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NEUROSCIENCE

Perturbed cell fate decision by
schizophrenia-associated AS3M
during corticogenesis

Seunghyun Kim't, Youngsik Woo't, Dahun Um'+, Inseop Chun't, Su-Jin Noh'+, Hyeon Ah Ji',
Namyoung Jung', Bon Seong Goo', Jin Yeong Yoo, Dong Jin Mun', Tran Diem Nghi',

Truong Thi My Nhung’, Seung Hyeon Han', Su Been Lee', Wonhyeok Lee’, Jonghyeok Yun',
Ki Hurn So', Dae-Kyum Kim>3, Hyunsoo Jang”, Yeongjun Suh', Jong-Cheol Rah®,

Seung Tae Baek"%, Ki-Jun Yoon?, Min-Sung Kim'®*, Tae-Kyung Kim"®*, Sang Ki Park'-®*

T9293 isoform

The neurodevelopmental theory of schizophrenia emphasizes early brain development in its etiology. Genome-
wide association studies have linked schizophrenia to genetic variations of AS3MT (arsenite methyltransferase)
gene, particularly the increased expression of AS3MT42% isoform. To investigate the biological basis of this asso-
ciation with schizophrenia pathophysiology, we established a transgenic mouse model (AS3MTd2d3-Tg) ectopi-
cally expressing AS3MT4% at the cortical neural stem cells. AS3MT9? 3_Tg mice exhibited enlarged ventricles and
deficits in sensorimotor gating and sociability. Single-cell and single-nucleus RNA sequencing analyses of
AS3MT2%.Tg brains revealed cell fate imbalances and altered excitatory neuron composition. AS3MT%*®* |ocalized to
centrosome, disrupting mitotic spindle orientation and differentiation in developing neocortex and organoids, in
part through NPM1 (Nucleophosmin 1). The structural analysis identified that hydrophobic residues exposed in
AS3MT2 are critical for its pathogenic function. Therefore, our findings may help to explain the early patho-
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logical features of schizophrenia.

INTRODUCTION

Schizophrenia (SZ) is a psychiatric disorder with neurodevelopmental
features that affects approximately 1% of the global population (I).
Individuals with SZ exhibit impaired cognition, emotion, and social
interaction, often accompanied by structural differences in the brain,
such as ventricular enlargement (2, 3). These structural changes sug-
gest that impaired brain development may contribute to the behav-
ioral and cognitive deficits seen in SZ (4). However, the specific
developmental processes and underlying molecular mechanisms
that lead to pathogenic defects remain unclear.

Multiple SZ genome-wide association studies (GWAS) have con-
firmed AS3MT (arsenite methyltransferase) as a ke;l 3genetic risk fac-
tor (5, 6). A subsequent study identified AS3SMT®®, an isoform of
AS3MT lacking exons 2 and 3 encoding the first 102 amino acid resi-
dues due to alternative splicing prompted by a disease-associated
single-nucleotide polymorphism (7). AS3MT%® expression is higher
in the brain than in other tissues and is elevated in individuals with
SZ (7). Although AS3MT® Jacks arsenite methyltransferase activity
and is up-regulated during human stem cell differentiation toward
neuronal fates (7), the specific roles in the developing brain have not
been explored.

"Department of Life Sciences, Pohang University of Science and Technology, Pohang
37673, Republic of Korea. 2Division of Thoracic and Upper Gastrointestinal Surgery,
Department of Surgery, Faculty of Medicine and Health Sciences, McGill University,
Montreal, Quebec H3G 1A4, Canada. >Cancer Research Program, Research Institute
of McGill University Health Centre, Montreal, Quebec H4A 3J1, Canada. *Department
of Biological Sciences, Korea Advanced Institute of Science and Technology, Daejon
34141, Republic of Korea. SKorea Brain Research Institute, Daegu 41062, Republic of
Korea. SInstitute for Convergence Research and Education in Advanced Technology,
Yonsei University, Seoul 03772, Republic of Korea.

*Corresponding author. Email: ms.kim@postech.ac.kr (M.-S.K.); tkkim@postech.ac.
kr (T.-K.K.); skpark@postech.ac.kr (S.K.P)

tThese authors contributed equally to this work.

Kim et al., Sci. Adv. 11, eadp8271 (2025) 28 March 2025

Proper regulation of the mitotic spindle during neurodevelop-
ment is critical for chromosome segregation and cell fate determina-
tion (8). The orientation of the mitotic spindle is tightly controlled
by astral microtubules from the centrosome (9). During early neu-
rodevelopment, this process determines whether a neural progeni-
tor undergoes symmetric or asymmetric division, ultimately deciding
whether the progenitor will proceed to proliferation or differentia-
tion pathways (10-12). Disruption of these balanced fate decisions
can lead to neurodevelopmental disorders such as microcephaly and
autism spectrum disorder (12, 13).

In this study, we hypothesized that AS3M , independent of
its enzyme activity, disrupts the early stage of neurodevelopment,
contributing to the distortion of the neurodevelopmental process
linked to SZ. To this end, we used a transgenic mouse model ectopi-
cally expressing AS3MT®® and investigated the potential link of
AS3MT®® in neurodevelopment and associated SZ pathobiology.
Our results showed that ectopic expression of AS3MT44 during
early brain development perturbs critical processes that alter brain
structure and mouse behavior. We also observed a characteristic
centrosomal localization of AS3MT%®, ultimately disrupting mitotic
spindle orientation and cell fate balance. These findings emphasize
the unexpected developmental function of AS3MT®® jsoform linked
to the pathology of SZ.

Td2d3

RESULTS

AS3MT2%.Tg mice display ventricle enlargement

AS3MT® exhibits increased expression in the SZ patient group,
with up-regulation beginning at the neuronal fate determination
stage (7). Building on these previous findings, we sought to deter-
mine whether AS3MT%% expression could be directly detected
in neural progenitor cells (NPCs). We used the AS3MT E1E4 probe
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for in situ hybridization (ISH) to specifically detect endogenous
AS3MTHE transcripts (14), along with the AS3MT E2E3 probe for
AS3MT™. and SOX2 or TUBBS3 probes as cell type-specific mark-
ers on sections from 42-day human forebrain organoids (hFOs). We
observed significantly higher AS3MT®*®* expression in SOX2+ NPCs
compared to TUBB3" immature neurons (fig. S1, A and B). In contrast,
AS3MT™M! expression did not show a significant difference between
SOX2* NPCs and TUBB3" immature neurons (fig. S1, Cand D).

To replicate the cortical development modulated by AS3MTHE,
we established a transgenic mouse model using AS3MT%*® condi-
tional overexpression. For this, the 1 to 306-base pair deleted form
of mouse As3mt cDNA was inserted into a floxed “stop” cassette
with the robust CAG promoter and knocked-in to the Rosa26 locus
(Fig. 1A). The mice were crossed with EmxI-Cre mice to ensure the
expression of AS3MT®® during the early stages of brain develop-
ment. Expression of AS3MT*% was confirmed by mCherry reporter
fluorescence and Western blot analysis against ASSMT%% in the
forebrain of E14.5 AS3MTd2d3—Tg (AS3MTd2d3;me1—Cre+) mice
(Fig. 1, Band C).

SZ is associated with observable variations in brain structure,
such as ventricular enlargement (2, 15). In this line, we analyzed
the brains from postnatal day 60 (P60) AS3MT*%.Tg mice. No
significant alterations in the overall brain width and length were
observed between AS3MTd2d3—Tg (AS3MTd2d3;me1—Cre+) and
control (EmxI-Cre or AS3MTd2d3;me1—Cre_) mice (Fig. 1, D to F).
However, brain sections from adult AS3MTd2d3—Tg mice showed an
increased size in the lateral ventricles without significant change in
the cerebral cortex (Fig. 1, G to I). We also used magnetic resonance
imaging (MRI) on live mice for volumetric analysis of the brain
structure (Fig. 1, ] to M). The ﬁndin%s corroborated an augmented
lateral ventricle size in the AS3MT 3-Tg mice, while a significant
difference in cortical volume was not detectable (Fig. 1, L and M).

AS3MT*?%%_Tg mice exhibit SZ-associated behavioral deficits

To investigate whether the AS3MT%%.Tg (ASBMT®%;Emx1-Cre™)
mice exhibit SZ-related behavioral deficits, we examined 10- to
12-week-old mice across a range of behaviors commonly linked to
SZ, such as defective somatosensory gating, cognitive dysfunction,
social withdrawal, and decreased emotional expression (3, 16, 17).
In the prepulse inhibition (PPI) test, AS3MT*®-Tg mice displayed
reduced inhibition in response to a prepulse, indicating impaired
sensory gating, while their startle response remained intact (Fig. 2,
A and B). Cognitive function was evaluated using the Y-maze test,
where no significant differences in spontaneous alternations were
observed between AS3MT****-Tg and control mice, suggesting no
notable deficits in working memory (Fig. 2C). Social behavior, a key
domain affected in SZ, was assessed using the three-chamber social
interaction test. AS3MTd2d3—Tg mice exhibited altered social behav-
ior, showing no preference for interacting with a stranger mouse, a
hallmark of social impairment (Fig. 2, D to F). Furthermore, the
time spent sniffing the stranger mouse was significantly reduced in
AS3MT®%_Tg mice, indicating decreased social engagement (Fig.
2G). This social deficit was further supported by lower nest-building
scores, reflecting impaired social and motivational behaviors (Fig. 2,
H and I). Despite these social and sensory gating abnormalities,
AS3MTd2d3—Tg mice did not exhibit anxiety-like behaviors in the
open-field and elevated plus maze tests, as their performance in
these assays was comparable to that of control mice (Fig. 2, ] to M).
These findings suggest that AS3MT%® overexpression is associated
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with abnormal sensory gating and social behaviors, including reduced
social interaction and motivation, which parallel the cognitive dysfunc-
tion, social withdrawal, and emotional blunting seen in patients
with SZ.

AS3MT2%%.Tg mouse brain harbors altered excitatory
neuron composition

To investigate the potential causes of the SZ-like phenotypes observed in
AS3MT*%_Tg mice, we analyzed the proportions of different cell types
in the adult cerebral cortex of AS3SMT%%-Tg mice (AS3MT%%;
Emx1-Cre") and their control littermates (AS3MTC12d3 ;Emx1-Cre™). We
performed single-nucleus RNA sequencing (snRNA-seq) to charac-
terize the cellular composition and transcriptional landscapes in the
P60 cerebral cortex (Fig. 3A), analyzing 42,329 nuclei from control mice
and 36,300 nuclei from AS3MT%®-Tg mice using the 10x Genomics
platform. The snRNA-seq data were of high quality and highly repro-
ducible across replicates (fig. S2, A to C). Clustering and annotation
analyses revealed distinct alterations particularly in clusters representing
excitatory neurons in the AS3MTd2d3—Tg, specifically clusters 20
and 28 (Fig. 3, B and C, and fig. S2, D and F). A detailed analysis of
excitatory neurons across cortical layers, layer 2/3 marked by Cux2
and Calbl, layer 5 marked by Etv1, and layer 6 marked by Syt6 and
Foxp2, showed significant reductions in neuron })opulations especially
within layer 2/3 (cluster 11 and 22) in AS3MT d3—Tg mice (Fig. 3, D
and E, and fig. S2, E and G).

The clusters that showed a proportional reduction exhibited high
expression level of Tshz2 (Teashirt zinc finger homeobox 2), with
Tshz2 being the most highly expressed gene in clusters 11 and 22
(Fig. 3, F and G, and fig. S3A). The Tshz2 is known to be expressed
across all layers in the anterior cingulate cortex (ACC) and retro-
splenial (RSP) areas, with relatively enriched expression at layer 5 in
other cortical regions (18). Analysis of ISH data from the Allen
Brain Atlas corroborated this (19), confirming Tshz2 expression
across all layers particularly in the ACC and RSP (fig. S3B). Thus,
the observed reduction in the Tshz2* layer 2/3 neurons in the
AS3MTd2d3—Tg mice is likely concentrated in the ACC and RSP.

Immunohistochemistry (IHC) using Tshz2 antibody in the ACC
sections further validated these findings, showing a significant reduc-
tion in Tshz2"NeuN" cells within NeuN™ cells, specifically in layer 2/3
(Fig. 3, H to J). This conclusion was supported by an analysis of
Tshz2 expression and layer marker genes (fig. S3, C and D). Further-
more, staining for general markers, such as Cuxl1, Ctip2, Satb2, and
y-aminobutyric acid (GABA), in the ACC and somatosensory regions
revealed a significant reduction in Cux1*NeuN" cells within NeuN™*
cells in the ACC (fig. S4, A to L). Neuronal density analysis in Cux1*
or Ctip2* regions also confirmed the decreased population of layer
2/3 neurons in AS3MT%**-Tg mice (fig. S5, A to C).

AS3MT4243 expression perturbs NSC fate

Abnormal neurogenesis is associated with alteration in the cortical neu-
ron population (12). We investigated whether neurogenesis and dif-
ferentiation were affected in AS3MT%%-Tg mice. To assess cell
composition and differentiation within the embryonic cerebral cor-
tex, we performed single-cell RNA sequencing (scRNA-seq) using
the 10x Genomics platform. We analyzed 15,128 cells from embry-
onic day 15.15 (E15.5) cerebral cortex of control littermate mice
(AS3MTd2d3;mel -Cre™) and 15,118 cells from E15.5 cerebral cor-
tex of AS3MTd2d3-Tg mice (AS3MTd2d3;me1-Cre+) (Fig. 4A). The
scRNA-seq data were of high quality and showed strong reproducibility
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Fig. 1. AS3MTd2"3-Tg mice display ventricle enlargement. (A) Schematic diagrams of the AS3MT and As3mt genomic region and the Cre-dependent mouse AS3MTI23
and reporter gene expression construct at the Rosa26 locus in the transgenic mice. Gray areas represent AS3MTH243 coding regions. (B) Fluorescence images of E14.5
embryonic cortex from control and ASBMTd2d3—Tg mouse. (C) Western blot from control and ASSMTdZ‘B—Tg embryonic brains. (D) P60 brains from control and AS3MTd2d3—Tg
mouse on the 1-mm? paper. (E and F) Quantification of brain width and length (Control, n =7; AS3MTd2d3-Tg, n = 7). (G) Hematoxylin and eosin staining from littermate
control and ASSMTd2d3—Tg mouse brains at the coordinate lateral (1.80 mm) and (bregma 0.14 mm). (H and I) Quantification of the percentage of lateral ventricle or cortex
area at the coronal section (Control, n = 8; AS3MTd2d3—Tg, n = 8). (J) Slices from littermate control and ASBMTd2d3—Tg mice brain MRIs. (K) Volumetric views of the lateral
ventricles and cortex. (L and M) Quantification of lateral ventricle and cortex volume (Control, n = 12; AS3MTd2d3-Tg, n = 19). Scale bars, (B) 500 pm and (B) T mm. Bar
graphs show means + SEM. Statistical significance is defined by unpaired two-tailed t tests; *P < 0.05.TSS, translation start site; AA, amino acids; ns, not significant.
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Fig. 2. AS3MT?%>.Tg mice exhibit SZ-associated behavioral deficits. (A) Quantification of the percentage of PPI to a prepulse of 69, 73, 77, and 81 dB (Control, n = 19;
AS3MT92%.Tg, n = 17). (B) Quantification of the startle response (Control, n = 19; AS3MT*2%.Tg, n = 17). (C) Quantification of the percentage of correct alternation in the
Y-maze test (Control, n =15; AS3MTd2d3-Tg, n = 13). (D) Map of the chambers (left with mice in a cage “M,” center, and right with an empty cage “E”) and heatmaps during
the test period. (E) Quantification of time spent during the habituation period (Control, n = 14; AS3MT%%3-Tg, n = 12). (F) Quantification of time spent during the test
period (Control, n = 14; AS3MTd2d3—Tg, n = 12). (G) Quantification of sniffing time spent interacting with a mouse (Control, n = 14; ASBMsz‘B—Tg, n=12). (H) Images of the
nesting behavior. (I) Quantification of the nest building score (Control, n = 14; AS3MTd2d3-Tg, n = 14). (J) Quantification of traveled distance (Control,n = 15; ASSMTd2d3-Tg,
n = 13). (K) Quantification of time spent in the center and periphery (Control, n = 15; AS3MT%%.Tg, n = 13). (L) Quantification of time spent in open arms, closed arms,
and center (Control, n = 15; AS3MT%%.Tg, n = 13). (M) Quantification of the number of entries (Control, n = 15; AS3MT92%3.Tg, n = 13). Bar graphs show the
means + SEM. Statistical significance is defined by unpaired two-tailed t tests for two groups except nesting behavior (Mann Whitney test) and two-way analysis of vari-
ance (ANOVA) with Bonferroni’s post hoc test for comparisons among multiple groups; *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3. AS3MT“2%*.Tg mice brain harbors altered excitatory neuron composition. (A) Overview of the experimental approach. Nuclei of cortical cells were isolated
from P60 littermate control or AS3MT2%3-Tg mice across four biological replicates. (B) Uniform Manifold Approximation and Projection (UMAP) embedding of integrated
snRNA-seq cell type annotation from total cells (n = 78,629). (C) Statistically significant clusters from proportion analysis of total cells (c20 and c28). (D) UMAP embedding
of integrated snRNA-seq cell type annotation from excitatory neurons (n = 50,914). (E) Statistically significant clusters from proportion analysis of excitatory neurons (c11
and c22). (F) Tshz2 expression level in UMAP plot from excitatory neuron. (G) Tshz2-high expression clusters from proportion analysis of excitatory neurons. (H) Brain sec-

tions stained with antibodies against Tshz2 and NeuN in control and AS3M

Td2d3

-Tg mice. The dotted line indicates the ACC (left) and the layer boundary (right). (I and

J) Quantification of the Tshz2*NeuN" cells among NeuN* cells in layer 2/3 or layer 5 (Control, n = 4; AS3MT4*%.Tg, n = 4). Scale bars, 100 pum. Bar graphs show the
means + SEM. Statistical significance is defined by moderate t test for snRNA-seq analysis and unpaired two-tailed t tests for immunostaining analysis; *P < 0.05. OPC,
oligodendrocyte progenitor cell; NF_oligo, newly formed oligodendrocyte; ACC, anterior cingulate cortex.
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cells (Control,n=5; ASSMTd2d3, n=7).(H) Subcellular localization of FIag-AS3MTfuII or FIag-AS3MTdZd3 in E14.5 brain sections, stained as indicated. (I) Quantification of the
centrosome integrated intensity marked by y-tubulin (AS3MT™!, n = 7; AS3MT%%3, n = 18). (J) E14.5 brain sections stained as indicated. in utero electroporation at E13.5.
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n = 6). Scale bars, (E) 20 pm and [(H) and (J)] 10 pm. Bar graphs show the means + SEM. Statistical significance is defined by unpaired two-tailed t tests for Sox2 and Tuj1
staining analysis, Welch's t test for centrosome staining analysis, Kolmogorov-Smirnov test for trajectory analysis, and two-way ANOVA with Bonferroni’s post hoc test for
comparisons among multiple groups; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; *****P < 0.00001. NSC, neural stem cell; NSC_M, NSC in mitosis; IPC, intermedi-
ate progenitor cell; IPC_M, IPC in mitosis; PN, projection neuron; MG, microglia; CR, Cajal-Retzius; VZ, ventricular zone.
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across replicates (fig. S6, A and B). Clustering and annotation analysis
demonstrated that most cell populations in both groups were seemingly
indistinguishable (Fig. 4B and fig. S6C). To better understand neuronal
development at this stage, we applied trajectory inference analysis (20),
defining cell lineages from neural stem cells (NSCs) to intermediate pro-
genitor cells (IPCs), followed by projection neuron (PN) stages (PN,
PN2, and PN3) (fig. S6, D and E). The trajectory plot revealed significant
differences in the neuronal development path of the AS3MT%%-Tg
mice compared to controls (Fig. 4, C and D). Pseudotime analysis based
on transcriptional profiles indicated that cells from AS3MT -Tg mice
displayed increased premature differentiation, particularly at the IPC,
PN1, and PN2 stages. This was accompanied by a reduction in cell den-
sity at the NSC stage and at the later sta§e of neuronal development
(PN3), suggesting that elevated AS3MT%® expression in NPCs leads to
changes in cell fate, resulting in premature depletion of the neural pro-
genitor pool (Fig. 4, C and D).

To validate this observation, we performed in utero electropora-
tion of E13.5 mouse embryos with a red fluorescent protein (RFP)
marker and an AS3MT%® expression construct. One day later, bro-
modeoxyuridine (BrdU) was injected intraperitoneally to track the
fate of cycling progenitors. At E15.5, BrdU- and RFP-labeled cells
were analyzed by IHC using progenitor (Sox2) and neuronal (Tuj1)
markers (Fig. 4, E to G). Ectopic expression of ASIMT® Jed to a
significant reduction in the pool of apical progenitors without re-
duction in the pool of intermediate progenitors (Fig. 4F fig. S7, A to
D). Conversely, there was a notable increase in the population of
differentiated neurons (Fig. 4G and fig. S7, E and F), indicating that
the up-regulation of AS3MTH® expression in NPC results in pre-
mature differentiation during neurogenesis.

We further examined the effect of AS3MT%% in hFOs to con-
firm this human specific isoform in human system. We generated
7-week-old hFOs from H9 stem cell lines (fig. S8A) and injected the
AS3MT*% expression construct with an enhanced green fluores-
cent protein (EGFP) marker or control vector into the rosettes of
hFOs to assess its impact on the NSC pool and differentiation. Sox2
was used as a ventricular zone (VZ)-like rosettes marker and Tujl as a
cortical zone marker within hFOs. In the AS3MT%% overexpressed
hFOs, there was a significant decrease in Sox2*GFP* cells among
GFP™ cells (fig. S8B) and a significant increase in the Tujl*GFP*
cells among GFP™ cells (fig. S8C). These findings collectively suggest
that the ectopic expression of AS3MT®® induces premature differ-
entiation and depletion of the NSC pool during cortical develop-
ment, deduced from the observation in mouse brain and hFOs.

AS3MT92%3 Jocalizes to the centrosome and promotes
asymmetric division during embryonic neurogenesis

We examined the subcellular localization of AS3SMT™! and AS3MT%
in human embryonic kidney (HEK) 293FT cells to understand their
roles in relevant cell fate determination. Notably, while Flag—AS3MTfull
was predominantly distributed in the cytosol, Flag-AS3MT%?
exhibited a stronger signal at the centrosome (fig. S9, A and B). This
finding was further supported by centrosome fractionation ex-
periment in HEK293FT cells coexpressing AS3MT™ and AS3MTH®,
which demonstrated notable enrichment of AS3MT®% in the
y-tubulin-positive centrosomal fractions (fig. S9C). In addition, in
utero electroporation of E14.5 mouse brains confirmed the enriched
centrosome localization of Flag-AS3MT®® compared with Flag-
AS3MT™M! (Fig. 4, Hand I).
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During early cortical development, NSCs and IPCs in the VZ
undergo divisions to produce postmitotic neurons that migrate radi-
ally to form successive cortical layers (21, 22). The centrosomal local-
ization and increased expression of AS3MT%% at the NSC stage
prompted us to examine its role in mitosis. We analyzed mitotic spindle
orientation in serine-55-phosphorylated vimentin (p-Vim)-positive
NPCs at E14.5 by measuring the angle between the cleavage plane and
VZ surface (Fig. 4]) (23). In AS3MTd2d3—expressing cells, the mean mi-
totic spindle orientation showed a horizontal tilt (fig. S9D). Dividing
progenitors were categorized into three groups based on the cleavage
plane orientation relative to the apical surface: horizontal (0° to 30°),
intermediate (30° to 60°), and vertical (60° to 90°). In the control
embryos, most dividing cells displayed vertical cleavage planes, with
fewer showing horizontal cleavage planes. In contrast, AS3MT®%.
expressing embryos displayed fewer vertical cleavage planes and
increased horizontal cleavage planes (Fig. 4K and fig. S9D). Similar
trends were observed in E12.5 control mice and AS3MT%®-Tg mice
(fig. S9, E to G), indicating that elevated AS3MT® expression in neu-
ral progenitors results in spindle misorientation and a higher frequen-
cy of asymmetric divisions with horizontal cleavage planes.

To further investigate the function of AS3MT%*®, we performed
coimmunoprecipitation and mass spectrometry (co-IP/MS) on
Flag-AS3MT®® and Flag-AS3MT™" expressed in HEK293FT cells.
The AS3MT®% sample revealed a broader range of interactomes
than AS3MT™!, including centrosome-associated proteins VIM and
nucleophosmin 1 (NPM1) (fig. S10, A and B). To assess the func-
tional relevance of these interactions, we conducted spindle orien-
tation assays following the knockdown (KD) of NPM1 and VIM
in vivo. The NPM1 KD, not VIM, induced defective spindle orienta-
tion, implying its functional link to AS3MT® in regulating mitotic
spindle orientation (fig. S10, C to F, and table S1).

Given that NPM1 is known for its role in mitotic spindle regulation
and microtubule nucleation (24, 25), we analyzed microtubule organi-
zation in mitotic cells expressing ASSMT*%, We observed a significant
reduction in both the number and length of microtubules extending
from the centrosome to the plasma membrane (fig. S11, A to C). This
astral microtubule defect suggested potential chromosome segregation
errors during mitosis. AS3MTd2d3—expressing cells displayed a higher
frequency of abnormal chromosome distribution compared to controls
(fig. S11, D and E). These findings indicate that AS3MT*% not only
localizes to the centrosome but also affects mitotic spindle dynamics
and chromosome segregation.

We also investigated the potential link to known centrosome-
associated proteins CDK5RAP2, WDR62, and ASPM, which have
been implicated in spindle orientation regulation (26, 27). Given that
Cdk5rap2 mutant mice exhibit centrosome duplication defects and
increased cell death, we conducted detailed analyses including abnor-
mal spindle pole counting, cleaved Caspase-3 staining, and cell
death-related gene expression profiling in scRNA-seq data (fig. S11, F
and G, and fig. S12, A and B). In these analyses, no notable pheno-
types were induced by AS3MT®*®. In addition, immunostaining for
CDK5RAP2, WDR62, and ASPM in NPCs from hFOs revealed no
significant changes in their centrosome localization upon the expres-
sion of AS3MT®® (fig. S13, A to F).

We also explored the potential impact on later neurodevelop-
mental processes. We performed in utero electroporation at E15.5
followed by an analysis of neuronal migration at E18.5 and could
not detect significant migration defects (fig. S14, A and B). In addi-
tion, analyses of cellular morphology during the E13.5 to E15.5
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period showed no significant changes in the proportions of round, mul-
tipolar, or bipolar cells (fig. S14, C and D). Last, axon formation was
examined from E14.5 to P6, and no significant differences in axon
length or ipsilateral branching were observed (fig. S14, E to H). These
results indicate that the impact of the enhanced AS3MT*®% expression
is relatively specific to the initial stage of neurodevelopment.

Exposed hydrophobic residues of AS3MT424> drive
centrosome localization and spindle misorientation
Since AS3MT*® is the N-terminal deletion form of AS3MT™!, we
hypothesized that the protein structural difference resulting from the
deletion might affect its molecular characteristics. We successfully de-
termined the 2.65-A-resolution crystal structure of human AS3MT™!
(Fig. 5A and table S2). However, we encountered challenges in obtain-
ing the crystal structure of AS3SMT%®* due to heterogeneous protein
peaks with homodimer size during size exclusion chromatography
(Fig. 5B). To overcome this, we used a modeling algorithm to com-
pare the structures of AS3MT™ and AS3MTH®, revealing that the
N-terminal deletion in AS3MT®% exposes hydrophobic residues,
including V129 and F131 (Fig. 5A). To assess the importance of these
exposed residues for the molecular characteristics of AS3MT%®, we
introduced mutations that replaced the hydrophobic residues with
hydrophilic ones (V129D and F131D). Size exclusion chromatogra-
phy demonstrated that these hf?ldrophilic substitutions eliminated
homodimerization of AS3MT%® (Fig. 5B). Furthermore, the centro-
somal localization of AS3MT%% was significantly reduced with these
mutations (Fig. 5, C and D), suggesting that the exposed hydrophobic
residues of ASSMT®*® are indeed critical for centrosomal localization.
To test the relevance of spindle orientation phenotype by using
human AS3MT®* V129D and F131D mutant, human organoids
are a suitable platform (28-30). We can also investigate whether
AS3MT*% expression contributes to spindle dysregulation in NSCs
of the human system. Six-week-old hFOs were generated from the
cell lines doxycycline (dox)-dependently AS3MT%%_expressing
lines or AS3MT®*®* V129D/F131D-expressing lines (fig. 15, A to C).
Immunostaining was performed to analyze spindle orientation in mi-
totic NSCs, with anti-p-Vim antibody labeling used to identify mi-
totic NSCs. We measured the angle between the mitotic cleavage
plane and the apical VZ surface, representing spindle orientation.
Consistent with our findings in developing mouse brains, dox*/
AS3MT% hFOs displayed a signiﬁcant disruption in the cleavage
plane compared to dox /AS3MT 243 controls (Fig. 5, E and E and fig.
S15D). In contrast, AS3MT%% v129D/F131D, which showed reduced
centrosome localization, did not induce a significant disruption in the
cleavage plane compared to dox™/AS3MT®* V129D/F131D con-
trols (Fig. 5, G and H, and fig. S15E). These results indicate that cen-
trosome localization of AS3MT*%, driven by exposed hydrophobic
residues, can affect proper spindle orientation during NSC dividing.

DISCUSSION

Although elevated expression of AS3SMT®*® in individuals with SZ
has been reported (7), the biological implication of this exaggerated
expression remains unelucidated. In this study, we aimed to bridge
the genetic findings linking increased AS3IMT®® expression to SZ
risk by constructing a mouse model that encompasses two critical
aspects: (i) ectopic expression of mouse form of AS3MT®% and (ii)
initiation of this expression from the early neurogenesis stage. First,
we designed the ectopic expression of the mouse form of AS3MT**%
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to faithfully replicate the condition of patients with SZ within the
mouse background. This approach aligns with the strategies used in
other SZ model mice, such as truncated Discl (disrupted in schizo-
phrenia 1) transgenic mice, which mimic patient-related pheno-
types, and mouse models of elevated C4 expression, linking GWAS
risk factors to cortical endophenotypes of SZ (31, 32). Second, con-
sidering the substantial increase in AS3IMT®® expression from the
early neurogenesis stage in human stem cell models (7) and our ISH
data in hFOs, we postulated that this developmental stage could repre-
sent a critical period for disease-relevant effects of excessive AS3MT*%
expression. Thus, the AS3MT®*® mice were bred with the EmxI-Cre
mice to initiate the AS3MT% expression from the NSC, following
other studies to investigate neurogenesis stages (33, 34). Conse-
quently, our findings using this strategy underscore the importance
of AS3MT%® expression during neural development. The expres-
sion of mouse AS3MT*® from the NSC stage in the ASSMT®**-Tg
mice was sufficient to induce changes in the brain structure and be-
havior phenotypes that parallel those observed in patients with SZ
(2, 3, 15, 17). Furthermore, we validated the relevance of our mouse
model by demonstrating that the expression of human AS3MT®®
from the NSC stage in hFOs recapitulated the key phenotypes observed
in mouse AS3MT%% phenotypes such as mitotic spindle orienta-
tion and NSC fate. These results emphasize the potential value of the
AS3MTd2d3—Tg mouse model for studying the SZ susceptibility associ-
ated with AS3MT®® and provide insights into the molecular mech-
anisms underlying SZ.

Lateral ventricle enlargement is one of the objective markers in
SZ, consistently observed in MRI studies of patients with SZ (2, 15, 35).
This phenotypic manifestation is not limited to human subjects; it is
also evident in SZ mouse models, such as the Nrgl (neuregulin 1)
overexpression mouse (36), which exhibits ventricle enlargement
alongside disrupted neurogenesis (37). Ventricle enlargement is also
widely recognized as a hallmark of neurogenesis dysregulation, sup-
ported by genetic knockout studies of Dyrkla, Sox2, Wdfy3, and Parpl
demonstrating defects in NSC proliferation or maintenance that lead
to this ventricle phenotype (38-41). These consistent associations
between perturbed neurogenesis and ventricle enlargement have
prompted recent investigations into the role of NSCs in ventricular neu-
roepithelium in the context of abnormal prenatal neurogenesis and
its impact on ventricle size (42). Notably, TRIM?71 (tripartite motif con-
taining 71), the most frequently mutated gene in human congenital
hydrocephalus, provides a prototypical example of NSC involve-
ment in ventricle enlargement. In TRIM71 knockout mice, premature
neuronal differentiation at the expense of NSC expansion results in ven-
tricle enlargement (43). Similarly, cerebral cortical organoids derived
from iPSCs of a patient with SZ reveal early developmental defects in
cortical neural progenitors, disrupting neuronal differentiation and
reducing neurogenesis (44). In line with these findings, we observed
that AS3MT® -Tg mice show ventricle enlargement concurrent
with premature neuronal differentiation and a reduction in NSC popu-
lation. Our results align with the growing body of evidence linking
neurogenesis, ventricle enlargement, and SZ pathophysiology, empha-
sizing the relevance of AS3MT®® in SZ and its potential contribu-
tion to the disorder’s etiology.

Our study revealed aberrant social behavior and defective somato-
sensory gating in AS3MTd2d3—Tg mice (3, 17). Our snRNA-seq analysis
unveiled a significant reduction of Tshz2* population of layer 2/3
excitatory neurons in these mice, a finding further confirmed by im-
munostaining in the ACC. Notably, the abnormal layer composition
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Fig. 5. Exposed hydrophobic residues of AS3MT?® drive centrosome localization and spindle misorientation. (A) Human AS3MT protein structure (39 to 358 AA)
and deletion model (AS3MTY%) with surface analysis (hydrophobic residues, yellow; hydrophilic residues, blue). (B) 755 size exclusion chromatography [top, AS3MTH!
middle, AS3MTd2d3; bottom, AS3MTI2E (V129D/F131D)]. (C) Representative image of the subcellular localization of FIag—AS3MTf“", FIag—AS3MTd2d3, or FIag-ASSMTd2d3
(V129D/F131D) in HEK293FT cell line, stained as indicated. The arrowheads indicate centrosome site in magnified images. (D) Quantification of the centrosome-integrated
intensity divided by cytoplasm-integrated intensity [AS3MTM! 1 = 39; AS3MT®2%, h = 38; AS3MTY? (V129D/F131D), n = 38]. (E) Representative images of the mitotic cell
with a dividing plane from 42-day AS3MT2% inducible organoids. (F) Percentage of cortical progenitors within each 30° interval (not treated #1 line, n = 8; doxycycline-
treated #1 line, n = 9). (G) Representative images of the mitotic cell with a dividing plane from 42-day AS3MTI23 (V129D/F131D) inducible organoids. (H) Percentage of
cortical progenitors within each 30° interval (not treated #10 line, n = 7; doxycycline-treated #10 line, n = 6). Scale bars, (C) 10 pm and [(E) and (G)] 20 pm. Bar graphs show
the means + SEM. Statistical significance is defined by one-way ANOVA for centrosome localization analysis and two-way ANOVA for spindle orientation analysis with
Bonferroni’s post hoc test for comparisons among multiple groups; *P < 0.05; **P < 0.01; ****P < 0.0001. Dox, doxycycline.
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of ACC has been reported in patients with SZ (45, 46). Structural
or functional alterations in ACC are closely linked to prominent
changes in social behavior (47), supporting the notion that the social
deficits observed in AS3MT****-Tg mice may be associated with the
changes in the neuronal population within ACC. In addition, ACC
has a circuit connected to the mediodorsal thalamus (MDT), facili-
tating communication between prefrontal cortex and MDT. ACC
neurons projecting to MDT play a crucial role in PPI (48). There-
fore, the observed PPI deficits in our study may be linked to the
changes in ACC layer composition, as indicated by snRNA-seq anal-
ysis. In light of these findings, we postulate the hypothesis that aber-
rant reduction of excitatory neuronal populations resulting from
ectopic AS3MTE® expression during early cortical development
may contribute to abnormal sociability and sensorimotor gating
observed in patients with SZ. This hypothesis warrants further
investigation for detailed understanding.

Our observation of mitotic spindle misorientation associated
with elevated AS3MT% expression and its connection to a reduc-
tion in the Tshz2" cell population is intriguing. Although previous
studies do not always equate mitotic spindle misorientation with
stem cell depletion (49), our experimental conditions demonstrated
a decrease in stem cell fate, aligning with recent findings on spindle
orientation (23, 50). This suggests that mitotic spindle misorienta-
tion, along with stem cell depletion, represents a mechanistically
linked phenotype in our AS3MTd2d3—Tg mouse model, contributing
to a reduced proportion of specific neuronal populations following
development (51). However, the mechanisms underlying the selec-
tive reduction of certain cell populations, such as Tshz2* cells in the
adult brain, remain unclear and may reflect subtle deficits similar to
those observed in patients with SZ (52, 53). This partial depletion
could result from region-specific or temporally restricted develop-
mental defects (23). Future research should aim to define the precise
developmental windows and brain regions affected by AS3MT%%
expression to better understand the phenotypic consequences observed
in this model.

The prevalence of alternative splicing isoforms in the mammalian
brain underscores their pivotal role in shaping neuronal function as
these isoforms often exhibit unique protein structures that regulate
their dynamics (54-56). These isoforms provide distinct protein-
protein interaction interfaces that can be critical in various cellular
contexts. For instance, Ninein gene harbors alternative exon 18 and
exon 29 that encode protein region crucial for its centrosomal local-
ization. These exons provide binding sites for CEP170 or CEP250,
creating a unique interaction interface that influence cell fate deci-
sions during neurogenesis and cortical development. Another example
is S100B (S100 calcium-binding protein B), one of the most abun-
dant metal-binding proteins in the brain. A specific isoform of
S100B lacks 11 of the 31 interface residues, impairing its dimeriza-
tion ability but conferring an alternative function by actively inhibiting
amyloid-p aggregation (57). These cases illustrate the far-reaching
impact of alternative splicing on neuronal function. Here, we inves-
tigated the alternative splicing isoform of the AS3MT gene, AS3MTH,
which exhibits distinct molecular characteristics compared to its
full-length counterpart. The structural and functional differences of
AS3MT®®, such as exposed hydrophobic residues critical for di-
merization and centrosome localization, may impart specific roles
in spindle orientation and cortical development. Our interactome
analysis from co-IP/MS supports the unique molecular interaction
of AS3MT%®, with NPM1 emerging as a candidate functional
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partner in modulating spindle dynamics. Together, further explora-
tion of the mechanisms underlying these molecular characteristics
is warranted to gain a deeper understanding of the role of AS3MT%%
in SZ pathology and its impact on cortical development.

AS3MT®%s Jocalization to the centrosome also spurs specula-
tion of its potential role in ciliary function. Centrosomes serve as
basal bodies for primary cilia, key integrators of extracellular signal-
ing pathways, including Wnt and Sonic hedgehog (Shh) pathways.
Recent research underscores the role of primary cilia in regulating
cortical development via Wnt and Shh signaling, which is pivotal for
neuronal differentiation and migration (58). Given that ciliary dys-
function has been implicated in neurodevelopmental disorders such
as SZ, defects in primary cilia may link centrosomal abnormalities
to disrupted signaling cascades in this condition (59). Therefore, fu-
ture investigations into the molecular mechanisms of AS3MT%%¥s
impact on ciliary structure and signaling may help further clarify its
potential relevance to SZ.

Recent genetic and epigenetic studies emphasize the pivotal role of
prenatal development in the predisposition of SZ (60-62). Specifi-
cally, studies using iPSC and organoids derived from patients with SZ
have consistently indicated disturbances in cell fate determination
during this crucial developmental stage (44, 63-65). Our findings
contribute to this body of research, revealing that AS3SMT® affects
spindle orientation and cell fate determination, ultimately altering the
neuronal composition in the adult mouse brain. This suggests a
potential link between the centrosome/spindle organization affecting
cell fate determination and neurodevelopmental aspects of SZ. For
example, chromosome 16p13.11 duplication, a well-known genetic
risk variant associated with SZ (odds ratio = 1.84), has been shown to
disrupt spindle orientation and cell fate determination in patient-
derived organoids (66, 67). Further, PCM1, a centrosomal protein
identified as closely associated with SZ (68), plays a crucial role in
neurogenesis. The loss of PCM1 results in premature neurogenesis
and depletion of the NSC pool, leading to inadequate neuron produc-
tion and abnormal ventricle expansion (69, 70). Our results under-
score the importance of maintaining a balanced neuronal composition
and offer an insightful perspective on the pathobiology of SZ by link-
ing disrupted cell fate regulation during early development to the dis-
order’s neurodevelopmental origins.

MATERIALS AND METHODS

Animals

All animal procedures were ethically approved by the Institutional
Animal Care and Use Committee of Pohang University of Science
and Technology (POSTECH-2019-0025, POSTECH-2020-0008,
POSTECH-2020-0022, POSTECH-2021-0110, POSTECH-2022-0087,
POSTECH-2022-0086, POSTECH-2023-0096, and POSTECH-
2024-0092). All experiments were carried out in accordance with the
approved guidelines. C57BL/6 mice were purchased from Hyochang
Science (Daegu, South Korea) and used for in utero electroporation
surgery. The AS3MT%%_conditional expressing mice (Rosa26
LoxP-STOP-loxP-mAS3MT*®*-IRES-mCherry) were generated
through Cyagen (Beijing, China). The EmxI-cre mice (the Jackson
Laboratories, stock #005628) were crossed with AS3MTY®_conditional
expressing mice. All mice were maintained in a specific pathogen—free
facility under a 12:12-hour day/night illumination cycle. The ani-
mals were euthanized by cervical dislocation after inhalation anes-
thesia. Only male mice were analyzed in all the experiments.
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Behavioral analyses

PPl test

PPI was measured using the SR-LAB Startle Response System follow-
ing established protocols (71). The mice underwent a 5-min acclima-
tion period in the PPI apparatus with a constant 65-dB white-noise
background. Following this, the testing session began automatically.
Each session involved 10 blocks with six types of trials: null (no stimu-
lus), startle only (120 dB), and startle with a prepulse at various inten-
sities above the baseline (69, 73, 77, or 81 dB). The trials were
presented in a pseudorandomized order, ensuring that each trial type
appeared once per block. The %PPI was calculated using the formula:
100 — [(response on prepulse-pulse trials / startle response on pulse-
only trials) x 100].

Three-chambers social interaction test

The social interaction test involved two 10-min phases and took
place in a transparent Plexiglas rectangular arena (60 cm L by 45 cm
W by 40 cm H) divided into three chambers (each 45 cm L by 20 cm
W by 40 cm H). During habituation, the test mice were placed in the
central chamber and could freely explore all chambers. In the social
phase, an unfamiliar mouse was introduced under an inverted wire
cup in one of the two side chambers, and the test mice were again
allowed to explore. Behavior was recorded by an overhead charge-
coupled device (CCD) camera and analyzed using SMART v3.0
(Panlab) tracking software (72).

Y maze

A'Y maze, consisting of three equally spaced arms (30 cm L by 15 cm
H by 7 cm W, labeled A, B, and C), served as the apparatus. The mice
were placed at the maze’s center and allowed free movement for
8 min. The sequence of arm entries was recorded, with an alternation
defined as entry into all three arms consecutively. The maximum
possible alternations equaled the total number of arm entries minus
two. The percentage of alternations was calculated as (actual alterna-
tions / maximum alternations) X 100, alongside recording the total
arm entries.

Nesting behavior

Nest-building behavior, associated with self-care in SZ models (73),
was assessed by providing single-housed mice with a new nestlet
(Ancare, catalog no. 10279-140) daily. The following morning, the
quality of the nest was rated on a five-point scale (74), with scores
as follows: 1 = nestlet not noticeably touched, 2 = nestlet partially
torn up, 3 = mostly shredded but no identifiable nest site, 4 = an
identifiable but flat nest, 5 = a well-defined nest with walls >mouse
body height. The average score over 6 days was analyzed using the
Mann-Whitney test.

Open-field test

Spontaneous activity was assessed in an open-field arena, a white
rectangular box (60 cm L by 40 cm W) with 20-cm-high walls. The
mice were allowed to explore freely for 15 min starting from the
center of the arena. Movements were recorded via an overhead CCD
camera and analyzed by SMART v3.0 (Panlab).

Elevated plus maze

The maze featured two open arms and two closed arms (each 10 cm
W by 50 cm L) elevated 60 cm above the floor. The mice were placed
at the maze center, facing a closed arm, and allowed to explore for
10 min. Behavior in each arm was recorded and analyzed using
SMART v3.0 (Panlab). The maze was cleaned with 70% ethanol be-
tween tests to prevent any olfactory cues from influencing behavior.
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Immunocytochemistry and IHC

For immunocytochemistry, transfected cells were washed with
phosphate-buffered saline (PBS) and fixed with 4% paraformalde-
hyde in PBS for 10 min. The additional fixation with iced ethanol 50,
75, and 95% for 5 min on ice, respectively, were followed if needed.
The cells were permeabilized with 0.2% Triton X-100 in PBS for
10 min and incubated in the blocking solution (5% goat serum in
PBS) for 1 hour at room temperature (RT). The cells were incubated
with primary antibodies at 4°C overnight and washed three times with
PBS for 10 min. Incubation with secondary antibodies for 1 ~ 2 hours at
RT was followed depending on each experimental purpose. For nuclear
staining, the samples were incubated with Hoechst solution for 5 min.
Last, coverslips were placed on slide glasses and fixed with mounting
media (Biomeda).

For IHC, harvested brains were perfused with PBS and fixed with
4% paraformaldehyde in PBS overnight, followed by cryoprotected
with 30% sucrose in PBS for more than 2 days. Brains were frozen
with OCT solution (Leica Biosystems) and sectioned using cryostats
(Leica Biosystems) with 10- ~ 100-pm thickness depending on the
experimental purpose (20 pm for slide-mounted immunostaining,
30 pm for floating immunostaining, and 100 pm for ipsilateral
branching analysis). Then, dissected tissue was fixed to Superfrost
Plus microscope slides (catalog no. 22037246, Thermo Fisher Sci-
entific) and dried at RT. The dissected tissues were examined with
fluorescent microscopy to confirm the electroporated cells with
fluorescence. Dried samples were washed three times with PBS
and permeabilized with 0.2% Triton X-100 in PBS for 10 min. If
the antigen retrieval process is needed, the sections were at 95°C
for 10 min with a citrate buffer of pH 6.0. Blocking was conducted
with CAS-Block histochemical reagent (catalog no. 008120, Ther-
mo Fisher Scientific) for 1 hour at RT. Samples were incubated
with primary antibody mixtures at 4°C overnight and incubated
with secondary antibody mixtures for 1 ~ 2 hours at RT. For nucle-
ar staining, samples were incubated with Hoechst (0.002 mg/ml)
in PBS solution for 20 min. Last, slides were fixed with mounting
media (Biomeda) or Aqua-Poly/Mount (catalog no. 18606-20,
Polysciences). Images of brain tissue samples were acquired using
confocal microscopy with z-stacks of 0.5- ~ 1-um intervals after
confirming the electroporated regions by fluorescence signals.
Each z-stack image and a merged z-projection image were com-
pared to discriminate the cell periphery.

Chromogenic ISH targeting single exon junction (BaseScope)
Single-molecule chromogenic ISH targeting a single exon junction
was performed with BaseScope Duplex Detection Reagent Kit (cata-
log no. 323800 ACD) as described previously (14). Forty-two-day
organoids were sectioned using cryostats (Leica Biosystems) with
10-pm thickness. The sections were incubated with various combi-
nations of two BaseScope probes such as SOX2, TUBB3, AS3MT-
E2E3, and AS3MT-E1E4 (catalog nos. 719611, 1321881-C1, 716351,
and 716341, ACD). The sections were imaged using a LEICA
DM750 C light microscope with 40X objective lens. In the VZ of
rosettes, the number of AS3MT full*/d2d3* cells (red dots) were
calculated in relation to SOX2" cells (green dots). Similarly, in the
cortical region of rosettes, AS3MT full*/d2d3™ cells were quantified
with respect to TUBB3™ cells (green dots). The parameter used was
the ratio of red dots to the number of cells with green dots. A total
of 5 to 10 hFOs were analyzed per group.
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Histological sample preparation and image analysis

Brain tissues were collected and fixed in 4% paraformaldehyde solu-
tion at 4°C overnight. Tissues were embedded in paraffin blocks,
sectioned at 3-pm thickness, deparaffinized, and dehydrated via
sequential addition of xylene, 100% ethanol, and 95% ethanol. The
sections were then washed in distilled water and stained with hema-
toxylin (catalog no. HHS32, Sigma-Aldrich) and eosin (catalog no.
HT110132, Sigma-Aldrich). Sections were imaged using a LEICA
DM?750 C light microscope. All brain areas were analyzed by Adobe
Photoshop and Image]J in section-matched tissue.

Images were obtained by using FV3000 confocal laser scanning
microscope (Olympus) with 10X [0.4 numerical aperture (NA)], 20X
(0.75 NA), 40 (0.95 NA), 60x (1.35 NA), or 100x (1.4 NA) objective
lens. Because of the limitation of the confocal microscopy resolutions
(>230 nm for 100X and >240 nm for 60x), brightness and contrast
were adjusted for the clarity of the images. Color scales were also care-
fully adjusted to avoid the potential overlap of the red and green sig-
nals. Acquired images were analyzed with Image ] (Fiji) software
(RRID: SCR_002285, National Institute of Health, Bethesda, MD,
USA), CellSens software (Olympus), or QuPath (v0.5.1).

For migration and morphology analysis, RFP intensity was adjusted
to show the clear morphology of each neuron, avoiding excessive satu-
ration in soma regions to minimize difficulties in discriminating indi-
vidual cells. Cell counting was performed in each subventricular zone/
VZ, intermediate zone (IZ), and cortical plate (CP) area and each cell
shape as described previously (75).

For the analysis of axon formation and ipsilateral branching, GFP
vector and target DNA are mixed 1:1 ratio to visualize the axon. GFP
signals were used for axon quantification after confirming the colo-
calization. For axon length analysis, reference length was defined
from the electroporated region to the midline of corpus callosum
(CC) for normalization. The analyzing length was defined from the
midline of CC to the end of the connected axon signal. For ipsilateral
branching, the region of interest (ROI) was defined in the electropor-
ated region without nonmigrating cells in the ROI and analyzed with
the Fiji Plot Profile. The intensity of the fluorescence was normalized
by subtracting the fluorescence intensity measured in the darkest
brain region (76).

Magnetic resonance imaging

The animal MRI study was performed using a 9.4T Bruker ClinScan
system (Bruker BioSpin MRI GmbH, Germany) with an actively
shielded 12-cm diameter gradient insert operating with a maximum
strength of 66 Gauss/cm and a rise time of 141 ps as described (77).
A quadrature birdcage coil (72-mm inner diameter) was used for
excitation, and an actively decoupled Bruker planar surface coil
(15-mm inner diameter) positioned on top of the mouse’s head was
used for detection. The magnetic field homogeneity was globally
shimmed with the field map method, and then a local shim was
optimized using the MAPSHIM protocol with an ellipsoid shim vol-
ume covering the cerebrum (ParaVision 6, Bruker BioSpin). The
animals were anesthetized and maintained with 1.5 to 2% isoflurane
during the experiments. Transverse T2-weighted turbo rapid acqui-
sition with refocused echoes spin echo images was acquired for vol-
ume measurements (repetition time/echo time = 5065/9 ms, field of
view = 20 X 20 mm, matrix = 256 256 pixels, number of averag-
es = 5, thickness = 0.25 mm, and scan time = 13.30 min). Five- to
six-month-old mice were used for this analysis.
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hESC culture and gene editing

Human embryonic stem cell (hESCs) were cultured in StemFlex
medium (catalog n0.A3349401, Gibco) by following the manufac-
turer’s instructions. For gene editing, cloning to the donor vector,
PAAVS1-Puro Xlone-eGFP (catalog no. 136936, Addgene), was per-
formed using restriction enzymes from NEB and T4 DNA ligase
from NEB, and Gibson cloning was performed using Gibson Assembly
Master Mix (NEB). hESCs were harvested using Accutase solution
(catalog n0.A1110501, Gibco) and 1.2 X 10° cells resuspended in
Opti-MEM medium were electroporated with 8 pg of donor plas-
mids and 2 pg of each zinc-finger nuclease-encoding plasmid
(NEPAZ21 electroporator and 2-mm gap cuvettes, catalog no. EC-002S,
Nepa gene). The cells were subsequently plated on Matrigel matrix
(catalog no. 354230, Corning) in StemFlex medium supplemented
with Revitacell (catalog no. A2644501, Thermo Fisher Scientific) for
the first 24 hours. Individual colonies were picked and expanded
after puromycin (P8833-25 mg, Sigma-Aldrich) selection (0.5 pg/
ml) 7 days after electroporation.

Antibodies

Anti-FLAG rabbit polyclonal and mouse monoclonal (catalog no. F7425
and catalog no. F1804, Sigma-Aldrich), anti-FLAG rat monoclonal (cat-
alog no. MA1-142, Thermo Fisher Scientific), anti-a-tubulin mouse
monoclonal (catalog no. 66031-1-Ig, Proteintech Group), anti-BrdU
rabbit polyclonal (catalog no. PA5-32256, Invitrogen), anti-BrdU
mouse monoclonal (catalog no. sc-32323, Santa Cruz Biotechnology),
anti-hemagglutinin (HA) rabbit polyclonal (catalog no. A190-108A,
RRID:AB_67465, Bethyl Laboratories), anti-cre mouse monoclonal
(catalog no. ab24607, Abcam), anti-SOX2 (catalog no. ab5603, Merck
Millipore), anti—y-tubulin mouse monoclonal (catalog no. sc-17787,
Santa Cruz Biotechnology and catalog no. T5326, Sigma-Aldrich) and
rabbit polyclonal (catalog no. ab11317, Abcam), anti-Tshz2 rabbit
polyclonal (catalog no. 140189, Abcam), anti-NeuN mouse mono-
clonal (catalog no. MAB377), anti-NeuN guinea pig (catalog no.
ABNO90OP, Merck Millipore), anti-Tujl mouse monoclonal (catalog
no. MMS-435P), anti-Cux1 rabbit polyclonal (catalog no. 11733-1-AP,
ProteinTech), anti-Ctip2 rat monoclonal (catalog no. ab18465,
Abcam), anti-Satb2 mouse monoclonal (catalog no. ab51502, Abcam),
anti-GABA rabbit polyclonal (catalog no. A2052, Sigma-Aldrich),
anti-caspase-3 rabbit polyclonal (catalog no. 9662, Cell Signaling
Technology), anti-Tbr2 rabbit polyclonal (catalog no. AB2283, Merck
Millipore), anti-Pax6 mouse monoclonal (catalog no. AB_528427,
DSHB), anti-Tbr1 rabbit polyclonal (catalog no. ab31940, Abcam),
anti-cleaved caspase-3 rabbit polyclonal (catalog no. 9661, Cell
Signaling Technology), anti-ASPM rabbit polyclonal (catalog no.
IHC-00058, Thermo Fisher Scientific), anti-CDK5RAP2 rabbit poly-
clonal (catalog no. IHC-00063, Bethyl Laboratories), anti-WDR62
rabbit polyclonal (catalog no. A301-560A, Thermo Fisher Scientific),
and anti-p-VIM (S55) (catalog no. DO76-3, MBL) were used for
immunofluorescence and immunoblotting. Horseradish peroxidase
(HRP)-conjugated sheep anti-mouse immunoglobulin G (IgG, catalog
no. NA931, GE Healthcare) and donkey anti-rabbit IgG (catalog no.
NA934, GE Healthcare) were used as secondary antibodies for immu-
noblotting. Alexa Fluor 405-, Alexa Fluor 488-, Alexa Fluor 568-, and
Alexa Fluor 647-conjugated goat anti-mouse IgG (catalog no. A-31553,
catalog no. A-11001, catalog no. A-11004, and catalog no. A-21236,
Molecular Probes), anti-rabbit IgG (catalog no. A-31556, catalog no.
A-11008, catalog no. A-11036, and catalog no. A-21244, Molecular
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Probes), anti-rat IgG (catalog no. A-11006 and catalog no. A-11077,
Molecular Probes), and anti-guinea pig IgG (catalog no. A-21450,
Molecular Probes) were used as secondary antibodies for immuno-
cytochemistry and IHC.

Plasmids

pFLAG-CMV2 (Sigma-Aldrich) and chNAS.l/HA (Invitrogen) were
used for human AS3MT™/AS3MT#/AS3MT*(V129D/F131D)
and mouse AS3MT™/AS3MT*® cloning, FLAG-tagged AS3MT*%*
cloned in pCIG2-mRFP was used for in utero electroporation, and
HA-tagged AS3MT%® cloned in pCIG2-EGFP was used for organoid
electroporation. Human and mouse AS3MT™/AS3MT® cDNA
were amplified by polymerase chain reaction (PCR). Human and
mouse AS3MT cDNA clones (NCBI reference sequence: NM_020682.4
and NM_020577.3, respectively) were amplified by PCR, cloned
into the vectors, and verified by sequencing. Oligonucleotide sequence
for the mouse Vim shRNA was 5'- ATGTTTTGGATCTCATCCT-
GC-3'. Oligonucleotide sequence for the mouse Npm1 shRNA was
5'- ATCTTCATCTTCAGACTCTGC-3'. These oligonucleotides were
annealed and ligated into the pLentiLox3.7 vector using Pstl and
Xhol sites. The primer information is in table S3.

Cell line culture

HEK293FT cells were cultured with Dulbecco’s Modified Eagle’s
Medium (DMEM, Welgene) supplemented with 10% (v/v) FBS (fetal
bovine serum, Merck Millipore) and 1% (v/v) Antibiotic-Antimycotic
(Gibco). Cell lines were authenticated by the short tandem repeat
profiling method. Cell lines were tested as negative for myco-
plasma contamination.

Transfection

HEK293FT cells were transfected with polyethyleneimine (PEI)
solution (1 mg/ml stock) or Lipofectamine 2000 (Invitrogen) by fol-
lowing the manufacturer’s instructions. Cell confluencies (60 ~ 80%)
were adjusted according to the experimental purposes. After 12 hours
of cell plating, cell conditions and confluencies were monitored by
light microscopy. Amounts of total DNA (microgram per well) were
varied by culture sizes (700 to 1400 ng in 12-well plates and 7 to
14 pg in 10-cm culture dish). One microgram of DNA and 3 pl
of PEI or 1 pl Lipofectamine 2000 were mixed with Opti-MEM
(Gibco). The mixtures were incubated for 15 min at RT. The medium
was replaced with a culture medium 3 to 5 hours after transfection.

IP/MS analysis

All procedures are performed as described previously (78) with
minor modifications. For immunoprecipitation, cells were harvested
24 hours after transfection in cold PBS and centrifuged at 800g. The
cells were lysed with a lysis buffer containing 50 mM tris-HCl (pH 7.4),
150 mM NaCl, 5 mM EDTA, 0.2% Triton X-100, and the inhibitor
cocktail of proteases (catalog no. PIA32963, Thermo Fisher Scien-
tific) and supplement chemicals [2 mM Nappi, 20 mM NaF, 10 mM
Na3;VOy, and 2 mM dithiothreitol (DTT)]. FLAG vector or FLAG-
ASIMT™ or FLAG-AS3MT®* and their respective interacting
proteins were pulled down with anti-FLAG antibody immobilized
on agarose beads (catalog no. A2220, Sigma-Aldrich). For in-
solution digestion, eluted proteins were lyophilized and solubilized in a
digestion solution containing 6 M urea and 40 mM ammonium
bicarbonate in high-performance liquid chromatography-grade
water (catalog no. 7732-18-5, ].T Baker). The proteins were reduced
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with 5 mM tris (2-carboxyethyl) phosphine hydrochloride for 1 hour
and then alkylated with 25 mM iodoacetamide in the dark for 30 min
at RT. The sample was in-solution digested with sequencing-grade
modified trypsin (5 ng/ml; catalog no. V5111, Promega) for 16 hours
at 37°C. For mass spectrometry, tryptic peptides after in-solution
digestion were separated using a homemade microcapillary column
(75 pm by 12 cm) packed with C18 resin (Michrom Bioresources,
USA). Samples were eluted using a linear gradient mixture of sol-
vents A (0.1% formic acid in 2% acetonitrile) and B (0.1% formic
acid in 98% acetonitrile) where the percentage of the latter mobile
phase increased over 120 min at a flow rate of 0.26 pl/min: 2 to 50%
for 94 min, 50 to 90% for 6 min, 90% for 6 min, 90 to 2% for 6 min,
and 2% for 8 min. Eluted peptides were analyzed by use of an LTQ
Velos Orbitrap mass spectrometer (Thermo Finnigan, USA) with a
nano-electrospray ionization.

Double thymidine block and astral microtubule analysis

To analyze astral microtubules, HEK293 cells were first arrested by
double thymidine block at the G;-S boundary. Thymidine (2.5 mM;
catalog no. T1895, Sigma-Aldrich) was treated for 16 hours and
washed twice with PBS. After washing thymidine, the cells were in-
cubated with DMEM/10% FBS with 1% A/A for 4 hours and trans-
fected with FLAG-CMV?2 vector or FLAG-AS3MT®® for 5 hours.
We repeated thymidine block and washing once again. After 4 hours,
the HEK293 cells were treated with MG132 (10 pg/ml; catalog no.
474790, Sigma-Aldrich) for 4 hours. After that, the cells were fixed
and immunostained with specific antibodies. For analysis, astral
microtubules were analyzed in metaphase cells. The number and
length of astral microtubules per spindle pole were measured manu-
ally and analyzed in the Cell Sens software.

Immunoblotting

Mouse cortex tissues or transfected cells were washed with 1x PBS
and lysed with 1x erythrocyte lysis buffer [50 mM tris (pH 8.0),
250 mM NaCl, 0.1% NP-40, 5 mM EDTA, 2 mM sodium pyrophos-
phate, 5 mM NaE 2 mM NazVO,, 1 mM DTT, and protease inhibitor
cocktail (Roche)]. Ultrasonication was used for complete lysis. For im-
munoblotting, 5x SDS sampling buffer [2% SDS, 60 mM tris (pH 6.8),
24% glycerol, 0.1% bromophenol blue, and 5% p-mercaptoethanol
was added, and the mixtures were boiled at 100°C for 10 min. SDS-
polyacrylamide gel electrophoresis was performed with 12% poly-
acrylamide gel in an electrophoresis tank (Bio-Rad) and transferred
to polyvinylidene difluoride membrane (Merck Millipore). Trans-
ferred membranes were blocked with 5% skim milk in tris-buffered
saline [20 mM tris (pH 8.0) and 137.5 mM NaCl] with 0.25% Tween20
for 0.5 ~ 1 hour at RT. The primary antibody was mixed with skim
milk following the manufacturer’s guide, and membranes were incu-
bated at 4°C overnight. The membranes were further incubated with
HRP-conjugated secondary antibodies for 1.5 hours at RT, and pro-
tein signals were detected by enhanced chemiluminescence solu-
tions (Bio-Rad) in the image analyzer (Azure Biosystems).

Sucrose-gradient centrifugation for

centrosomal fractionation

Centrosome isolation was performed by sucrose gradient velocity
sedimentation as described (79, 80). Briefly, confluent cells were in-
cubated at 37°C for 3 hours with 10 pg/ml final concentration of
nocodazole (Sigma-Aldrich) and successively washed with ice-cold
PBS, 8% sucrose in 1/10 diluted PBS, and 8% sucrose in distilled
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water (DW). The cells were then lysed with buffer A [50 mM tris
(pH 7.4), 80 mM NaCl, 25 mM EDTA (pH 8.0), and 1% Triton X-100]
plus protease inhibitor for 10 min on ice with vigorous rotation. After
incubation overnight at 4°C, the lysate was sonicated for 10 strokes
at low output with a microtip and subjected to two passages through
a 23-gauge needle and one filtration through a 40-pm Nylon mesh
(BD Falcon). The filtrate was cleared by centrifugation at 2500¢ for
10 min, and the supernatant was incubated in 10 mM Hepes and
deoxyribonuclease I (2 pg/ml) for 30 min at 0°C. The supernatant
was laid on top of 2 ml of 60% sucrose cushion and subject to cen-
trifugation at 10,000¢ for 30 min. The 60% sucrose fraction contain-
ing centrosomes was recovered and diluted to 30% with distilled
water, which was then added on top of a discontinuous sucrose gra-
dient (from the bottom to the top, containing 1.7, 1, and 1 ml of 70,
50, and 40% sucrose solutions, respectively) in a 13-ml 417Ti Beckman
ultraclear tube. After centrifugation at 40,000g for 1 hour and
15 min, 20 fractions (400 pl each) were collected, starting from the
bottom of the gradient. The fractions were frozen in liquid nitrogen
and then stored at —80°C for future use.

In utero electroporation

Pregnant C57BL/6 mice at 13.5 were anesthetized with an isoflurane
(induction in a chamber: 2.8%, surgery via mask: 2.5%, Hana Pharm
Corporation, Gyeonggi-do, South Korea). Coding sequences of target
genes in pCIG2 vectors were purified by using EndoFree plasmid
maxi kit (Qiagen, Germantown, MD, USA). Each DNA solution
(2 ~ 3 pg/pl) mixed with Fast Green solution (0.1%) was injected
into bilateral ventricles of the embryo through pulled microcapillary
tube (Drummond Scientific, Broomall, PA, USA). Tweezer-type elec-
trode containing two disc-type electrodes was located at appropriate
angle, and electric pulses were given as 35 V, 50 ms, five times with
950-ms intervals by using an electroporator (Harvard Apparatus,
Holliston, MA, USA). After electroporation, the embryos were put
back into the mother’s abdomen, the incision was sutured, and the
mice were turned back to their home cage. To analyze cell prolifera-
tion or neuronal differentiation, BrdU (Sigma-Aldrich) was admin-
istered at E14.5 by intraperitoneal injection (50 mg/kg in PBS). The
mice were euthanized at E14.5, E15.5, E18.5, or P6. To minimize the
sample-by-sample variation, we analyzed the samples in the compa-
rable tissue quality, transfected region, and total transfection effi-
ciency in each experimental set.

Forebrain organoid culture and electroporation

Brain region-specific cerebral organoid culture was prepared follow-
ing the previous report (81). We maintained hESC (WA09, WiCell,
USA) by mouse embryonic fibroblast-dependent culture with stem
cell culture media [DMEM/F12 (Gibco), 20% knockout serum re-
placement (KOSR, Gibco), 1x GlutaMax (Gibco), 1X nonessential
amino acid solution (NEAA, Gibco), 1X penicillin-streptomycin
(HyClone), 1x B-mercaptoethanol (Gibco), and basic fibroblast
growth factor (10 ng/ml; Peprotech)].

To establish forebrain organoid, we detached 1- ~ 1.5-mm sized
WAO09 stem cell colonies by 30-min treatment of collagenase IV
(Thermo Fisher Scientific, 17104019, 1 mg/ml, dissolved in DMEM/
F12). The duration of collagenase IV treatment was increased up to
2 hours until colonies were detached. Detached stem cell colonies
were transferred to ultralow attachment six-well plate (Corning)
and cultured for 4 days with Forebrain first media [DMEM/F12,
20% KOSR, 1x GlutaMax, 1x NEAA, 1x f-mercaptoethanol, 1X
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penicillin-streptomycin, 2 pM dorsomorphin (Stem Cell Technolo-
gies), and 2 pM A-83 (Stem Cell Technologies)]. On culture days 5
and 6, half of the media was replaced with Forebrain second media
[DMEM/F12, 1x N2 supplement, 1X GlutaMax, 1X NEAA, 1X
penicillin-streptomycin, 1 pM CHIR-99021 (Stem Cell Technologies),
and 1 pM SB-431542 (Stem Cell Technologies)]. On culture day 7,
embryonic bodies were embedded into a mixture of Matrigel (Corning)
and Forebrain second media (3:2 ratio). The mixture was spread on
an ultralow attachment plate and incubated at 37°C for 30 min to
solidify. Organoids were further cultured for 7 days with Forebrain
second media. On culture day 14, Matrigel was mechanically broken
by two or three times of pipetting with 10-ml pipet. Organoids were
further cultured with Forebrain third media [DMEM/F12, 1x N2
supplement (Gibco), 1x B27 supplement (Gibco), 1x GlutaMAX,
1x NEAA, 1x p- mercaptoethanol, 1X penicillin-streptomycin, and
insulin (2.5 pg/ml; Sigma-Aldrich)] and shaking (75 rpm).

For the doxycycline-inducible expression, we replaced the media
with a third media including 2 pM doxycycline (Stem Cell Technolo-
gies, catalog no. 72742) on culture day 20. Organoids were further
cultured with this medium until the fixation day.

For electroporation in forebrain organoids, we used organoids
cultured for 50 days. DNA constructs (2 pg/pl concentration) com-
bined with Fast green were injected into empty spaces of organoid
rosettes. The injection was performed with a micro-injector (PLI-100
Pico-Injector, Harvard Apparatus) set at 10 psi and 5 ~ 20 ms of
injection time. After that, electroporation was performed with an
electroporator (Harvard Apparatus, Holliston, MA, USA) set at 80 V,
50-ms duration, 1-s interval, and five pulses.

Protein preparation

The human arsenite methyltransferase (AS3MT), except for its
C-terminal 17 residues that are predicted to be structurally disor-
dered and N-terminal 38 residues for suitable crystallization. This
construct has a hexahistidine maltose-binding protein (MBP) tag in
the pPRO MBP vector. The recombinant proteins of AS3MT were
overexpressed in BL21(DE3) cell strain overnight by the addition
of 1.0 mM isopropyl p-D-1-thiogalactopyranoside at 25°C when the
cell density reached Agoo nm 0f 0.8. The cells were lysed in buffer con-
taining 20 mM Hepes (pH 7.5), 0.5 M KCl, 40 mM imidazole, 5 mM
2-mercaptoethanol (B-ME), and 0.5 mM phenylmethylsulfonyl
fluoride. The soluble fraction was subjected to a nickel column.
For purification of AS3MT, the eluted fusion protein was cleaved by
Prescission, followed by further purification using ionic interac-
tion chromatography (Q column ionic, GE Healthcare). Peak frac-
tions were collected, concentrated, and subsequently applied to
Superdex S75 16/600 (GE Healthcare) preequilibrated with a buffer
containing 20 mM Hepes (pH 7.5), 150 mM KCl, and 1 mM DTT.
Purified AS3MT samples were stored at —80°C at a concentration of
~15 mg/ml for future use.

Crystallization and structure determination

Human AS3MT was crystallized by the hanging-drop diffusion
method. Crystals appeared in a buffer containing 0.24 M sodium
malonate (pH 7.0), 20% (v/v) PEG-3350. The crystallization buffer
was supplemented with glycerol or ethylene glycol to a final concen-
tration of 15 to 20% (v/v) as a cryoprotectant before flash freezing
crystals in liquid nitrogen. Diffraction data were collected on beam-
lines BLC5 at Pohang Accelerator Laboratory, The data were indexed,
integrated, and scaled using the HKL2000, a software suite for x-ray
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diffraction data processing. The structure of the human AS3MT was
solved by molecular replacement using PHASER-MR, a tool for molec-
ular replacement, as implemented in PHENIX, a comprehensive soft-
ware suite for macromolecular structure determination. The molecular
replacement model is the structure of an As (III) S-adenosylmethionine
methyltransferase (PDB 4FS8) as a searching model.

scRNA-seq analysis

Gene expression tables were generated using CellRagner count
(v6.1.2). The downstream analysis was performed using Seurat
(v4.1.2). Briefly, the cells were removed on the basis of the following
criteria: <500 genes, >99 percentile genes of nFeature_RNA, >5%
mitochondrial read, >2000 unique molecular identifiers (UMIs),
and <99 percentiles of UMIs.

We normalized each dataset using Seurat’s NormalizeData func-
tion following parameters, “normalization.method = ‘LogNormalize,
scale.factor = 10000”. The 2000 top highly variable genes were selected
using Seurats FindVariableFeatures function. Doublets were removed
with DoubletFinder (v2.0.3).

We integrated Control and AS3MTd2d3—Tg datasets for clustering and
dimensionality reduction using Seurat’s SelectIntegrationFeatures,
FindIntegrationAnchors, and IntegrateData functions. We performed
scaling the data and principal components analysis (PCA) using
Seurat’s ScaleData and RunPCA using 30 npcs. A shared nearest-
neighbor graph was constructed using FindNeighbors function
using reduction = “pca” and dims = 1:30 parameters. We identified
transcriptionally distinct clusters using FindClusters using resolu-
tion = 0.8.

The following marker genes were used to assign cell types: NSC
(HesI); NSC_mitosis (Hesl and Mki67); IPC (Eomes); IPC_mitosis
(Eomes and Mki67); PN1 (Neurodl); PN2 (Cntn2 and Satb2); PN3
(Sox5, Bcll1b, Tle4 and Mapt); CR (Reln); inhibitory (Gad2); MG
(Ptprc); mural (Pdgfrb); and erythrocyte (Hbb-bs, Hba-al, Hbb-bt,
and Hba-a2).

Trajectory inference analysis was performed using Slingshot (ver.
2.2.1) package. To compare trajectories, we used Condiments (v0.99.14)
pipeline (20). First, we calculated imbalance score across the conditions
to find whether cells were imbalanced or not. Next, we performed dif-
ferential topology test using Condiments” topologyTest function to
confirm that those two conditions fit a common trajectory. Last, we per-
formed differential progression test using Condiments’ progressionTest
to test differential abundance of the different conditions (for statistical
analysis, Kolmogorov-Smirnov test was used). We also calculated
the pseudotime of each cell and drew pseudotime boxplot to confirm
which cell types were difterentially abundant.

snRNA-seq analysis

The snRNA-seq analysis was done similarly to scRNA-seq analysis
except for the following description. Gene expression tables were
generated using CellRagner count (v6.1.2) with “--include-introns”
option. Nuclei were removed on the basis of the following criteria:
<500 genes, >99 percentile genes of nFeature_RNA, >1% mito-
chondrial read.

The following marker genes were used to assign cell types: Excitatory
(Neurod6, Slc17a7, and Nrnl); inhibitory (Gadl and Gad2); microglia
(Cl1ga, Clgb, Clqc, and Ctss); oligodendrocyte (Ermn, Opalin, Mog, and
Aspa); OPC (Pdgfra, Cacng4, and Matn4); NF_Oligo (Neu4, Bmp4, and
Enpp6); astrocyte (Gjb6, Aqp4, and Acsbgl); endothelial (Flt1); Exc_L12/3
(Cux2 and Calbl); Exc_L5 (Etvl); and Exc_L6 (Foxp2 and Syt6).
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Statistical analysis

For statistical analysis, GraphPad Prism 10.0 (GraphPad Software) was
used. All graphs were presented as the means + SEM. Statistical signifi-
cance of the data was analyzed by two-tailed Student’s ¢ test, Welch’s
t test, Kolmogorov-Smirnov test, Mann-Whitney test, or moderate
t test for comparisons between two groups and one-way or two-way
analysis of variance (ANOVA) followed by Bonferroni’s post hoc test for
comparisons among multiple groups. Several biological replicates,
experiments, and statistical tests used for the comparison were men-
tioned within the figure legends and in tables S4 and S5.

Supplementary Materials
The PDF file includes:

Figs.S1t0 515

Legend:s for tables S1 to S5

Other Supplementary Material for this manuscript includes the following:
Tables S1to S5
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