGLUT1 (CST). After incubation with primary antibod-
ies, any unbound antibodies were washed away using DPBS,
and the cryosections were then incubated with secondary
antibodies (Goat anti-Rabbit, Goat anti-Mouse, Thermo Fisher
Scientific) containing 2% normal goat serum (NGS) and 0.1%
Triton X-100 for 1 h. These secondary antibodies were
conjugated to Alexa Fluor dyes (488, 594) to enhance signal
detection. Finally, nuclei were stained with 4',6-diamidino-2-

phenylindole (DAPI, Thermo Fisher Scientific, Inc.) to
visualize them under fluorescence microscopy.

Neurotransmitter Analysis. The quantitative analysis of
18 neurochemicals, including histamine (HIS), histamine
(HA) in histaminergic systems, acetylcholine (ACHO),
choline (CHO), betaine (BET) in the cholinergic system,
tryptophan (TRYP), serotonin (5-HT), S-hydroxyindole acetic
acid (5-HIAA), kynurenine (KYN), 3-hydroxy kynurenine (3-
HK) in serotonergic/kynurenergic systems, phenylalanine
(PHE), tyrosine (TYR), dopamine (DA), octopamine (OA),
norepinephrine (NE) in the dopaminergic system, and y-
aminobutyric acid (GABA), glutamate (GLU), and glutamine
(GLN) in the GABAergic system, was performed using
ultraperformance liquid chromatography (UPLC) coupled
with a Xevo TQ-S triple quadrupole mass spectrometer
(MS). The analysis followed a previously documented
method.”” Cerebral organoids underwent several procedures,
including three washes with 0.1 M phosphate-buffered saline
(pH 7.4), addition to distilled water with 1% formic acid (FA),
homogenization via a probe-type sonicator, and centrifugation
at 15,000 rpm for 20 min at 4 °C. The protein concentration
(ug/pL) in each supernatant was measured using a BCA
protein assay (Thermo Scientific) to normalize the concen-
tration of the 18 neurotransmitters, determined through LC—
MS/MS analysis. The final concentration of neurotransmitters
was either converted to a log2 scale for comparison of fold
change or standardized by Z-score, representing the number of
standard deviations a data point is from the mean. The formula
for calculating the Z-score is

X —
Z-score = M

c

where X is the raw data (neurotransmitter concentration/
protein concentration), y/u is the mean of the data set, and ¢/
o is the standard deviation of the data set. The resulting
supernatant underwent extraction by mixing with an equal
volume of methanol containing 1% FA and an isotope-labeled
internal standard, followed by vortexing and centrifugation at
15,000 rpm for 10 min at 4 °C. The clear supernatant obtained
was transferred to LC vials for subsequent analysis. The
concentrations of the 18 neurotransmitters were normalized
based on the protein content of the organoid homogenate,
determined through LC—MS/MS analysis. Three biological
replicates were prepared for each condition.

Metabolic Profiling. For metabolic profiling in cerebral
organoid, UPLC-Q-TOF-MS analysis was performed using
Waters ACQUITY UPLC system (Waters Corporation,
Milford, MA) coupled to a Waters Xevo Q-TOF mass
spectrometry (Waters corporation) with both electrospray
ionization (ESI) positive (ESI+) and negative (ESI-) modes.
Sample preparation for metabolites extraction from cerebral
organoids was carried out with modification based on
previously published protocol.>” Briefly, medium was removed
by Kimtech science wiper. Metabolite extraction was
performed by ice-cold methanol. Methanol was added in
sample tube followed it was sonicated for 10 min. Then the
sample was incubated for 1 h at room temperature. After
vortex mixing it is centrifuged at 13,500 rpm for 10 min.
Supernatant was separated from sample pellet then transferred
another tube and evaporated under nitrogen gas. The extracts
were reconstituted in 200 uL of 10% methanol. The sample
was transferred into LC vial for UPLC-Q-TOF-MS analysis.
Three biological replicates were prepared for each condition.
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Metabolic Profiling Data Processing and Identifica-
tion. The acquired spectral data files of both ESI positive and
negative (.raw Waters) were converted to. ABF format using
Reifycs Analysis Base File Converter (Reifycs Inc., Tokyo,
Japan) using default settings and then processed using MS-
DIAL software version 5.1.2.'° Feature detection, spectra
deconvolution, lipid identification, and peak alignment among
samples were conducted using MS-DIAL software. MS/MS
spectra-based lipid identification was performed in MS-DIAL
software by searching the acquired MS/MS spectra against the
internal in silico MS/MS spectra database. The resulting three-
dimensional data comprised of peak number (RT — m/z pair),
and ion intensity. The data matrixes of samples with detected
features and corresponding three-dimensional value (RT, m/z,
and intensity) were produced and imported to Metaboanalyst
5.0 (http://www.metaboanalyst.ca/) for multivariate data
analysis.

Multivariate Metabolic Profiling Data Analysis. The
data matrixes were rearranged by data format of Metaboana-
lyst, and saved with. CSV file. The metabolite data were
normalized by median normalization, were log transformed,
and were auto scaled before multivariate analysis. To evaluate
the normality of the data set, the Kolmogorov—Smirnov (K—
S) test was applied for all metabolite features (the null
hypothesis is that the distribution does not deviate from a
normal distribution; P < 0.05 indicate a deviation from
normality). Given the large size data set, the Shapiro-Wilk test
was not appropriate, so we selected the K—S test instead. The
results demonstrated that the data did not follow a normal
distribution (P < 0.05). Therefore, we used the Mann—
Whitney U test to analyze the non-normal data, as it is a
suitable nonparametric test for comparing differences between
two independent groups. The Mann—Whitney U test results
confirmed statistically significant differences between the
groups (P < 0.05). These statistical analyses were carried out
using the “scipy” library in the PyCharm Community Edition
(ver. 2023.2.3) environment. Principal component analysis
(PCA), partial least-squares-discriminant analysis (PLS-DA),
one-way analysis of variance (ANOVA) and production of
volcano plot were performed by Metaboanalyst algorithm. The
PLS-DA model was evaluated by cross-validation text using
parameters R* and Q> To compare each metabolite feature,
one-way ANOVA was also performed. Significantly changed
metabolites were identified with a threshold of variable
importance in the projection (VIP > 1) from the PLS-DA
analysis, 2-fold change and p-value controlled the false
discovery rate (FDR < 0.05).

Total RNA Sequencing. The Quant-IT RiboGreen assay
(Invitrogen, #R11490) was employed to determine the total
RNA concentration. Subsequently, the integrity of the total
RNA was evaluated by analyzing the samples on the
TapeStation RNA screentape (Agilent Technologies, Wald-
bronn, Germany). RNA isolation from each sample was carried
out, and sequencing libraries were constructed using the
SMARTer Universal Low Input RNA Kit for Sequencing,
adhering to the manufacturer’s protocol. Following rRNA
depletion, first-strand cDNA synthesis was initiated with the
SMART N6 CDS Primer, utilizing the SMARTer II An
Oligonucleotide for template switching at the 5’ end of the
transcript. The selectively bound first-strand ¢cDNA was
separated from contaminants through magnetic separation
with SPRI beads. The beads, carrying the purified cDNA, were
directly employed for PCR amplification, using the Advantage

2 Polymerase Mix for long-distance PCR. The PCR-amplified
cDNA underwent purification via immobilization on AMPure
XP beads, followed by washing with 80% ethanol, and elution
with elution buffer. Before generating the final library for
Ilumina sequencing, the amplified cDNA underwent digestion
with Rsal to eliminate the SMART adapter. The resulting
cDNA fragments underwent end repair, addition of a single ’A’
base, and ligation of the indexing adapters. The products were
then subjected to purification and enrichment through PCR to
form the ultimate cDNA library. Quantification of the libraries
was carried out using qPCR following the gPCR Quantifica-
tion Protocol Guide (KAPA Library Quantification kits for
Illumina Sequencing platforms), and their quality was assessed
using the Agilent Technologies 4200 TapeStation. Indexed
libraries were subsequently sequenced on the NovaSeq
platform (Illumina, San Diego, CA) by Macrogen Incorporated
(Seoul, Korea). Three biological replicates were prepared for
each condition.

Process of mRNA Sequencing. The raw reads obtained
from the sequencer underwent preprocessing to eliminate low-
quality sequences and adapter contaminants. Subsequently, the
processed reads were aligned to the Homo sapiens (GRCh37)
reference genome using HISAT v2.1.0. HISAT utilizes both
global whole-genome indexes and numerous small local
indexes, constructed using the efficient Burrows—Wheeler
transform (BWT) and graph FM index (GFM) similar to
Bowtie2. This approach enables HISAT to achieve spliced
alignments significantly faster than Bowtie and BWA. The
reference genome sequence and annotation data for Homo
sapiens (GRCh37) were acquired from NCBI Following
alignment, StringTie v2.1.3b was employed to assemble the
aligned reads into transcripts and estimate their abundance.
This provided relative abundance estimates in terms of read
count values for transcripts and genes expressed in each
sample. Library preparation utilized the SMARTer universal
low RNA library (Ribo-Zero) kit, and paired-end sequencing
reads of 101 base pairs generated from Illumina instruments
were assessed for sequence quality using FastQC (version
0.11.7). Prior to analysis, Trimmomatic (version 0.38) was
employed to remove adapter sequences and bases with a base
quality lower than 3 from the end reads. Additionally, using the
sliding window trim method, bases not meeting the criteria of
window size = 4 and mean quality = 15 were trimmed.
Subsequently, reads shorter than 36 base pairs were filtered out
to produce clean data for downstream analysis.

Sample Preparation for Proteomic Analysis. The
preparation of cerebral organoids for proteomic analysis
followed previously described procedures.”” In brief, organoid
pellets were resuspended in lysis buffer [75 mM NaCl, 8 M
urea, SO mM Tris-HCI (pH 8.0), and protease inhibitors] and
homogenized using an ultrasonic homogenizer (Omni, Kenne-
saw, GA). The remaining cell debris was removed by
centrifugation at 14,000g for 15 min at 4 °C, and the resulting
supernatant was collected for further analysis. The protein
concentration of each sample was assessed by a bicinchoninic
acid (BCA) assay. An equal amount of protein (50 pg) from
each sample was reduced with 10 mM dithiothreitol (DTT)
for 2 h at 37 °C and alkylated with 20 mM iodoacetamide
(IAA) for 30 min at room temperature, followed by quenching
with 20 mM L-cysteine. The samples were diluted to a final
concentration of 1 M urea using 50 mM ammonium
bicarbonate buffer and further subjected to digestion with
trypsin (enzyme to protein ratio of 1:50) at 37 °C for 18 h.
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The resulting peptides were desalted using an OASIS HLB
cartridge (Waters Corporation, Milford, MA), and dried in a
vacuum concentrator (HyperVAC-LITE, Gyrozen, Rep. of
Korea). The tryptic peptides were labeled using 8-plex iTRAQ
reagents (AB Sciex) in accordance with the manufacturer’s
instructions. After desalting with an OASIS HLB cartridge, the
labeled peptides were subjected to two-dimensional nanoflow
liquid chromatography-tandem mass spectrometry (2D-nLC-
MS/MS) analysis. Three biological replicates were prepared
for each condition, and each biological replicate was analyzed
by 2D-nLC-MS/MS with triplicate runs.

Online 2D-nLC-MS/MS Analysis. The online 2D-nLC-
MS/MS was carried out by coupling Agilent 1290 infinity
capillary LC system (Agilent Technologies, Santa Clara, CA)
with Q-Exactive Hybrid-Quadrupole-Orbitrap MS (Thermo
Fisher Scientific, Inc.). The iTRAQ:-labeled peptides were
loaded onto a biphasic trap column (40 mm in length, 200-ym
LD) packed with S mm of reverse-phase (RP) C18 resin (S
um-200 A), followed by 15 mm of SCX resin (5 ym-200 A).
The trapped peptides were eluted from the SCX resin to the
next RP resin of a biphasic trap column using 12-step gradients
of increasing salt concentration (18, 20, 22, 24, 26, 28, 30, 35,
50, 80, 100, and 1000 ammonium bicarbonate) and
subsequently separated on an RP column (150 cm in length,
75 um 1.D) packed with C18 resin (3 yum-100 A) at a flow rate
200 nL/min for 120 min. The MS operated in a data-
dependent mode. Full-scan MS data were collected in a scan
range of 300 to 1800 m/z with a resolution of 70,000, an
automatic gain control target value of 3 X 10% and dynamic
exclusion duration of 30 s. The 12 most abundant precursor
ions were selected for MS/MS fragmentation. MS/MS spectra
were acquired at a resolution of 35,000 with a starting mass of
100 m/z. The normalized collision energy was set to 27%.

Proteomic Data Analysis. All MS raw data files were
analyzed using MaxQuant software (version 1.6.6.0) with the
Andromeda search engine against a database of UniProt Homo
sapiens database (release version of Mar 2021 containing
78,120 entries).”* The search type was set to “Reporter ion
MS2” with 8-plex iTRAQ for isobaric label quantification.
Trypsin was selected as the enzyme, allowing for maximum of
two missed cleavages. The mass tolerance for precursor ions
was 4.5 ppm and for the fragment ions was 20 ppm. The 1%
false discovery rate (FDR) was applied at both the protein and
peptide levels. Carbamidomethylation of cysteine was set as a
fixed modification, methionine oxidation and N-terminal
acetylation were chosen as variable modifications. Data were
filtered for potential contaminants, reverse hits, and proteins
only identified by site. Only proteins identified by at least two
unique peptides were used for further analysis. Statistical
analyses were performed using the Perseus software (version
1.6.14.0).>> The iTRAQ ratios were log, transformed and
subsequently normalized by median subtraction. Proteins
quantified in at least three out of nine replicates were
considered for the analysis. Student’s t test and multiple-
sample test (one-way ANOVA) were used to determine
significance. All P-values were adjusted for multiple hypothesis
testing using the Benjamini—Hochberg correction. Hierarch-
ical clustering was also performed using the Perseus software.
Functional annotation of Gene Ontology (GO) and enrich-
ment of reactome pathway were conducted in R (version
4.3.1) using the Bioconductor (version 3.17).

Statistical Analysis. Statistical analysis was performed
using GraphPad Prism 9 software (GraphPad Software, San
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Diego, CA) and Origin 8.5 (OriginLab Corporation, North-
ampton, MA). The values are expressed as the mean =+
standard error of means (SEM). The statistical significance was
determined by Student’s t test for independent samples or one-
way ANOVA with Tukey’s multiple comparisons. Statistical
significance was considered at P < 0.05, ™P < 0.01, ¥p <
0.001.
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