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Abstract

Developmental and epileptic encephalopathy (DEE) represents a group of neurode-
velopmental disorders characterized by infantile-onset intractable seizures and un-
favorable prognosis of psychomotor development. To date, hundreds of genes have
been linked to the onset of DEE. GNAO! is a DEE-associated gene encoding the
alpha-O1 subunit of guanine nucleotide-binding protein (Go). Despite the increas-
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1 | INTRODUCTION
Epileptic encephalopathy represents a heterogeneous group
of epileptic syndromes in childhood characterized by intrac-
table seizures and developmental delay.]’2 Among the various
forms of epileptic encephalopathy, children with infantile-on-
set seizures are known to follow the most severe course in the
seizure control and developmental outcome. This group of
patients is therefore defined as having “developmental epi-
leptic encephalopathy (DEE)”. Based on the time of onset
and types of seizure, DEE is further classified into early-in-
fantile epileptic encephalopathy (also known as Ohtahara
syndrome),® early myoclonic encephalopathy,” migrating
partial seizures in infancy,6 and other subgroups.3 Recent
studies have suggested that epilepsy and developmental
outcomes are two related neurological phenotypes resulting
from various genetic backgrounds.7

Exome sequencing provides evidence that individuals with
DEE carry rare de novo variations in genes that organize neu-
ronal differentiation and synaptogenesis.7 To date, hundreds
of genes have been identified to be associated with DEE.*®
Among them, GNAO! is one of recently identified genes,9 and
the number of reported cases with DEE due to de novo GNAO!
mutations is increasing.'®'* Patients with GNAOI mutations
show a variety of epileptic and non-epileptic phenotypes, in-
cluding severe developmental delay, hypotonia, and involuntary
movements."> Affected children thus received the diagnosis of
early infantile epileptic encephalopathy-17 (OMIM #615473),
neurodevelopmental disorder with involuntary movements
(OMIM #617493), or alternatively designated as an autosomal
dominant disorder, “GNAQO]-associated encephalopathy”. 1

GNAOI! encodes an alpha subunit of heterotrimeric GTP-
binding protein (designated hereafter as Ga), one of the most
abundant proteins in mammalian brains.'® The GTP-bound
form of Gag activates its functionally associated molecules,
such as phospholipase C and calcium channels. Thus, activated
signals downstream from Go, regulate neuronal excitability
and ﬁring.”’18 Postnatal mice lacking Go show epileptiform
discharges, spontaneous seizures, and motor impairments from
an early age.lg’zo These data clearly indicate that Ga, performs
essential functions in the postnatal brain; however, whether

anomalous brain organoids that only weakly expressed SPTAN1 and Ankyrin-G.
Furthermore, GNAOI-deficient organoids failed to conduct synchronized firing to
adjacent neurons. These data indicate that Gog and other DEE-associated proteins

organize the cytoskeletal remodeling and functional polarity of neurons in the devel-

cytoskeleton, developmental and epileptic encephalopathy, G protein subunit alpha O1 (GNAOI),
organoid, spectrin alpha, non-erythrocytic 1 (SPTANI)

Go organizes molecular pathways cooperatively with other
DEE-associated proteins in the developing brain is unclear.

In the present study, we report that Gag physically in-
teracts with spectrin alpha 1 (SPTANI), another DEE-
associated protein.zl'23 Using the neuronal differentiation
system in vitro from induced pluripotent stem cells (iPSCs),
we demonstrate that GNAO! performs a novel function in
cytoskeletal remodeling in neurons. Our experimental data
indicate that the functional loss of GNAO/ impairs neural po-
larity and connectivity in the developing brain.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

All experimental methods were carried out in stringent
compliance with the institutional guidelines and protocols
approved by the Institutional Review Board at Kyushu
University (23-53, 28-88, 29-393, and 678-01). Informed
consent was obtained from the healthy donors of blood cells,
the parents of patients, and the parents of donor children for
mesenchymal stem cells in deciduous teeth, prior to the ac-
quisition of human samples. For animal experiments, specific
protocols were approved by the Institutional Animal Care
and Use Committee (A29-254-1).

2.2 | Animals

Wild-type (WT) C57BL/6 J mice were maintained in a spe-
cific-pathogen-free environment. The animals had ad libitum
access to food and water at all times, and the temperature was
maintained at 25°C with a 12-hour light-dark cycle.

2.3 | Quantitative real-time PCR

Total RNA was extracted with an RNeasy Mini
Kit (Qiagen Inc, Germantown, MD, USA) for sam-
ples.”* Complementary DNA was synthesized using a
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High-Capacity RNA to ¢cDNA Kit (Life Technologies,
Carlsbad, CA, USA) according to the manufacturer's pro-
tocol. Assays were carried out using the SYBR Green
system (Thermo Fisher Scientific, Waltham, MA, USA).
The delta-delta cycle threshold algorithm was applied for
the quantitative measurement of the mRNA expression.
Human or murine homolog of actin beta (ACTB) was used
as an internal control. Sequences of oligonucleotide prim-
ers are provided in Extended data (Table S1).

2.4 | Immunofluorescence study

Cultured cells were fixed with 4% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS, pH 7.4) for 15 minutes
and permeabilized with 0.1% Triton X-100 for 10 minutes.”
Animals were deeply anesthetized and perfused with 4% PFA
in ice-cold PBS. The brain was dissected and immediately
immersed in 4% PFA overnight. The fixed brain was then
cryo-protected with 20% and 30% sucrose-containing PBS at
4°C for 24 hours each and then frozen in optimal cutting tem-
perature (OCT) compound (Sakura Finetek, Tokyo, Japan).
Fixed samples were serially cut into 40-pm-thick slices.
Samples were then blocked with Block Ace (KAC Co. Ltd.,
Kyoto, Japan) and incubated overnight at 4°C with primary
antibodies. Alexa 488, 555, and 647 (Life Technologies)
were used as the secondary antibodies. The fluorescence
dye of 4’,6-diamidino-2-phenylindole (DAPI) was used for
nuclear staining. The signal intensity of an immunolabeled
protein in the region of interest (ROI) was measured for a
quantitative analysis using the NIS-elements AR software
program (Nikon Corporation, Tokyo, Japan).

2.5 | Co-immunoprecipitation

Neuro2a cells stably expressing GFP or Gog-GFP fu-
sion proteins (Figure S1) were grown on 10-cm dishes.
Logarithmically proliferating, 1-2 X 108 cells were collected
on ice with lysis buffer (150 mM NaCl, 2 mM EDTA, 20 mM
Tris-HCI [pH 7.5], and 1% Triton X-100) supplemented with
protease inhibitor cocktail (Roche Diagnostics, Rotkreuz,
Switzerland). Whole-cell lysates were adjusted to 15-20 mg/
mL total protein, and the total volume was set to 1 mL with
1% bovine hemoglobin (Sigma-Aldrich, St. Louis, MO,
USA)-containing lysis buffer. Pre-cleaning of the lysates
was carried out with 1% hemoglobin-coated protein A- or
protein G-agarose beads on a rotating machine for 1 hour at
4°C. After recovering the supernatants of precleaned lysates,
GFP or Ga,-GFP protein complex was immunoprecipitated
with 50 pL slurry of anti-GFP monoclonal antibody (JL-
8) magnetic beads (MBL Co. Ltd., Nagoya, Japan) at 4°C
overnight. Whole amounts of bead-captured proteins were

= 16603
FASE‘BJOURNALJ—

extracted with 20 pL Laemmli sampling buffer containing
2-mercaptoethanol (1%). Boiled samples were subjected
to sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE; 4%-15% Mini-PROTEAN TGX Gels;
BioRad Laboratories, Hercules, CA, USA). Protein bands
were detected with Coomassie Brilliant Blue (CBB) staining.
Extracts from the wild-type mouse brain were used for Co-IP
as previously described.? Briefly, cortical hemispheres were
dissected from 6-week-old male mice. The homogenates
were freshly prepared from dissected brains in the same lysis
buffer as described above. Supernatants after the 14 000-rpm
centrifugation twice were defined as the brain extract. Brain
extracts containing 4 mg of total protein were adjusted to
500 pL with lysis buffer, and subjected to the immunopre-
cipitation with 5 pg mouse anti-SPTAN1 antibody (Clone
D8B7, Abcam ab11755) or the pre-immune isotype of mouse
IgG2b (ab18469). After immunoprecipitation (rotor incuba-
tion at 4°C for 2 hours) and extensive washing for four times,
eluted proteins were analyzed with western blotting.

2.6 | Western blotting

The standard protocol was followed, as previously de-
scribed.” After SDS-PAGE, separated proteins were trans-
ferred to a PVDF membrane (Trans-Blot Turbo Transfer
Pack; BioRad). The blotted membranes were incubated at
4°C overnight in 5% milk, PBS-T buffer (0.1% Triton-X
and PBS, pH 7.4) and primary antibodies. Horseradish per-
oxidase (HRP)-linked anti-mouse or anti-rabbit light-chain-
specific secondary antibodies (211-032-171, 115-035-174;
Jackson ImmunoResearch, West Grove, PA, USA) were
used to detect chemiluminescence signals (Clarity ECL
substrate, BioRad; and ImmunoStar LD, FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan). Image acquisi-
tions and quantitative analyses were performed using the
FluorChem FC2 System software program (ProteinSimple,
San Jose, CA, USA). ACTB was used as an internal control.
Information on antibodies is summarized in Extended data.

2.7 | Liquid chromatography with tandem
mass spectrometry

After CBB staining, the protein band-positive regions of gels
were cut into 1-mm squares and subjected to in-gel diges-
tion, as previously described.”’ Trypsin-digested peptide
was separated using the Easy-nLC 1000 system (Thermo
Fisher Scientific) with an Acclaim PepMap 100 trap column
(20 x 0.075 mm; 3 pm) and Acclaim PepMap RSCL ana-
lytical column (150 X 0.05 mm; 2 pm) and analyzed using a
Q-Exactive Orbitrap mass analyzer (ThermoScientific). Data
were analyzed using the Proteome Discoverer software program
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(ThermoScientific) for protein identification with the Sequest
HT algorithm against the human protein Uniprot database.”®

2.8 | Microscopic analyses

Confocal images were obtained with A1 HD25 (Nikon), as
previously described.” The all-in-one microscope BZ-X800
equipped with the analytical software program BZ-X ana-
lyzer (Keyence, Osaka, USA) was used for the quantitative
analysis of morphological features. To acquire deep images,
4% PFA-fixed organoids were treated with ScaleView-A2
reagents (Fujifilm-Wako, Osaka, Japan). BZ-X800 and Spin
SR10 microscopes (Olympus, Tokyo, Japan) were used for
deep imaging (615-705 um in-depth).

2.9 | Direct conversion of human fibroblasts
to neurons

An established method was used for the in vitro differentia-
tion of neurons from human fibroblasts.”’ Commercially avail-
able fibroblasts from healthy volunteers were purchased from
Coriell Institute for Medical Research (Camden, NJ, USA). The
direct reprogramming system with three transcription factors
(ASCL1, MYTIL, and POU3F2) was used to convert cultured
fibroblasts to neurons in vitro. Fresh medium was replaced
every 3 days with appropriate antibiotics to select infected cells.
Induced neuronal cells were collected at 14 days after infection.

2.10 | In vitro differentiation of neurons
from mesenchymal stem cells

Stem cells from human exfoliated deciduous teeth (SHEDs)
were obtained to induce dopaminergic neurons in vitro, as
described.*® SHEDs (1 x 10° cells) were transferred to a
6-well culture plate, and dopaminergic neurons were in-
duced for 5 days in the culture media containing neuroba-
sal medium (Life Technologies) supplemented with 2% B27
supplement (Life Technologies), 1 mM dibutyryladenosine
3,5-cyclic monophosphate (Sigma-Aldrich), 0.5 mM 3-isobu-
tyl-1-methylxanthine (Sigma-Aldrich), 200 pM ascorbic acid
(Nacalai Tesque, Kyoto, Japan), and 50 ng/mL BDNF. Total
RNA was recovered from these neurons at 10 days of DIV
and subjected to quantitative PCR analyses.

2.11 | Establishment of induced pluripotent
stem cells (iPSCs)

Peripheral blood mononuclear cells (PBMNCs) were ac-
tivated with Dynabeads human T-Activator CD3/CD28

(Thermo Fisher Scientific) in KBM502 medium (Kohjin Bio
Co., Saitama, Japan) for 6 days. Activated T-cells (2.5 x 10°
cells) were suspended in 350 pL of KBM502 medium with
CytoTune-iPS 2.0 (DNAVEC, Tokyo, Japan) at a multiplic-
ity of infection (MOI) of 6 and cultivated in a 24-well plate
for the next 72 hours Control cells from a healthy volunteer
(lab ID: 956P) were plated on a 6-well plate coated with the
recombinant laminin-511 E8 fragments (iMatrix-511; Nippi
Inc, Tokyo, Japan) in StemFit AKO3 (Ajinomoto, Tokyo,
Japan). Approximately 20-30 days after infection, colonies
of iPSCs were selected. The same protocol was applied for
the establishment of iPSCs from patients with GNAO1 en-
cephalopathy. The iPSCs were expanded on mitomycin
C-inactivated SNL feeder cells in Primate ES medium con-
taining bFGF.

All iPSCs expressed the stem cell-specific markers TRA-
1-60, NANOG, SSEA4, OCT4, and ALP on immunofluo-
rescence or immunohistochemistry (ES/iPS Cell, Human,
Characterization Kit; SAB-KIT-1; System Biosciences, Palo
Alto, CA, USA). At 21 days after embryoid body formation,
an immunofluorescence analysis also confirmed the differ-
entiation of iPSCs into three embryonic germ layers based
on the markers of AFP (endoderm), SMA (mesoderm), and
TUIJI (ectoderm) (3-Germ Layer Immunocytochemistry Kit;
ThermoFisher Scientific). All iPSC clones were completely
clear of Sendai virus DNA by passage 16 (iPS Transgene/SeV
detection primer kit; IDT-DV0301; MBL). G-banded karyo-
typing excluded chromosomal abnormalities in iPSCs on
passage 10 (Chromocenter Inc, Yonago, Japan). Established
iPSCs were cultured on Matrigel (Corning Inc, Corning, NY,
USA) in mTeSR1 medium (STEMCELL Technologies Inc,
Vancouver, Canada). The medium was changed every day,
and cells were passaged every 5 days using TrypLE Select
(ThermoFisher Scientific) and Rho-kinase inhibitor Y27632
(Wako).

2.12 | CRISPR/Cas9 system

The target sequences for CRISPR were designed at
CRISPR direct (http://crispr.dbels.jp/).>! The insert oligo-
nucleotides for human GNAO! guide RNA (gRNA) were
CACCGAATCGCCTTGCTCCGCTCGA and AAACTCG
AGCGGAGCAAGGCGATTC (5’ to 3’). The complemen-
tary oligonucleotides for gRNA were annealed and cloned into
a pX459 CRISPR/Cas9-Puro vector (Addgene, Cambridge,
MA, USA).* A total of 2.0 x 10° cells were electroporated at
1275 V, 10 msec, 3 pulses using 10-pL tips (Thermo Fisher
Scientific) with 1 pg of pX459/GNAOI1 gRNA. The cells
were plated onto basement membrane matrix-coated plates
in mTeSR1 medium. Forty-eight hours after electroporation,
cells were cultured in selection medium containing 0.5 pg/mL
puromycin for 3 days and allowed to recover for the following
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3 weeks. Puromycin-resistant colonies were manually se-
lected and expanded for genotyping. The genomic DNA was
extracted with a Qiagen DNA blood mini Kit (Qiagen). PCR
was performed with TaKaRa LA Taq with GC Buffer (Takara
Bio Inc, Kusatsu, Japan), according to the manufacturer's in-
structions. The following primers were designed to amplify
exon 1 of GNAOI (5’ to 3'): CTCCGCTGCTGGAATCTTGT
and GGGACTAAGGCATGCGAGG. The PCR product was
purified with a QIAquick PCR Purification Kit (Qiagen) and
cloned into the EcoRV site of the pBluescript I SK- vec-
tor (Agilent Technologies, Santa Clara, CA, USA) with a
Mighty Cloning Reagent Set,Blunt End (Takara Bio Inc).
Sequencing of GNAOI was performed with the PCR primers
for 8 colonies.

2.13 | Neuronal differentiation of iPSCs
Cortical neurons were differentiated from iPSCs using the
serum-free floating culture of embryoid body-like aggre-
gates with quick reaggregation (SFEBq) method.*® In brief,
iPSCs were pretreated for 3 hours with 50 uM Y27632
(FUJIFILM Wako), dissociated with TrypLE Express
(ThermoFisher Scientific), and quickly reaggregated using
low cell-adhesion 96-well culture plates (10 000 cells/well,
150 pL) in the following differentiation medium: DMEM/
Nutrient Mixture F-12 Ham, containing Knockout Serum
Replacement (ThermoFisher Scientific) and MEM nones-
sential amino acids solution, L-glutamine, 2-mercaptoeth-
anol (Nacalai Tesque, Inc). The medium was replenished
every four days. Rho-kinase, ALKS tyrosine kinase, and
AMP-kinase inhibitors (Y27632 [50 uM], SB431542
[10 uM, Sigma], and dorsomorphin dihydrochloride [2 pM,
Tocris Bioscience, Abingdon, UK) were added to the dif-
ferentiation medium from days O to 4. On day 18, cell
aggregates were transferred to a nonadhesive dish and cul-
tured in Neurobasal Medium supplemented with B27 and
L-glutamine. For the morphological analysis of single neu-
rons, neuro-spheroids and organoids were plated onto iMa-
trix 511-pretreated 35-mm cover glasses (Matsunami Glass
Ind. Ltd., Kishiwada, Japan).

2.14 | Short-interfering (si)RNAs

Neuro2acells were chemically transfected with Lipofectamine
RNA iMAX (ThermoFisher Scientific) and 100 uM of siR-
NAs (Sigma) harboring the following sequences (5’ to 3'):
siGnaol CUGAACCGUUCUCUGCAGATT and 5'-UCUG
CAGAGAACGGUUCAGTT. StealthRNAiNegative Control
Low GC Duplex(es) (CUUCAAUCCUAAGACGAGALt and
UCUCGUCUUAGGCUUGAAGta; Life Technologies) were
used as controls, as previously described.”* The knockdown
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effects were assessed with qPCR and Western blotting 48 to
72 hours after transfection.

2.15 | Morpholino antisense oligonucleotides
Zebrafish (Danio rerio) were raised and maintained under
standard conditions. Morpholino antisense oligonucleo-
tides (MOs) were obtained from Gene Tools (Philomath).
For all injections, 5 ng of control MO, gnaola MO,
or p53 MO was micro-injected under the stereomicro-
scope at the single-cell stage of fertilized eggs. The fol-
lowing sequences of MO were designed (5’ to 3'):
gnaola CATGGCTAGATGAACCTCGGCTCTT, p53
GCGCCATTGCTTTGCAAGAATTG, and gnaola 5-mis
(control) CATcGCTAcATcAACCTCcGCTaTT. The five
mismatched sequences in control MO were shown in lower-
case. p53 MO was used to prevent embryos from undergoing
apoptosis due to the manipulation and MO injection.34

216 | Calcium imaging

WT and GNAO1 KO organoids at 120-150 days of differen-
tiation were plated onto iMatrix-511-coated cover slips, on
which neurons spread their neurites over the next 100 days of
culture. Neurons were then pretreated with Calcium Kit-Fluo4
(Dojindo Laboratories, Kumamoto, Japan) and stimulated
with 100 pM ionomycin. Oscillating intracellular calcium
levels were detected as the argon laser-activated Fluo4-AM
signal in the 488-nm channel of an Al confocal microscope
(Nikon) using the software program NIS-Elements AR. Live-
cell imaging at 0 to 10 minutes after stimulation was recorded
at 300-msec intervals.

2.17 | Luciferase assay

Dual luciferase assays were performed according to the
manufacturer's protocol (Promega, Madison, WI, USA).
The firefly luciferase reporters containing AP-1 (3xAP-
1pGL3, #40342)*° and CTNNBI1-binding sites (M50 Super
8x TOPFlash, #12456) were purchased from Addgene
(Watertown, MA, USA).

2.18 | Experimental design and
statistical analyses

At least three independent animals, cultured cells and organoids
were prepared, and were analyzed for experiments. All of the sta-
tistical analyses were performed using the JMP software program
(SAS Institute, Cary, NC, USA). The collected data are presented
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as the mean =+ standard deviation (SD) unless otherwise stated.
Wilcoxon's rank sum test was used as a nonparametric method. P
values of <.05 were considered statistically significant.

3 | RESULTS
3.1 | Physical interaction between Ga, and
SPTAN1

To investigate the molecular functions of Gog, we per-
formed co-immunoprecipitation (Co-IP) and mass spec-
trometry analyses with Neuro2a cells stably expressing
GFP only or GFP-tagged Gog, fusion protein (Figure 1A
and Figure S1A). Mass spectrometry identified a total of
1057 unique peptides (Table S2), and the proteomic algo-
rithm predicted that these peptides were the ionized prod-
ucts of 47 different proteins. We therefore considered these
proteins to be the components of Ga, -associated protein
complex. We first ensured that this Co-IP screening de-
tected the beta subunits of G-binding protein (GNB1, 2, and
4) in the co-purified complex (Figure 1B). On the contrary,
we found that the Gop complex contained cytoskeleton-
related proteins, such as spectrin and ankyrin. A bioinfor-
matic analysis with Gene Ontology Consortium (http://
www.geneontology.org/) revealed that the functional cat-
egories of “pre-mRNA binding,” “actin filament capping,”
and “cortical cytoskeleton” were significantly enriched in
the Gag-binding proteins (Figure S1B).

Of note, another DEE-associated protein SPTANT1 (spec-
trin alpha non-erythrocytic 1, Figure 1B) was predicted to
form a protein complex with Gag. We validated the com-
plex formation with a Co-IP assay using the extracts from
Neuro2a cells (Figure 1C). Because we were unable to pull-
down endogenous Gog with the commercial anti-Go, anti-
bodies, we used anti-GFP for validation assays with Neuro2a
cells. Immunofluorescence studies showed that endogenous
Ga and SPTANI proteins were co-localized in the cytosolic
and peri-membranous regions of Neuro2a cells (Figure 1D).
Intriguingly, Gog-positive Neuro2a cells co-expressed
Sptanl1 at higher levels than other cells.

Because Neuro2a is a mouse neuroblastoma cell line, we
attempted recapitulating these data in more physiological
models for human diseases. Specifically, we have reported that
the direct conversion systems of neurons from human fibro-
blasts and stem cells in exfoliated deciduous teeth (SHEDs)
are instrumental for investigating neurodevelopmental disor-
ders.”?® Co-IP was unfeasible because the amount of total
protein that can be recovered from these cells is too little for
this assay. We therefore analyzed the colocalization signals of
endogenous Gog and SPTANT in these models, and the im-
munofluorescence data supported the co-expression of these
two proteins (Figure 1E,F).

We have recently demonstrated that the expression of
functionally related genes is coregulated in different tissues
at a higher chance than those of unrelated gg,enes.%%’37 We
therefore tested this possibility in multiple lineages of human
neuronal cells.”’*® Quantitative polymerase chain reaction
(qPCR) showed that the expression of GNAOI and SPTANI
mRNAs were robustly increased in induced neurons, by
factors of 14 and 2.7, respectively, compared to fibroblasts
before neuronal differentiation (Figure S2A). GNAOI was
also highly expressed in dopaminergic neurons differenti-
ated from mesenchymal stem cells in human deciduous teeth
(Figure S2B).

These data prompted us to further examine the presence
of endogenous protein complex containing Gog and Sptanl
in the mouse brain. Although Co-IP was unattainable with
anti-Gag antibody, we alternatively used anti-Sptanl anti-
body to perform Co-IP with the brain extract. Based on this
method, we verified that the endogenous Sptanl-involving
complex also contained Gog, in the postnatal mouse brain
(Figure 1G). In agreement with these data, the murine ho-
molog of Gag was already expressed in the brain of wild-
type C57BL/6 mice at embryonic day 16.5 (Figure S3A).
Mouse Sptanl was temporally and spatially co-expressed
with Gao in the postnatal murine brain (Figure S3B).

3.2 |
by Gao

Regulation of cytoskeletal remodeling

To clarify the functional relationship between Gagy and
SPTANI, we first attempted siRNA-mediated silencing of
Gnaol, the murine homolog of GNAOI, which was endog-
enously expressed in Neuro2a cells (Figure 2A). We hypoth-
esized that siRNA to Gnaol might also reduce the expression
of Sptanl as a transcriptionally coregulated gene with Gnaol.
However, the acute knockdown of Gnaol did not support this
possibility under our experimental conditions (Figure 2A).

Immunofluorescence showed that the neurites in Gnaol-
deficient cells were shorter in length (Figure 2B), but com-
parable in number compared with those in control cells
(Figure 2C). Immunoblotting showed that knockdown of
Gnaol did not affect the expression of full-length Sptanl;
however, it increased the amount of cleaved product under
resting conditions (Figure 2D). We therefore explored
whether the loss of Gnaol (Gag) expression disturbed the
molecular pathway associated with cytoskeletal remodeling.
To this end, we analyzed the time course for the cleavage
pattern of Sptanl after treating the cells with 5 uM ionomy-
cin, a potent activator of calcium ionophore and calpains.3 940
We confirmed that 15 to 30 minutes of ionomycin treat-
ments induced the cleavage of Sptanl in the control cells,
whereas such responses disappeared in Gnaol-deficient cells
(Figure 2D,E).
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Because the calpain-dependent cleavage of Sptanl is
known to be correlated with the activation of the extracellu-
lar-signal-regulated kinase (ERK) pathway,

FASEBJOURNAL

the phosphorylation status of Erk1/2 after ionomycin treat-
ment. In control cells, phosphorylated Erk1/2 (p-ERK) sig-

4041 nals showed 3.0-fold higher intensity after stimulation over

we examined
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FIGURE 1

Interaction of Ga with SPTANI. A, SDS-polyacrylamide gel electrophoresis after co-immunoprecipitation with anti-GFP (JL-8).

Protein standards (M, kDa) are shown on the left. IP lanes show the protein bands co-purified with GFP (negative control, lane 2) and Gon-GFP

fusion protein (lane 3). Bovine serum albumin (BSA, lanes 4-6) shows the molecular size (67 kDa) and amount (0.1-1.0 pg/lane) of protein. Note

that Coomassie Brilliant Blue detected 0.1 pg BSA. Black, gray, and white arrowheads indicate the Gog-GFP, GFP, and hemoglobin signals,

respectively. Asterisks denote immunoglobulin heavy (50 kDa) and light (25 kDa) chains. B, A graphical summary of the interaction data. This

study identified the cytoskeletal proteins as novel Gag-binding molecules (blue nodes in the dashed circle). The network highlights the interaction

between Gag and SPTANI (blue line) among previously known interactions (black lines) and proteins (gray nodes). C, Co-IP and Western blotting

for validating the Ga-SPTANT interaction. Input lanes show Neuro2a extracts containing GFP (lane 1) and Go,-GFP fusion protein (lane 2).

Sptanl signals are present in the IP lane of Gag-GFP (lane 4) but not in GFP (negative control, lane 3). D, Co-localized signals of endogenous

Gog, (green) and Sptanl (red) proteins in Neuro2a cells. Arrows indicate the merged signals in cells expressing a low level of Go,-GFP. Scale

bar, 50 um (inset 20 pm). For D-F, squares denote the regions of interest for higher magnification. The cross signs point at the targets of optical

sections for XZ (bottom) and YZ (right) images. E, Co-expression of Gog and SPTANI in neurons directly converted from human fibroblasts.

Arrows indicate the cells expressing both Ga and SPTAN1. Scale bar, 50 um. F, Co-expression of Gao and SPTAN1 in dopaminergic neurons

differentiated from human stem cells in exfoliated deciduous teeth. Scale bar, 50 um. G, Validation of the endogenous protein in the mouse brain at

6 weeks of age. Representative data from Co-IP with anti-Sptanl and immunoblotting for indicated proteins. The arrows indicate Gag (40 kDa) and

asterisks show the light chain (25 kDa)

the basal level (Figure 2D,E). In contrast, siRNA-mediated
silencing of Gnaol disrupted the increase in p-Erk signals
after the stimulation (median 42% of the control). These data
indicated that Gao plays an important role in ionomycin-in-
duced cleavage of Sptanl.

As a GTP-binding protein, Gog, is considered to regu-
late not only ERK, but also various calcium-dependent sig-
nals in cooperation with phospholipase C (PLC). However,
it remains unknown whether the loss of Go expression in
neuronal cells results in the overactivation or the suppression
of calcium-dependent molecular signals remains unclear.”
Because the binding of AP-1 transcription factors to promoter
regions reflects the activity of calcium-dependent signals,42
we characterized the signaling condition of siRNA-trans-
fected Neuro2a cells using the AP-1 promoter-driven lucif-
erase reporter.35 As expected, siGnaol-treated cells showed
56% lower AP-1 activity than control cells at the resting con-
dition (P = .014, Figure 2F, left), whereas the overexpression
of the wild-type (WT) Gag induced 2.5 times higher AP-1
activity than in nontransfected cells at the resting condition
(P = .014, Figure 2F, right). The AP-1 activity was not in-
creased during the observation period (6 hours after the iono-
mycin treatment) in either the siGnaol or control group.

We further monitored the calcium influx before and after
ionomycin stimulation using the fluorescence-based indica-
tor Fluo4/AM.* In agreement with the data obtained in the
luciferase assay, siGnaol-treated cells showed a 28% lower
calcium level before ionomycin treatment than the control
cells (P = .0043, Figure 2G). Upon stimulation, the Fluo4/
AM signal peaked more slowly in siGraol-treated cells
than in control cells (7.7 seconds vs 2.6 seconds, respec-
tively; P < .001) and showed an earlier decay after the peak
(25% decay at 145 and 230 seconds, respectively; P < .01).
The overexpression of mutant Gog (G203R) did not show
dominant-negative effects on the AP-1 promoter activity
(Figure 2F, right) or ionomycin-provoked activation of the
calcium signals (data not shown).

In addition, we explored whether or not DEE-associated
mutant Go show impairments in the cleavage of Sptanl
after the ionomycin treatment and the complex formation
with Sptanl in Neuro2a cells. However, the overexpression
of G203R, D174G, del191-197, and 1279N proteins did not
disturb the cleavage of Sptanl (Figure 2H). Repeated Co-IP
experiments did not support the possibility that mutant pro-
teins were incapable of binding to the Sptanl complex, either
(Figure S4).

Given the regulatory role of Gog in cytoskeletal re-
modeling, we examined whether or not this protein is re-
sponsible for activating morphogenic signals, such as Wnt
pathway. However, we were unable to determine whether or
not Gnaol regulates the canonical Wnt signal after the ion-
omycin treatment (Figure S5A,B). To gain further evidence
that Gnaol organizes the morphogenic signals in vivo, we
microinjected morpholino antisense oligonucleotides into
the post-fertilized eggs of zebrafish to knockdown the Danio
rerio homolog of GNAOI (gnaol). We found that zebrafish
treated with the morpholino showed body axis anomalies at a
significantly higher rate than control zebrafish (74% vs 18%,
P < .0001, Chi-square's test; Figure S6). Notably, 28 of 60
(47%) gnaol-knockdown embryos showed impaired mobil-
ity during days 0-7 postfertilization, whereas only 11 of 103
(11%) control embryos presented with this motor phenotype
(P < .0001). These data suggested that depletion of gnaol
expression caused broad neurological dysfunctions in vivo,
as observed in affected patients.g’lo

3.3 | Establishment of GNAO1-knockout
iPS and organoids

To investigate the pathogenic mechanisms of GNAOI en-
cephalopathy in the human brain, we manipulated induced
pluripotent stem (iPS) cells to make a new disease model
of DEE (Figure S7A-E). MRI studies for patients with
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GNAO]I-associated DEE generally show normal appear-
ance of lamination in the cerebral cortex,g’10
mutations in GNAO]I have little effect on neurogenesis and
the radial migration of neuronal progenitors. Thus, impaired

suggesting that

neural connectivity, rather than the morphological defect
of GNAOI-deficient neurons, might explain the molecular
pathogenesis of this disorder. We considered such disorgan-
ized structure to be detectable in the brain-mimicking 3D
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FIGURE 2 Knock-down of Grnaol homologs causes aberrant molecular signals. A, siRNA-mediated silencing of Gnaol in Neuro2a cells.

Bar plots (mean + SD, n = 4 each) show endogenous Gnaol and Sptanl mRNAs normalized to Actb. **P < .01 (Student's 7 test). B, Microscopic
images of Neuro2a cells treated with negative control (NC) or siRNA to murine Gnaol (siGnaol). Scale bar, 50 um. C, Box plots indicate the mean
neurite length (um/cell) and the number of neurites per cell of siGnaol- or negative control-treated Neuro2a cells. **P < .01 (Student's ¢ test, n =9
and 6 in control and siGnaol, respectively). D, Time course of molecular signals after ionomycin treatment. Extracts from NC or siGnao-treated
Neuro2a cells were subjected to Western blotting. The expression of the indicated proteins was analyzed at 0-60 minutes after 5 uM ionomycin
treatment in a single blotting. The re-probed membrane shows the full-length form (FL, 250 kDa) and the cleaved product (CL, 150 kDa) of Sptan].
E, The relative signal intensity of each protein at 15 and 30 minutes after the ionomycin treatment was quantified and box-plotted (n = 6 from

three independent experiments). *P < .05, **P < .01 (Student's 7 test). F, Left, 3xAP-1 luciferase reporter activity in Neuro2a cells transfected with
control (NC) or Gnaol-silencing siRNA (siGnaol). Right, 3xAP-1 luciferase reporter activity in Neuro2a cells transfected with the wild-type (WT)
or G203R mutant Gag-expression plasmids. Nontransfected cells (Non-Tx) were used as a reference. Renilla luciferase (RL) was used for internal
control. ¥*P < .05, ***P < .001 (Student's 7 test). G, Fluo4/AM signals after 5 pM ionomycin treatment. The siGnaol-pretreated Neuro2a cells show
a lower calcium concentration at the resting condition, slower response to ionomycin, and earlier decay after the peak than those in control cells
(NC). The vertical line at 30 seconds shows the time of ionomycin stimulation. Solid lines and shaded areas indicate the mean values and standard
errors, respectively (n = 10 in each group). H, A representative Western blot for Neuro2a cells expressing WT and mutant G, proteins. In each

group of transfection, the Gao, Sptanl (FL and CL), and Actb expression are shown with the time course (0-30 minutes) after ionomycin (Iom)

treatment

culture system of neurons, namely ‘“‘cerebral organoids”.44

We reasoned that conventional monolayer neurons might
partly recapitulate their subtle difference in morphology,
and that combined analyses of monolayer neurons might
compensate information at a single-cell resolution more ef-
ficiently than using only organoids.

We first established healthy adult-derived iPS cells and
inactivated the endogenous GNAO/ gene with the CRISPR-
Cas9 system (Figure 3A and Figure S5F). Sequencing, im-
munofluorescence, and immunoblotting studies confirmed
the absence of Gag expression in 3 independent knock-
out (KO) cell lines (Figure 3B,C and Figure S5F). Using
the standard protocol,33 we ensured that both WT and
GNAOI-KO iPS cells formed spheroids by 4 to 5 weeks of
differentiation in vitro (DIV) (Figure 3D,E). We confirmed
that the expression of Go, was never recovered in KO cells
(Figure 3C).

We found that KO spheroids showed an anomalous ap-
pearance with thin, bulbar structures on the surface (KO,
Figure 3D). Patient-derived spheroids (G203R) appeared to
be grown more slowly than WT and KO because they showed
smaller size in diameter at 14 days of DIV (Figure 3E).
Immunofluorescence studies showed that both WT and
GNAOI-knockout spheroids expressed the differentiation
markers for neuro-progenitor cells (NES), mature neurons
(TUBB3), and cortical neurons (EMX1, FOXGI1, TBR1, and
Reelin) (Figure S8). However, when we observed the inter-
nal structure of KO and patient-derived spheroids at a higher
magnification, they presented decreased expression of PAX6
and the aberrant pattern in gradient signals of NES signals
(Figure 3F and Figure S8).

The expression of PAX6, TUBB3, RELN, and TBRI
mRNAs was increased during the first 5 weeks of differentia-
tion. However, their expression in WT and KO spheroids was
indistinguishable during this period (Figure S9A). Similarly,
the absence of GNAO1 did not affect the expression profiles of

other DEE-associated genes (CDKL5, KCNTI, and SCNIA)
(Figure S9B). In contrast, KO spheroids expressed signifi-
cantly lower levels of cytoskeleton-associated genes (DBNI,
GNBI, and SPTANI) than WT spheroids (Figure 3G).
Because these genes encoded proteins that had been shown
to be involved in the Gag-associated complex in this study,
the qPCR data suggested that expression of Go and other
molecules in the network (Figure 1B) might be coregulated
in the developing neurons.

3.4 | Abnormal structure of GNAO1-
knockout and patient-derived organoids

We continued to observe the development of WT, KO and
the patient-derived (PT, G203R) organoids for longer periods
(4 weeks and 35 weeks) until they formed the laminar and
polarized structure of differentiating neurons. Compared to
the organoids in the literature, these organoids showed imma-
ture lamination with few rosette formation.****” Nonetheless,
WT organoids continually expressed the progenitor marker,
PAXG6, while they began to show the surface layer expressing
the mature neuronal marker, TUBB3, from 4 weeks of DIV
(Figure 4A). On the contrary, KO and PT organoids showed
decreased PAX6 signals in their deep layer at this age. When
grown up for 35 weeks or longer, WT organoids were en-
riched with the expression of mature neuronal marker, NeuN,
in broad areas (Figure 4B). The immature cells formed the
meshwork signal of radial glial marker, GFAP, at the sur-
face of WT organoids. Consistently, KO and PT organoids
showed the GFAP signals at the superficial layer. However,
they expressed higher levels of GFAP signals than WT, and
appeared to perturb the differentiation of NeuN-positive neu-
rons in the surface layer. These data suggest that both KO and
PT organoids have common defects in the acquisition of po-
larized structure of progenitors and differentiating neurons,
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FIGURE 3 Establishment of GNAOI-knockout iPS cells and differentiation of neuro-spheroids. A, Workflow of the spheroid culture from iPS
cells with or without inactivation of GNAOI by CRISPR/Cas9. The organoids in this study were mature spheroids after 15 weeks of differentiation.
B, Immunofluorescence images of WT and GNAOI-knockout (KO) iPS cells. Scale bar, 150 um. C, Western blotting for the whole extracts from
WT and KO iPS cells at the indicated time (days) of differentiation. D, The dysmorphic appearance of KO and patient-derived (PT) spheroids

at the early phase (18 days) of differentiation in vitro. Scale bar, 100 um. E, The size (maximal diameter, pm) of WT (white), KO (red) and PT
(green) spheroids at 18 days. Violin plots show median and distribution of each value (n = 32 in each group). F, Immunofluorescence images

of WT, KO, and PT spheroids at 14 days. KO and PT spheroids expressed comparable level of NES but lower level of PAX6. Scale bar, 50 um.

G, The expression of mRNA encoding the Go-binding proteins was significantly lower in KO spheroids than in WT spheroids at 5 weeks of
differentiation. The data are shown as the mean + SD (n = 3 for each group). *P < .05, **P < .01, and NS, P > .05 (Student's ¢ test)
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whereas the ability of KO and PT organoids to populate ter-
minally differentiated neurons were not severely affected.

3.5 | Aberrant neurite outgrowth of
GNAO1-disrupted neurons

To verify that the dysmorphic appearance of KO spheroids
results from their functional deficits in organizing the cy-
toskeleton, we analyzed the internal architecture of WT and
KO spheroids. In WT spheroids, the SPTAN1, SPTBNI, and
TUBB3 signals showed a radially filamentous pattern on the
surface (WT1) but not in the deep region (WT2) at 56 days
of differentiation (Figure S10A). In contrast, KO spheroids
did not show such ordered signals of cytoskeletal proteins
in either region (Figure S10B). We also found that the KO
neurons showed only faint signals of SPTANI both at the

FIGURE 4 The fine assessment of

the internal structure of WT, knockout and
patient-derived neurons. A, Organoids at

4 weeks show diffusely distributed PAX6
(green) and gradient-expressed TUBB3
(magenta) signals. Cross signs indicate the
targets of XZ and YZ sectioning. Scale bar,
50 um. B, Organoids at 35 weeks developed
the diffuse NeuN-positive neurons and

the immature layer of GFAP -positive
progenitors on surface (magenta). Scale bar,
50 um

surface and in the deep layers of spheroids, recapitulating
the enhanced cleavage of Sptanl due to Gnaol depletion in
Neuro2a cells (Figure 2D).

To characterize the morphological features of KO and
patient-derived (PT) neurons at a single-cell resolution, we
plated the spheroids on a laminin-coated dish from 5 weeks
of differentiation. In this experiment, we noted that the at-
tached neurons started extending neurites to adjacent neurons
within 1 week (Figure 5A,B). Compared with WT neurons,
the KO spheroids did not show a significant difference in
the number of neurites or the neurite length (Figure 5C-E)
but did show a significantly higher curve index of neurites
(P =.0006, Student's ¢ test; Figure 5F). Notably, PT neurons
had not only shorter length of neurites, but also higher values
of curve index than WT and KO neurons (P < .001). At a
higher magnification, KO neurons presented with punctate
signals of SPTBN1 in soma, suggesting that the reduced
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FIGURE 5 Morphological analysis of WT, knockout and patient-derived neurons. A, Confocal images of extending neurites from the surface
of WT spheroid. After one week of culture on Laminin-coated cover glass, the whole spheroids were subjected to immunofluorescence without
cryo-sectioning. Indicated proteins (Gag and TUBB3) were immunolabeled, and nuclei were visualized with DAPI. Scale bar, 100 um. B, Dendritic
outgrowth of neurons from WT, KO, and patient-derived (PT, G203R) spheroids. The neural networks of extended neurites are visualized as
TUBB3-positive signals. Scale bar, 100 um. C, An expository scheme for the measurement of the length (dashed lines) and “Curve Index” of a
dendrite with the formula [Y/X]. This neuron has five dendrites. D, Histograms show the number of neurites per cell. E, Violin plots for maximal
length of neurites (um). F, Violin plots for curvature index of neurites. ***P < .001 (Student's ¢ test). NS, not significant. G, An aggregated clump
of NeuN-positive neurons (green) surrounded by the GFAP-positive fibers (magenta) in KO organoids at 250 days of differentiation. Scale bar,

50 pm
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expression of SPTANI left unbound aggregates of endoge-
nous SPTBNI1 (Figure S11).

In agreement with the dysmorphic feature of monolayer
neurons, the GNAOI-KO organoids were found to form
globular clumps of NeuN-positive neurons surrounded
by the GFAP-positive, immature progenitors (Figure 5G).
These data therefore indicated that the “bulbar structure” of
spheroids at 14-18 days reflects the cellular phenotypes KO
neurons (Figure 3D), which was partly associated with in-
complete acquisition of neuronal differentiation.

3.6 | GNAOI1 regulates the expression of
Ankyrin G

Because KO spheroids showed a lower expression of
SPTANI than WT at both the mRNA and protein levels
(Figure 3G, Figures S10 and S11), we wondered whether
the loss of GNAOI might cause functional deficits in the
process of axonal initial segment (AIS) formation.**>* WT
spheroids expressed 2.9- and 45-fold higher levels of KCNQ?2
and ANK3 mRNA, respectively, at 5 weeks of differentia-
tion than at 2 weeks. KO spheroids, in contrast, were inca-
pable of inducing these genes at the WT level during this
period of differentiation (Figure S12A,B). The expression
of SPTBN4 was not significantly affected in KO spheroids
(Figure S12A), excluding non-specific effects due to the dis-
ruption of GNAO].

By 4-5 weeks of differentiation, however, immunofluo-
rescence studies never detected a valid signal of Ankyrin G
(AnkG). Repeated experiments indicated that spheroids at
more than 15 weeks of differentiation (>100 days of age)
began to show the rod-shaped signal of AnkG (Figure S13A).
We therefore defined mature spheroids as “organoids” when
immunoreactivity to AnkG proved positive in axons. In
contrast, we never detected AnkG signals in KO spheroids
(organoids), even beyond 15 weeks of differentiation. To
confirm the depleted expression of AnkG in mature KO or-
ganoids, we further extended the period of differentiation to
>52 weeks (1 year) of differentiation.

During the extended period of organoid differentiation,
we also established another iPS cell line from a girl harbor-
ing a p.G203R mutation in GNAOI.'"® The established iPS
cells passed the same quality tests as WT and KO iPS cells.
We therefore prepared the patient (PT)-derived organoids in
parallel with WT and GNAO1-KO organoids at >40 weeks of
differentiation for the morphological analysis. Because these
mature organoids had grown up to 3.5 mm in diameter, we
applied the “Scale” method®' to obtain the deep-layer signal
of immunofluorescence (Figure 6A). WT organoids exhib-
ited a smooth, spherical appearance, even at this age, whereas
KO and PT (G203R) organoids showed an anomalous struc-
ture (Figure 6B). The internal structure of WT organoids

showed the extension of TUBB3-positive neurites, whereas
KO and PT (G203R) organoids lacked such an orderly archi-
tecture (Figure 6C). We further confirmed that KO and PT
(G203R) organoids expressed AnkG at significantly lower
levels than the WT organoids (P < .001, Student's ¢ test;
Figure 6C,D and Figure S13B). The immunofluorescence
studies also revealed that PT (G203R) organoids expressed
TUBBS3 at significantly higher levels than WT and KO or-
ganoids (Figure 6C,D), possibly due to its different genetic
background. Alternatively, the dominant-negative effects of
the GNAOI mutation (G203R) on cytoskeletal remodeling
might have led to a compensatory increase in the TUBB3 ex-
pression. gPCR showed that the expression of ANK3 (AnkG-
encoding mRNA) did not differ markedly between WT and
KO organoids at this age (Figure S13C). It was therefore sug-
gested that the deficient signals of AnkG might be due to a
reduced translational efficiency or decreased protein stability
in KO and PT (G203R) organoids compared with those in
WT organoids.

We further tested whether the KO and PT (G203R)-
derived monolayer neurons showed reduced expression of
AnkG. Quantitative measurement of immunofluorescence
signals confirmed that they showed lower fluorescence sig-
nals of AnkG and Go than WT monolayer neurons (P < .01,
Student's ¢ test; Figure 6E).

3.7 | Impaired firing of GNAO1-
KO neurons

To verify that deficient expression of Go, causes impaired
calcium signaling in developing neurons, we tested the re-
activity of monolayer neurons to ionomycin. We analyzed
the firing activity of neurons using Fluo4-based calcium
imaging.* We used WT and KO organoids at 42-43 weeks
(300 days) of differentiation because organoids younger than
this did not respond to stimulation with ionomycin. We found
that WT neurons rapidly responded to the stimulation and
demonstrated synchronous firing from one side (region of
interest [ROI] 1-4) to the other (ROI 5-8) (Figure 7A,B and
Figure S14A). In contrast, KO neurons were substantially
inert to the chemical stimulation.

The quantitative measurements of fluorescent signals
showed that WT and KO organoids had a similar oscillating
activity at the basal condition (0-20 seconds, Figure 7B,C).
Upon stimulation at 20 seconds, Fluo4 signals of WT neu-
rons reached the maximal intensity during 1-1.5 minutes
(ROI' 1 —4) and 2.5-3 minutes (ROI 5-8) of recording time.
We confirmed that the maximal intensity was significantly
higher than those of KO (381.1 + 166.3 vs 36.1 + 20.7 rfu,
P =579 x 10'4, Student's ¢ test, Figure 7D). During the
activation phase (2-5 minutes), WT neurons also showed
significantly higher rate of firing than KO (0.91 + 0.71 vs
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FIGURE 6 The deficient expression of the axon initial segment components in GNAO1-KO and patient-derived organoids. A, A Scale-

pretreated organoid (>40 weeks of differentiation) mounted on a coverslip. A total of 150-200 optical sections (>500 um in-depth) were

reconstituted into Z-stack images. B, The general appearance of WT and GNAO-mutant organoids. “G203R” is the organoid from a patient

carrying a de novo p.G203R mutation in GNAOI. Scale bar, 50 um. C, The absence of AnkG signals in KO and patient-derived (G203R)

16615

organoids. WT organoids show Gag- and AnkG-positive neurons at the surface and near-surface layers. Scale bar, 50 um. D, Quantitated results

of immunofluorescence signals in the panel C. **P < .01 (n = 10 for each, Student's 7 test). E, AnkG, Ga and TUBB3 signals in WT, KO, and
patient (G203R) monolayer neurons. Scale bar, 50 um. F, Quantitated results of immunofluorescence signals in the panel E. AU, arbitrary unit.

#*P < .01 (n = 10 for each, Student's ¢ test)
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0.041 + 0.058 times/min, P = 1.06 X 10'2, Student's ¢ test,

Figure 7E).

To clarify the molecular basis for the inefficient exci-
tation of KO neurons, we characterized the gene expression

(A) Fluo4

(F)

profile of KO organoids by qPCR in comparison with WT
(n = 4 for WT and KO). KO organoids expressed similar
levels of P2X and P2Y purinergic receptors (mRNAs) to
WT organoids (Figure S14B). Notably, the expression of

(B)
w v
ROI |
] AN 3 ‘\"‘:omn*»\t{,&"“l’ -
4 m.l“

\
4
? i,
8~ — 1
T 1 | [
'T‘ 30 45 60 90
lonomycin Time (sec)
c D -
©) 0 . ® .
- i 2 4 -
& 60 l& 600 ,g 250 1
= = 500
> (0] =
£ i o ~  2.00 -
z 40 2 400 2
> on |1 £ 300- o 180
c 20 : o] g |
§ é 200 A i 1.00
S | = 400 0.50 -
8 =
0- 0.00 -
wWT KO @

(G) O WT m KO = PT

2 5000 -

8 4000

& 3000 A é. * *

2000 1 . I

[®]

Z 1000 - * L i
0 .

pERK pGSK3b TUBB



AKAMINE ET AL.

= 16617
FASE‘BJOURNALJ—

FIGURE 7 Defective firing and connectivity of GNAOI-KO neurons. A, Time-lapse imaging of Fluo4/AM signals. Panels show firing

neurons (green) at the indicated time after stimulation with 100 uM ionomycin. For WT neurons, six regions of interest (ROIs, 1-4 and 5-8) are

placed according to the direction of excitation. In KO neurons, the ROIs are set to the positions corresponding to those of WT neurons. B, Traces

of Fluo4/AM signals in ROIs 1-8 of WT and KO neurons. The vertical lines indicate the time point of chemical stimulation. The scale indicates

the duration (1 minute) and amplitude (50 relative fluorescence units [RFU]). C, Oscillating activity of WT and KO neurons at the basal condition

(ROI 1-8 for each). D, The maximum fluorescence intensity (RFU) of WT and KO neurons after stimulation. E, Firing rate (spikes/min) of WT

and KO neurons after stimulation. For D and E, *P < .05 (n = 8 in each group, Student's ¢ test). F, Immunofluorescence signals of pGSK3b,
pERK, and TUBB3 in WT, KO, and patient-derived (PT, G203R) monolayer neurons. The dashed line in WT indicates the edge of the organoid
(*) located above the TUBB3-positive monolayer neurons (arrows). Immunofluorescence of organoid was not included in the quantitative analysis

of fluorescence signals in G. Scale bar, 50 um. G, Quantitated results of immunofluorescence signals in the panel F. AU, arbitrary unit. **P < .01

(n = 10 for each group, Student's # test)

the vesicular glutamate transporter 2 (VGLU2)-encoding
gene SLC17A6 in KO organoids was decreased to 44% of
that in WT organoids (P = .021, Student's ¢ test). Other
presynaptic (SYP and NRXNI) and postsynaptic mark-
er-associated genes (DLG4 and HOMER) were normally
expressed (Figure S14B). Canonical Wnt pathway-asso-
ciated genes (AXIN2, SEMA3A, LICAM, and GJAI) were
expressed in KO organoids at 1.2- to 2.0-fold higher levels
than in WT organoids (P = .046, .0040, .26, and .041, re-
spectively, Student's ¢ test; Figure S14B). These data in-
dicated that the defect of GNAOI (Gog) expression in the
developing brain caused impairment not only in single-cell
firing but also in trans-synaptic neural connectivity due to
altered molecular signaling, such as ERK and Wnt-GSK3p
pathway (Figure 7F and Figure S12).

Lastly, to validate the differential activity of molecular
signals in GNAOI-KO and patient-derived (G203R) mono-
layer neurons, we examined their p-ERK and pGSK3p sig-
nals under resting conditions. We found that KO and G203R
neurons showed lower p-ERK and pGSK3p signals than WT
(Figure 7F,G), suggesting that deficient expression of WT
Go causes the impaired activation of calcium-dependent
molecular signals in the developing brain (Figure S15).

4 | DISCUSSION
In this study, we identified SPTAN1 as a novel binding part-
ner of Gog. Because these two proteins are both associated
with DEE, we were particularly interested in the molecular
pathway that might be commonly disturbed in the brain of
affected children.**® We first found that siRNA-mediated
depletion in GNAOI disrupted the activation of molecular
signals associated with the cleavage of SPTANI. We also
found that the loss of Gop-SPTANT interaction was corre-
lated with inefficient cleavage of SPTANI after ionomycin
treatment.

GTP-binding proteins are known to activate phospholipase
C (PLC) in various tissues.!” PLC has been also characterized
as an essential molecule for organizing neurite outgrowth.52
More recently, Go proteins were shown to link Wnt-Frizzled

signaling to the functional development of neuromuscular
junctions in Drosophila.>® Thus, our data reproduced the pre-
viously established concept that Ga regulates the morpho-
genesis and acquisition of cell polarity.zo’54’55 In agreement
with this notion, a recent report showed clinical evidence that
adecrease in PLC beta activity was associated with the patho-
genic mechanisms underlying DEE.”® Although our study
did not identify PLC as an interacting molecule with Ga,
we consider it valuable to investigate the formation of the
Gan-PLC-SPTAN1 complex in the developing brain.”’ We
did not identify the interaction of Gy and PLC in our Co-IP
study mainly because we used a mild condition for protein
solubilization with 1% Triton-X. Membrane-bound phospho-
lipases might be more efficiently recovered with different
detergents, such as deoxycholate and 3-[(3-cholamidopropyl)
dimethylammoniol-I-propanesulfonic acid (CHAPS).”® Such
research will help clarify whether or not PLC might cooper-
ate with Ga, to link morphogenic signals with the functional
differentiation of neurons in the developing brain.

It might be reasonable to hypothesize that the activation
process depends on the interaction of Ga, with PLC-beta and
subsequent synthesis of second messengers, regardless of its
interacting profile with SPTAN1. However, adhesion of an-
other cytoskeletal protein, actin, to the plasma membrane has
been reported to occur in parallel with the activation of PLC
and rapid turnover of phosphatidylinositol phosphates.59 Itis
also noteworthy that transactivation of different molecular
signals required the periodic assembly of skeletal proteins in
association with membrane-bound receptor in axons and den-
drites.® From this perspective, one could argue that Go, in-
teracts with SPTAN1 so that it comprises a membrane-bound
complex that works as a platform for the efficient activation
of calcium signaling (Figure S15).

The AIS, which sits at the base of the axon in mature
neurons, forms a highly specific structure for the directional
propagation of action potentials from the dendritic domain to
the distal axon.®"** At the molecular level, scaffold proteins
organize the layer structure of AIS spanning from microtu-
bule to the plasma membrane.* Among them, AnkG plays a
crucial role in the assembly of other scaffolding proteins, in-
cluding SPTANI, and ion channels at the dense compartment
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of AIS.* Details regarding the developmental process of the
AIS remain elusive; however, cortical neurons were shown
to express AnkG at the proximal axon immediately after
birth in mice.*® Another murine model also showed evidence
that the impaired assembly of Sptanl in the AIS caused ear-
ly-onset seizures and death within 1 month after birth.*’ The
functional deficit of AIS has been recently implicated in the
pathogenic mechanisms of DEE, as multiple DEE-associated
proteins (voltage-gated channels) are highly enriched in the
AIS.% Our findings suggest that Gy might organize the
functional connectivity of neurons in the postnatal brain by
regulating the physiological development of the AIS.

The calcium imaging system revealed that (GNAOI)-KO
neurons poorly responded to ionomycin treatment, although
the spontaneous firing of KO neurons remained comparable
to that of WT neurons under resting conditions. This result
also highlights the alternative perspective that KO neurons
were no longer able to transmit their excitation to adjacent
neurons. This loss of the directional wave may possibly be
due to the presence of an aberrant neuronal polarity.66 We
rationalized that these findings were consistent with the bio-
chemical deficit of KO organoids for the expression of AnkG.
Specifically, KO neurons failed to acquire functional polarity,
which is necessary for generating valid action potentials and
coordinated firing of neurons in the developing brain,'?434?
Previous studies showed that GNAOI plays a functional
role in norepinephrine-induced calcium-current inhibition.’
In our study, Gao was rather associated with the activation
of the calcium influx and downstream signals in neuron.
Although our data seemed to raise an opposing concept to
previous studies, these data might imply that Gao regulates
both positively and negatively the calcium-dependent signals
in response to different types of stimulation.

We have no experimental evidence that clearly explains
why GNAOI-KO organoids expressed lower ANK3 mRNA
levels in an early stage. In a later stage, they showed com-
parable mRNA expression but a lower expression of Ank-G
protein. Given the impaired calcium-dependent signals in
Neuro2a cells, we hypothesized that there might be time-de-
pendent mechanisms by which GNAOI/Gao regulates in
early and late stages of neuronal development. In the earlier
stage of development, Gao turns on calcium-dependent sig-
nals and AP-1 activity, for example, thereby accelerating the
transcription of SPTAN1 and ANK3 in proliferating progen-
itors. In the later stage, terminally differentiated neurons stop
proliferation. Calcium-dependent signals in mature neurons
may assume more responsible roles in the calpain-mediated
cleavage and remodeling of cytoskeletal proteins, including
SPTANI and Ank-G.*’ Calcium-dependent signals are es-
tablished to regulate both transcription and cytoskeletal ar-
chitecture in synaptogenesis,42 while expression of SPTAN1
is upregulated in highly metastatic cancer.®® We therefore
considered the possibility that GNAO1/Gao regulates the

expression of cytoskeletal molecules at the mRNA level and
their stabilities at the protein level through calcium-depen-
dent molecular signals.

The loss of dendro-axonal polarity in KO neurons may ex-
plain why patients with GNAO1 encephalopathy develop such
a broad spectrum of neurological phenotypes: intractable
seizures, involuntary movements and cognitive impairments
from early infancy.lo’“’69 KO organoids expressed a presyn-
aptic marker SLCI6A7 (VGLU2) at a significantly lower
level than WT organoids. We also observed the increased ex-
pression of other canonical Wnt signaling-associated genes
(AXIN2, SEMA3A, LICAM, and GJAI) in KO organoids. We
are currently unable to confirm that these gene expression
profiles are relevant to the neurodevelopmental phenotypes
of GNAOI encephalopathy. However, patients with GNAO!
encephalopathy might suffer from an impairment in the di-
rectional conductance of neural excitation due to the aberrant
dendro-axonal polarity.

Limitation of this study may reside in the fact that we have
not fully validated the cytoskeletal phenotypes and aberrant
signals in organoids and their epileptogenic effects in vivo.
Critical limitations may also include the lack of evidence that
Gao and SPTANI directly interact with each other. Because
we cannot exclude the possibility that the third proteins may
mediate their interaction in one complex, we need to perform
further experiments with yeast-two-hybrid or cell-free puri-
fied system for solving this question. Because Neuro2a cells
and brain organoids showed inconsistent phenotypes in their
neurite outgrowth and the protein stability of the p.G203R
mutant, these data must be qualified in further experiments
using the patient-mimicking knock-in mice. We have not de-
termined whether or not calcium-dependent signals coregu-
late the expression of the two DEE-associated proteins Gog
and SPTANI, in organoids. An unsupervised transcriptomic
approach may clarify the presence or absence of such molec-
ular signals in the developing brain. Identifying the molecular
targets for normalizing the cytoskeleton-associated signals
will also open a new venue for discussing the potential for
future translational research along this concept.

In conclusion, we showed that GNAO!I (Gag) organizes
the functional connectivity and synergic firing of neurons in
the developing “mini-brain.” The loss of Go expression re-
sulted in the deficient expression of AIS-constituting proteins
(SPTAN1 and AnkG), suggesting the potential role of Gag in
the acquisition of neuronal polarity. Correcting the Gog-AIS
axis might be a therapeutic target in the future for patients
with DEE of various causes.
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Table S1. Oligonucleotide primers and antibodies used in this study

Table S2. Summary of co-immunoprecipitation and mass spectrometry

a GFP Ga,-GFP

b GO: Molecular function GO: Biological process
aiunk Gommetey by M tarmodal flamon! ey
GTPase activity IS mﬁmﬁxﬁmgﬁy —
nucleotide binding NG signal transduction |
pre-mRNA binding  EEEG— o TN I
structural molecule activity I actin filament capping I
0 1 2 3 4 5 0 1 2 3 4
GO: Cellular component KEGG Pathway
type Iléli:'t;la;medime [ Ras signaling pathway I
cytoskeleton NN Rap1 signaling pathway I
cell-cell adherens junction | Dopaminergic synapse [N
cortical cytoskeleton GG Glutamatergic synapse [INNNINIGIGIGEGEGE
intermediate filament I GABAergic synapse I
o 2 4 & 8 o 1 2 3 4 5

-Logo[P-value]

Figure S1. Proteomic analysis of Gao-binding proteins

a. Establishment of Neuro2a stable cell lines, expressing GFP or GFP-Gao. Light field (left) and green
fluorescence (right) of the cells are shown. Scale bar, 100 pum.

b. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses. Database
search was carried out after the conversion of detected peptides to human homologs. Bar plots represent the -
logio [P value] data of top 5 lists in “Molecular function”, “Biological process”, “Cellular component” of GO

domains and KEGG database.
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Figure S2. Co-expression of GNAO1 and SPTAN1 in human cells
a. GNAO1 and SPTAN1 mRNAs in human fibroblasts (Fib, n = 9) and induced neurons (iN, n = 9). Data are
shown as the mean = SD values. *p < 0.05, **p < 0.01 (Student’s t-test).
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b. GNAOL1 mRNA in human mesenchymal stem cells and dopaminergic neurons from deciduous teeth (SHEDs, n
=9) and in vitro differentiated neurons (DNs, n = 9).
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Figure S3. Spatial co-expression of Gao and Sptanl proteins in vivo

a. Immunohistochemistry of the murine brain at E16. Gao-positive cells (brown) are present in the whole brain.
The lower panel shows a higher magnification of the selected region (blue square). Goo signals are detected at
the cell membrane. Scale bar, 500 pm (4x) and 100 pm (20x).

b. Immunofluorescence images of the dentate gyrus (upper) and cerebellum (lower) of wild- type mice at two
weeks old. Note the co-localized signals of Goo (green) and Sptanl (red) in the molecular layers (ML) of the
two regions. Scale bar, 100 pm (4x) and 20 pm (20x).

c. High-expression profile of Gnaol in the postnatal brain of wild-type mice. The bar plots show the relative
mRNA level of Gnaol/Actb in the whole brain at each age (1 — 6 weeks) to that at E16.5 (left) and indicated
brain regions (middle and right). Data are shown as mean + SD values (n = 6). Cx, cerebral cortex; Hp,

hippocampus; and Cb, cerebellum.
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Figure S4. Interaction of the wild-type and mutant Gao proteins with Sptanl. Representative western blots for
the extracted proteins (2% input, left) and those after co-immunoprecipitation with anti-GFP (IP, right). Empty
(EGFPC1) or Gao-expressing plasmids were transfected to Neuro2a cells. Note that the GFP-tagged wild-type
(WT) and mutant Gao proteins were expressed at variable levels in Neuro2a cells (lower panels). Interaction of WT

and mutant Gao with Sptanl appeared to vary with the expression levels of Gao proteins (right upper panel).
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Figure S5. Wnt signaling in the wild-type and mutant Gao-expressing cells

a. Expression of B-catenin in Neuro2a cells after stimulation with ionomycin (1 pM). Note that GSK3[} was
phosphorylated immediately after the stimulation, whereas the expression of 3-catenin was not increased during
the time course (0 — 40 min).

b. TOP-Flash reporter assay in Neuro2a cells after stimulation with the synthetic mouse Wnt3a ligand. Note that
Whnt3a at either 100 or 200 ng/ml did not activate the TOP-Flash reporter. Constitutive-active beta-catenin (-
cat) was used for the positive control. Renilla luciferase reporter (pbRL-TK, Clontech) was used as internal

control. Data are shown as mean + SD values (n = 4). *p < 0.05 (Student’s t-test).
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Figure S6. The neurodevelopmental effects of morpholino antisense oligonucleotides on the fertilized embryo
of zebrafish. Morpholino (MO) to the Danio rerio homolog of GNAO1 (gnaol) or to p53 (negative control) was
microinjected into the embryos at the single-cell stage. Malformation in general appearance and body movements

was analyzed on agarose gel at 72 hr post-fertilization. *p < 0.05, Chi-square test.
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Figure S7. Induced pluripotent stem cells from a healthy volunteer

a. Differentiation of induced pluripotent stem (iPS) cells into three germ layers. Endoderm (AFP, green),
mesoderm (SMA, red) and ectoderm markers (TUJ1, magenta) were used in the immunofluorescence study.
Scale bar, 100 uM. For panels A and C, DAPI was used for nuclear staining.

b. Expression of alkaline phosphatase (ALP) in iPS cells. Transparent image (upper) and immunohistochemistry
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data with anti-ALP antibody (lower) are shown. Scale bar, 20 pM.
c. Immunofluorescence images of iPS cells with Oct4, SSEA3, Nanog and TRA-1-60 signals. Scale bar, 20 pM.
d. Absence of Sendai virus vector in the iPS cells at passage 16. An aliquot of vector DNA (Control) and the test
sample (iPS P16) were amplified with the same PCR system. Note that the target amplicon (200 bp) appears in
Control, but not in iPS P16.
e. The G-band test for iPS cells shows the normal male karyotype (46,XY). Disruption of the GNAO1 gene by
CRISPR/Cas9 system.
Chromatograms show the results of Sanger sequencing for iPS cells with the wild-type allele (top), those with a
7-base deletion (c.37_43del, middle) and a one-base insertion (c.42dupA, bottom) in the exon 1 of GNAOL.
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Figure S8. Immunofluorescence images of WT and KO spheroids at 12 and 33 days. WT and KO spheroids
expressed comparable levels of neuronal lineage markers (Nestin, PAX6, FOXG1, EMX1, and TUBB3) and mature

neuronal markers (TBR1 and Reelin) at the indicated days of differentiation.
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Figure S9. Expressions of neuronal markers and DEE-associated genes in spheroids.

a. Quantitative (q) PCR for neuronal markers (MRNASs) at 2 and 5 weeks of differentiation.

b. gPCR for DEE-associated genes (CDKL5, KCNT1, and SCN1A) from 2 to 5 weeks of differentiation. No
significant difference in the gene expression was observed between WT and KO spheroids (a and b).

Data are shown as mean + SD values (n = 4).
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Figure S10. Dysmorphic features of GNAO1-KO spheroids at the advanced stage of differentiation.

a. Overview of WT and GNAO1-KO spheroids at 56 days of differentiation. The numbered regions of interest
(WT: 1, 2 and KO: 3 and 4) correspond to the immunofluorescence images on the right. Scale bar, 50 uM. WT
and KO neuro-spheroids at day 56 were counter-immunolabeling with SPTAN1, TUBB3 and DAPI. Scale bar,
50 pM.

b. Spheroids at day 56 were counter-immunolabeling with SPTBN1 (magenta) in addition to SPTAN1, TUBB3
and DAPI (panel a). The numbering of each panel corresponds to that in panel a (WT: 1, 2 and KO: 3 and 4).
Scale bar, 50 pM.
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Figure S11. A microscopic analysis of WT and GNAO1-KO neurons at a higher magnification. Gray and red-
brown squares indicate the regions of interest for WT and GNAO1-KO neurons, respectively. Scale bar, 20 uM

(gray square) and 10 uM (red-brown square).
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Figure S12. Expression profiles of the axon initial segment-associated genes in neurospheroids. Quantitative
PCR data for the genes, SPTBN4, KCNQ2 (a), and ANK3 (b) during 2 — 5 weeks of differentiation. Data are shown
as mean + SD values (n = 4). **p < 0.01 (Student’s t-test).
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Figure S13. The axon initial segment-like structure in cortical organoids at 100 days of differentiation.
a. Two representative images of rod-shaped AnkG signals (green) in mature organoids at 15 weeks (100 days)
of differentiation. SPTAN1 (red) and TUBB3 (cyan) signals are shown in triple-color images. Scale bar,

5uM.

b. Stacked images of WT, KO, and Pt (G203R) organoids obtained via stimulated emission depletion (STED)
microscopy. Gao-TUBB3-positive neurites show extension in the WT organoids but not in the KO or Pt
(G203R) organoids. Scale bar, 50 um.

c. Quantitative PCR for ANK3 in WT and KO organoids at 31 weeks (220 days) of differentiation. NS, not

significant. Data are shown as mean + SD values (n = 4).
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Figure S14. Defective firing of KO neurons

a. Oscillation and firing activity of neurons. A representative trace for the Fluo4 signals (ROI1 in WT) indicates
the oscillating activity (black arrows) and spontaneous firing of neurons (red arrows). Dashed lines denote the
base line for the measurement of firing amplitude. The frequency of neuronal activity with > 30 RFU was
counted for “firing rate” in the quantitative analysis.

b. Expression profiles of purinergic receptor-coding genes (P2RX1 — 7, upper left panel); pre- (SYP, SLC17A6,
NRXN1) and post-synaptic molecules (DLG4 and HOMER, upper right); and Wnt/R-catenin-associated genes
(AXIN2, SEMA3A, L1CAM, GJAL, lower panel) in WT and KO organoids. Organoids at more than 40 weeks of
differentiation were used in this assay. Note that KO organoids expressed normally purinergic receptor-coding
genes, significantly lower level of SLC17A6 (VGLUT2), whereas higher levels of Wnt/B-catenin-associated
genes. Relative expression of indicated genes to ACTB were analyzed with quantitative PCR. Data are shown as

man £ SD (n = 4). *p < 0.05 (Student’s t-test).
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Figure S15. A proposed model for the cooperative function of Gao with SPTANL1 in cytoskeletal remodeling
and neuronal differentiation. This model shows the versatile roles of Gao during differentiation of neurons from
progenitor cells. Upon receiving the extracellular ligand stimulation, membrane-bound receptor (R), Gao (green
ovals) and SPTANL1 (orange and blue rods) complex efficiently activate PLC beta (PLC) and calcium releases from
endoplasmic reticulum (ER). Calcium (Ca**)-dependent signals and downstream pathways (ERK and AKT-GSK3
beta) consequently induce AP1-dependent transcription of SPTANL and other cytoskeleton-encoding genes (ANK3).
In parallel, activated signals enhance calpain and caspase-mediated proteolysis of cytoskeletal proteins. The
cytoskeletal remodeling assists the neurite outgrowth, acquisition of dendro-axonal polarity, neural connectivity,
and firing in differentiating neurons. These activation process might be disturbed in patients with GNAO1-

associated encephalopathy. In the right upper panel, “G” (white-gray oval) represents the functional loss of Gao.
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