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SUMMARY

Profound autism spectrum disorder (ASD) is frequently attributable to single-gene mutations, with SCN2A,
encoding the voltage-gated sodium channel Nay1.2, among the most penetrant. Cortico-striatal circuitry is
a key node implicated in ASD, yet how SCN2A deficiency alters human neural circuits remains unclear. Using
a human cortico-striatal assembloid model, we show that autism-causing heterozygous SCN2A protein-trun-
cating variants (PTVs) impair long-range cortical axonal projections, reduce striatal spine density, and atten-
uate excitatory cortico-striatal synaptic transmission. Genotype-defined assembloids reveal contributions
from both impaired cortical projections and intrinsic striatal vulnerability. Paradoxically, despite these con-
nectivity deficits, SCN2A-deficient neurons exhibit increased intrinsic excitability, and assembloids show
elevated spontaneous network firing, suggesting a potentially distinctive feature of human neural models.
Notably, canine adenovirus type 2-mediated delivery of human SCN2A rescued cellular and circuit deficits.
Collectively, our study unveils human circuit dysfunction caused by SCN2A deficiency and supports the ther-
apeutic potential of targeted gene replacement for SCN2A-related ASD.

INTRODUCTION

Autism spectrum disorder (ASD) affects about 1 in 31 children in
the United States.” Although etiologically heterogeneous,” pro-
found forms of ASD often result from rare, highly penetrant vari-
ants in single genes.®> Among these, loss-of-function (LoF) muta-
tions in SCN2A, which encodes the voltage-gated sodium
channel Nay1.2, have emerged as a leading cause of monogenic
ASD."® The de novo nonsense mutation SCN2A c.2877C>A
(p.Cys959Ter; C959X), for example, produces a protein-trun-

cating variant (PTV) associated with severe clinical conse-
quences.”®” Nay1.2 is predominantly localized at the axon initial
segment (AIS) and supports action potential (AP) initiation and
propagation in developing neurons, while rodent studies also
implicate Nay1.2 in synaptic transmission and dendritic func-
tion.® However, how SCN2A deficiency disrupts human neuronal
communication, particularly the cortico-striatal circuitry, a key cir-
cuit involved in ASD,'*"" remains poorly understood.

The emerging human induced pluripotent stem cell (hiPSC)-
derived brain organoids have revolutionized the study of human
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neural development and neurodevelopmental disorders
in vitro.'?'® Brain assembloids integrating region-specific or-
ganoids further enable modeling of human interregional con-
nectivity and circuit function.’~'® We leveraged assembloid
technology to reconstruct a cortico-striatal network comprising
cortical pyramidal neurons and striatal medium spiny neurons
(MSNs) to examine the consequences of Nay1.2 deficiency
on the human cortico-striatal circuit. For disorders caused by
gene deficiency, gene replacement represents a promising
therapeutic approach to restore gene function and alleviate
disease phenotypes. Because the full-length SCN2A gene ex-
ceeds the packaging capacity (~4.7 kb) of widely used ad-
eno-associated virus (AAV) vectors, we constructed CAV-
SCN2A, a canine adenovirus type 2 (CAV-2) vector harboring
a codon-optimized human SCN2A expression cassette.
CAV-2 vectors can accommodate large genetic payloads
(~34 kb) and exhibit other favorable features, including low
immunogenicity, efficient retrograde transport, and sustained
long-term expression.*°

Here, we first confirmed the expected regional cell-type
composition and organization of human cortical organoids
(hCOs) and striatal organoids (hStrOs) by spatial transcriptomic
profiling. Using hCO-hStrO assembloids, we then showed that
cortical axonal innervation promotes synapse formation and
functional connectivity with striatal neurons, establishing a cir-
cuit model to investigate how SCN2A haploinsufficiency dis-
rupts human circuit assembly and function. Through imaging,
electrophysiological, and bulk transcriptomic analyses, we
found that assembloids carrying the SCN2A-C959X mutation
exhibited impaired long-range cortical projections, reduced
striatal spine density, and weakened excitatory cortico-striatal
synaptic transmission. Genotype-defined mix-and-match as-
sembloids further revealed that both the cortical presynaptic
and striatal postsynaptic mechanisms contribute to reduced
striatal spine density. Unexpectedly, despite these connectivity
deficits, SCN2A-deficient neurons displayed increased intrinsic
excitability, and assembloids exhibited elevated spontaneous
network firing. An independent SCN2A PTV line, SCN2A-
R524X, recapitulated key phenotypes, including reduced
cortical projections, impaired striatal spinogenesis, and
neuronal hyperexcitability. Importantly, CAV-2-mediated deliv-
ery of human SCN2A rescued these cellular and circuit deficits
in SCN2A-mutant assembloids. Collectively, our findings
provide critical insight into the molecular and circuit-level man-
ifestations of SCN2A deficiency, demonstrate the utility of hu-
man brain assembloids for modeling ASD-associated circuit
dysfunction, and highlight a promising gene replacement strat-
egy for profound ASD.

RESULTS

Cortical projections promote striatal synapse formation
and function in brain assembloids

To model human cortico-striatal circuitry in vitro, we generated
hCOs and hStrOs from hiPSCs following established protocols
(Figure S1A)." Immunostaining confirmed cortical identity in
hCOs (day 85), with abundant expression of T-box brain tran-
scription factor 1 (TBR1) and COUP-TF-interacting protein 2
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(CTIP2) and minimal glutamic acid decarboxylase 67 (GAD67)
labeling (Figure S1B). Special AT-rich sequence binding
protein-2 (SATB2)* intratelencephalic-like neurons and
CTIP2* deep-layer corticofugal-like neurons were also present,
supporting the generation of cortical populations relevant to
cortico-striatal projection formation. SATB2™ cells became pro-
gressively more segregated from CTIP2* populations over
time and were enriched toward outer cortical-like regions
(Figure S1C). Xenium-based spatial profiling further identified
SATB2*,BCL11B" (encoding CTIP2), and TBR1* glutamatergic
neuronal subgroups with corresponding spatial organization
(Figure S1D). In parallel, hStrOs (day 120) expressed
GADG67, dopamine- and cAMP-regulated phosphoprotein 32
(DARPP32), vesicular GABA transporter (VGAT), and neuronal
nuclei (NeuN), consistent with the presence of striatal MSNs'*
and a GABAergic-enriched striatal identity (Figures S1B and
S1E). Cell-type-resolved spatial profiling further identified
MSN-like GABAergic neurons, together with non-MSN
GABAergic neurons, progenitors, glutamatergic neurons, as-
troglia, and other cell types (Figure S1F).

We then fused hCOs and hStrOs to generate hCO-hStrO as-
sembloids (Figure 1A). SATB2* nuclei were enriched in the
hCO compartment, whereas DARPP32 immunoreactivity was
markedly enriched in the hStrO compartment (Figure 1B), sup-
porting preservation of regional identities after fusion. Although
DARPP32 is expressed at low levels in cortical layer VI neu-
rons,”"?? its substantially stronger enrichment in hStrOs,
together with the abundance of GABA* cells in hStrOs but not
hCOs, further supported striatal identity (Figures S2A and
S2B). Minimal cleaved caspase-3 (CC3) staining indicated low
levels of apoptosis in both compartments (Figure S2C). To
assess cortico-striatal connectivity, hCOs were transduced
with AAV1-hSyn::Cre and hStrOs with AAV1-Ef1a-DIO-mScarlet
(Ef1a, elongation factor 1 alpha; DIO, double-floxed inverted
open reading frame) and AAV9-hSyn-EGFP. In this system,
anterograde transfer of Cre from cortical neurons to striatal
target cells induces mScarlet expression in connected hStrO
neurons, while EGFP serves as a striatal compartment marker
(Figure 1Gi). After fusion, EGFP*/mScarlet* cells were detected
in the hStrO compartment, indicating cortical projection to and
synaptic engagement of striatal neurons. This connectivity was
independently supported by retrograde labeling, in which
hStrO-derived Cre labeled hCO neurons projecting to the hStrO
compartment (Figure 1Cii).

To determine whether cortico-striatal connections were func-
tional, we combined chemogenetic activation with whole-cell
patch-clamp recording. hCOs were transduced with AAV9-
hSyn-hM3D(Gq)-mCherry to express an excitatory Gg-coupled
designer receptor exclusively activated by designer drugs
(DREADD), and hStrOs were labeled with AAV9-hSyn-EGFP for
compartment identification (Figure 1Di). Bath application of clo-
zapine-N-oxide (CNO) increased spontaneous excitatory post-
synaptic current (SEPSC) frequency in striatal neurons, an effect
reversed during washout (Figures 1Dii—1Div). In addition, electri-
cal stimulation of the cortical compartment evoked EPSCs in
striatal neurons (Figure S2D). Together, these results demon-
strate functional excitatory cortico-striatal synaptic transmission
in hCO-hStrO assembloids.
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Figure 1. Cortical projections promote striatal synapse formation and function in human cortico-striatal assembloids

(A) Schematic of human cortico-striatal (hCO-hStrO) assembloid generation and representative confocal image of a day 109 assembloid showing the hCO (green)
and hStrO (magenta) compartments. Scale bar: 100 pm.

(B) Compartment-enriched marker expression in hCO-hStrO assembloids. (i) Representative images of SATB2 (red), DARPP32 (green), and DAPI (blue) in day 154
assembloids. Dashed outlines mark the hCO and hStrO compartments, and boxed regions indicate matched regions of interest (ROls) used for high-magnifi-
cation images and quantification. Scale bars: 200 pm (overview) and 20 pm (magnified images). (i) Quantification of SATB2* nuclei among DAPI* nuclei. (jii)
Quantification of DARPP32* area. n = 5 assembloids from 3 WT hiPSC lines. Paired t test.

(C) Viral tracing of directed hCO-to-hStrO connectivity. (i) Anterograde tracing showing EGFP-labeled hStrO neurons (green) and Cre-dependent mScarlet la-
beling (red) in receiver neurons. Scale bars: 100 pm (overview) and 20 um (insets). (i) Retrograde tracing showing EGFP-labeled cortical neurons (green) and
retrogradely labeled mScarlet” projection neurons (red). Scale bars: 100 um (overview) and 20 pm (insets). n = 3 assembloids for (i) and n = 4 assembloids for (ji),
with similar results from 2 WT hiPSC lines.

(D) Chemogenetic activation of hCO increases excitatory synaptic input onto hStrO neurons. (i) Schematic and representative spontaneous excitatory post-
synaptic current (SEPSC) traces recorded from hStrO neurons under baseline, CNO, and washout conditions. (i) SEPSC frequency. (iii) Cumulative probability plot
of sEPSC inter-event intervals. (iv) SEPSC peak amplitude. n = 16 cells from 6 assembloids across 3 WT hiPSC lines. Mixed-effects analysis with Geisser-
Greenhouse correction and Tukey’s multiple comparisons test for (i) and (iv).

(E) Receiver striatal neurons exhibit increased dendritic spine density in hCO-hStrO assembiloids. (i) Schematic of live-cell imaging of non-receiver and receiver
neurons in the hStrO compartment. (i) Representative neurons. Scale bars: 100 pm (overview) and 20 pm (magnified images). (iii) Representative dendritic spines.
Scale bars: 5 pm. (iv) Total spine density. (v) Spine subtype densities. Non-receiver: n = 69 dendrites; receiver: n = 81 dendrites from 9 assembloids across 3 WT
hiPSC lines. Welch’s t test for (iv) and multiple Mann-Whitney tests with Holm-Sidak correction for (v).

See also Figures S1 and S2. Data are represented as mean + SEM. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Because cortical glutamatergic projections contribute to stria- assembloids exhibited higher EPSC frequency than those in
tal MSN maturation,?® we next examined how cortical input af- age-matched standalone hStrOs (Figure S2E), suggesting that
fects striatal synaptic properties. Striatal neurons in hCO-hStrO  cortical input enhances striatal synaptic connectivity. We then
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Figure 2. SCN2A-C959X increases neuronal excitability and disrupts cortico-striatal connectivity

(A) Validation of isogenic SCN2A-C959X hiPSC lines and reduced SCN2A expression. (i) CRISPR-Cas9 editing generated heterozygous (HET, SCN2A®%%¥*) and
homozygous (HOM, SCN2AC59X/C59%) mtant lines, confirmed by Sanger sequencing. (i) Western blot of Nay1.2 expression in WT, HET, and HOM hCOs. (i)
SCN2A mRNA levels in hCO-hStrO assembloids. n = 8 assembloids/group from 3 hiPSC lines; one-way ANOVA with Tukey’s test.

(B) Ankyrin-G (green), Nay1.2 (red), and DAPI staining in day 154 hCO-hStrO assembloids showing Nay1.2 localization at the axon initial segment (AIS). Scale
bars: 200 pm (overview) and 4 pm (magnified images). n = 3 assembloids from 2 hiPSC lines with similar results.

(C) Increased intrinsic excitability of HET cortical neurons in hCO slices. (i and ii) Representative neurobiotin-filled pyramidal-like neuron and firing traces at resting
membrane potential (RMP). Scale bar: 50 pm in (i). (iii) Evoked action potential (AP) number across current injections. WT: n = 20 cells across 3 hiPSC lines; HET:
n =19 cells across 2 hiPSC lines; two-way ANOVA. (iv-vi) Quantification of maximal AP number, input resistance, and rheobase at RMP. Mann-Whitney tests for
(iv) and (v); Welch’s t test for (vi).

(D) Increased intrinsic excitability of HET striatal neurons in hStrO slices. (i and ii) Representative neurobiotin-filled MSN-like neuron and firing traces at RMP.
Scale bar: 50 pm in (j). (i) Evoked AP number. WT: n = 17 cells across 2 hiPSC lines; HET: n = 20 cells across 2 hiPSC lines; two-way ANOVA. (iv—vi) Maximal AP
number, input resistance, and rheobase at RMP. Mann-Whitney tests for (iv) and (v); Welch’s t test for (vi).

(legend continued on next page)
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used dual viral labeling to distinguish striatal neurons receiving
direct cortical input (“receiver”) from those without detectable
input (“non-receiver”) (Figure 1Ei). Specifically, hCOs were
labeled with AAV1-hSyn::Cre, while hStrOs were labeled with
AAV1-Ef1a-DIO-mScarlet and AAV9-hSyn-EGFP. Receiver neu-
rons (EGFP*/mScarlet”) exhibited higher dendritic spine density
and a greater proportion of relatively mature spine morphologies
than non-receiver neurons (EGFP* only) (Figures 1Eii-1Ev).
Together, these findings show that cortical innervation promotes
the functional and structural maturation of striatal neurons, es-
tablishing hiPSC-derived cortico-striatal assembloids as a hu-
man model for studying circuit assembly and dysfunction in neu-
rodevelopmental disorders.

SCN2A-C959X neurons show enhanced intrinsic
excitability
SCN2A is robustly expressed in the cortico-striatal circuitry,>*
which is critically implicated in ASD."®"" To investigate how
ASD-associated SCN2A deficiency affects neuronal function in
this circuitry, we introduced the SCN2A-C959X mutation, previ-
ously identified in children with profound autism,*®” into KOLF2.1J
iPSCs using CRISPR-Cas9 genome editing (Figure 2Ai). Sanger
sequencing confirmed the expected C-to-A substitution in hetero-
zygous (HET) and homozygous (HOM) mutant lines, together with
isogenic wild-type (WT) controls (Figure 2Ai). Western blotting re-
vealed reduced Nay1.2 protein levels in HET and HOM hCOs
(Figure 2Aii), and gPCR further showed a gene-dose-dependent
reduction in SCN2A mRNA in hCO-hStrO assembloids
(Figure 2Aiii), consistent with a LoF/deficiency phenotype.
Previous immunohistological studies in the mouse brain local-
ized the Nay1.2 signal to the AIS, the site of AP initiation.®
Consistently, Nay1.2 colocalized with the AIS marker ankyrin-G
in both hCO and hStrO neurons (Figure 2B). To determine how
SCN2A deficiency affects AIS organization, we quantified AIS
length and found shorter AlSs in SCN2A-C959X HET neurons
in hCO slices than in WT neurons (Figure S3D), indicating altered
AIS structural organization. Given the role of the AIS in regulating
neuronal output,”> " we next examined intrinsic excitability. Un-
expectedly, whole-cell patch-clamp recordings revealed
enhanced firing in SCN2A-deficient cortical pyramidal-like and
striatal MSN-like neurons relative to WT controls, with elevated
maximum evoked firing number, increased input resistance,
and reduced rheobase for AP generation (Figures 2C, 2D, and
S3A). These changes were accompanied by reduced AP ampli-
tude and membrane capacitance, indicating altered AP wave-
form and passive membrane properties (Figures S3A-S3C).
Together, these results indicate that SCN2A deficiency alters
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AlS organization and remodels intrinsic neuronal output in both
cortical and striatal neurons.

SCN2A-C959X impairs excitatory synaptogenesis and
long-range cortico-striatal projections

To gain insight into molecular alterations associated with SCN2A
deficiency, we conducted bulk RNA sequencing (RNA-seq) of
hCO-hStrO assembloids (Figure S3Ei). Consistent with our genetic
and protein analyses, SCN2A expression was significantly
reduced in mutant assembloids (Figure S3Ei). We identified
6,145 differentially expressed genes (DEGs) in SCN2A-C959X
HET versus WT assembloids (2,846 upregulated; 3,299 downregu-
lated; Figure 2Ei) and 8,907 DEGs in HOM versus WT assembloids
(4,717 upregulated; 4,190 downregulated; Figure S3Eii). We then
focused on overlapping DEGs shared between HET and HOM
groups, as these changes may represent core transcriptional alter-
ations associated with SCN2A deficiency. Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis of 2,286 overlapping down-
regulated genes revealed enrichment in axon guidance, synaptic
signaling, and neuronal connectivity pathways, including genes
involved in AIS organization, ion channels, and excitatory synap-
ses, such as ANK3 (encoding ankyrin-G) and DLG4 (encoding
postsynaptic density protein 95 [PSD95]) (Figures 2Eii, 2Eiii,
S3Eiii, and S3Eiv). Overlapping upregulated genes were enriched
in RNA-processing and nonsense-mediated decay pathways
(Figures S3Ev and S3Evi), consistent with the premature stop
codon. These transcriptomic signatures suggested broad alter-
ations in axonal and synaptic programs in SCN2A-deficient as-
sembloids, prompting us to examine excitatory synapse formation
and long-range cortical projections.

To assess excitatory synapse formation, we labeled presyn-
aptic terminals with synapsin 1 (Syn1) and postsynaptic sites
with PSD95. Compared with WT controls, SCN2A-C959X HET
neurons showed substantially reduced Syn1*/PSD95" colocali-
zation, indicating impaired excitatory synapse formation or
maintenance (Figure 2F). To assess long-range cortico-striatal
projection development, we performed longitudinal live-cell im-
aging to track cortical axonal projections into the striatal
compartment. In WT assembloids, we observed a progressive
increase in unidirectional mScarlet™ projections from hCOs into
hStrOs after fusion (Figures 2Gi and S3F). SCN2A-C959X HET
assembloids also showed increasing cortical axonal projections
over time, indicating ongoing projection growth; however, pro-
jection coverage within hStrOs remained lower than WT at
days 20, 30, and 42 after fusion (Figure 2Gii). These results
show that SCN2A deficiency impairs excitatory synaptogenesis
and long-range cortico-striatal projection maturation.

(E) Transcriptomic alterations in SCN2A-mutant hCO-hStrO assembloids. (i) Volcano plot of differentially expressed genes (DEGs) in HET versus WT assem-
bloids. (i) Overlap of downregulated genes in HET and HOM assembloids, with KEGG enrichment of shared downregulated genes. (i) Heatmap of the top 5
representative genes associated with excitatory synapses, GABAergic synapses, and the AlS. n = 7 assembloids per genotype from 3 hiPSC lines and 2 in-
dependent differentiation batches; false discovery rate (FDR) < 0.05, Benjamini-Hochberg correction.

(F) Reduced excitatory synapse formation in HET hCOs. (i) Syn1 (green, presynaptic), PSD95 (red, postsynaptic), and DAPI (blue) staining in day 120 hCOs. Scale
bars: 10 pm. (i) PSD95%/Syn1* colocalized puncta normalized to WT. WT: n = 29 images from 9 organoids across 3 hiPSC lines; HET: n = 37 images from 10

organoids across 2 hiPSC lines. Mann-Whitney test.

(G) Reduced cortical axonal projection into the striatal compartment in HET assembloids. (i) Schematic of mScarlet labeling and imaging timeline, and repre-
sentative images on day 42 after fusion. Scale bars: 100 pm. (i) Quantification of mScarlet* coverage in hStrO from days 10 to 42. WT: n = 15 assembloids from 2
lines; HET: n = 16 assembloids from 3 lines. Mixed-effects analysis with Geisser-Greenhouse correction and Sidak’s test.

See also Figure S3. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.
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Figure 3. SCN2A-C959X reduces dendritic complexity, spine density, and excitatory synaptic input in striatal receiver neurons

HET denotes the heterozygous SCN2A-C959X line throughout this figure.

(A) Immunostaining for Nay 1.2 (red), MAP2 (green), and DAPI (blue) in day 154 hCO-hStrO assembloids, showing Nay 1.2 localization in neuronal processes within
the hCO and hStrO compartments. Scale bars: 200 pm (overview) and 10 pm (magnified images). n = 3 assembloids from 2 hiPSC lines with similar results.
(B) Reduced dendritic complexity of HET striatal receiver neurons. (i) Live-cell imaging strategy and representative reconstructions of WT and HET receiver
neurons >30 days after fusion. Scale bars: 40 um. (ii) Sholl analysis of dendritic intersections. WT: n = 26 neurons across 4 hiPSC lines; HET: n = 25 neurons across
3 hiPSC lines; two-way ANOVA.

(C) Reduced dendritic spine density of HET striatal receiver neurons. (j) Live imaging strategy and representative dendritic segments. Scale bars: 5 um. (ji) Total
spine density. WT: n = 74 dendrites from 9 assembloids across 3 hiPSC lines; HET: n = 86 dendrites from 9 assembloids across 3 hiPSC lines. Welch’s t test. (jii)
Spine subtype densities. Same sample sizes as in (ii). Multiple Mann-Whitney tests with Holm-Sidak correction.

(D) Reduced excitatory synaptic input onto HET striatal receiver neurons. (i) Schematic of patch-clamp recording and image of a DIO-mScarlet-labeled receiver
neuron filled with neurobiotin. Scale bars: 100 pm. (i) Representative SEPSC traces and sEPSC frequency. WT: n = 12 cells from 7 assembloids across 2 hiPSC
lines; HET: n = 16 cells from 7 assembloids across 2 hiPSC lines. Unpaired t test. (i) Cumulative probability plot of SEPSC inter-event intervals. (iv) SEPSC peak
amplitude. Same sample sizes as in (ji). Unpaired t test.

(E) Mix-and-match assembloids reveal cortical and striatal contributions to receiver-neuron spine defects. (i) Strategy and representative receiver dendritic
segments from WT—-WT, HET-WT, and WT—HET assembloids. Scale bars: 5 pm. (ii) Total spine density. WT—-WT: n = 38 dendrites from 10 assembloids;
HET—-WT: n = 46 dendrites from 14 assembloids; WT—HET: n = 41 dendrites from 11 assembloids. One-way ANOVA with Dunnett’s test. (jii) Spine subtype
densities. Same sample sizes as in (ii). Two-way ANOVA with Sidak’s test.

See also Figure S4. Data are represented as mean + SEM. *p < 0.05, *p < 0.01, ***p < 0.001, ***p < 0.0001.
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SCN2A-C959X disrupts the cortico-striatal circuit in
assembloids

In addition to its AIS localization, studies in the mouse brain sug-
gest that Nay1.2 is also present in somatodendritic compart-
ments.® Consistently, Nay1.2 immunoreactivity colocalized
with somata (NeuN*) and dendrites (microtubule-associated
protein 2 [MAP2]*) in both hCO and hStrO compartments, with
a higher normalized Nay1.2 signal in hCOs (Figures 3A and
S4A). This somatodendritic distribution raised the possibility
that SCN2A deficiency affects not only cortical axonal projec-
tions but also striatal receiver-neuron maturation. To test this,
we analyzed hStrO receiver neurons innervated by cortical input
using dual AAV labeling. Before fusion, hCOs were transduced
with  AAV1-hSyn::Cre and hStrOs with AAV1-Ef1a-DIO-
mScarlet. One month after fusion, Sholl analysis revealed
reduced dendritic complexity in SCN2A-C959X HET receiver
neurons (mScarlet®), including shorter dendritic length and fewer
dendritic intersections (Figures 3B, S4Bi, and S4Bii).

We next characterized dendritic spines, the primary sites of
excitatory synaptic input, in live hCO-hStrO assembloids.
SCN2A-C959X HET receiver neurons (mScarlet*) exhibited
reduced spine density, with thin, stubby, and mature mushroom
spines particularly affected (Figure 3C). Whole-cell patch-clamp
recordings from receiver neurons (mScarlet®) in assembloid slices
further revealed decreased EPSC frequency in SCN2A-C959X
HET neurons (Figures 3Di-3Div), indicating weakened excitatory
synaptic transmission. Notably, the same receiver-neuron popu-
lation showed increased intrinsic firing (Figure S4C), consistent
with the enhanced excitability observed in standalone hStrO prep-
arations (Figure 2D). Post hoc reconstruction of recorded neurons
further confirmed reduced dendritic spine density (Figure S4D).

To determine whether receiver-neuron spine defects arise
from cortical projection abnormalities, intrinsic striatal vulnera-
bility, or both, we generated genotype-defined mix-and-match
assembloids (Figure 3Ei). Both HET-to-WT and WT-to-HET
assembloids showed reduced receiver-neuron spine density
relative to WT-to-WT controls, indicating contributions from
both mutant cortical input and intrinsic striatal vulnerability
(Figures 3Eii and 3Eiii).

We further examined assembloids carrying the SCN2A-C959X
HOM mutation and observed similar phenotypes, including
impaired cortical axonal projections (Figure S3G) and reduced
spine density (Figures S4Biii and S4Biv). Collectively, these find-
ings demonstrate that SCN2A-C959X disrupts cortico-striatal
circuit assembly through both presynaptic cortical projection
deficits and postsynaptic striatal receiver-neuron abnormalities,
leading to impaired excitatory synaptic structure and function.

An independent SCN2A-R524X mutation increases
neuronal firing and disrupts cortico-striatal connectivity
To determine whether the circuit abnormalities observed in
SCN2A-C959X assembloids extend to an independent, clinically
observed SCN2A PTV, we examined assembloids carrying
SCN2A ¢.1570C>T (p.Arg524Ter; R524X).® Similar to C959X,
R524X neurons showed decreased Nay1.2 protein expression
and increased intrinsic firing relative to WT controls (Figures 4A
and 4B), indicating a shared neuronal phenotype across inde-
pendent SCN2A LoF variants.

¢? CellPress

We next assessed cortico-striatal circuit assembly in R524X
assembloids. Longitudinal imaging revealed diminished cortical
axonal projections into the striatal compartment compared with
WT assembloids (Figure 4C), indicating impaired long-range cor-
tico-striatal connectivity. Consistent with this projection deficit,
R524X HET-to-HET assembloids exhibited lower receiver-
neuron spine density than WT-to-WT controls (Figure 4D). Geno-
type-defined mix-and-match assembloids further revealed
reduced spine density in both HET-to-WT and WT-to-HET com-
binations, indicating contributions from both mutant cortical
input and intrinsic striatal vulnerability (Figure 4D).

Together, these results show that an independent SCN2A PTV
recapitulates several major abnormalities observed in SCN2A-
C959X assembloids, including neuronal hyperexcitability,
impaired cortical axonal projection, and reduced receiver-
neuron spine density. These findings support human cortico-
striatal circuit dysfunction as a reproducible consequence of
SCN2A deficiency.

CAV-2-mediated delivery of human SCN2A normalizes
neuronal hyperexcitability and rescues spine density in
cortico-striatal assembloids

Gene replacement represents a promising therapeutic strategy
for disorders caused by LoF mutations. To test the feasibility of
this approach for SCN2A deficiency, we created CAV-SCN2A,
a CAV-2 vector capable of delivering a full-length codon-opti-
mized human SCN2A expression cassette (Figure 5Ai). A C-ter-
minal hemagglutinin (HA) tag was included to distinguish exoge-
nous from endogenous Nay 1.2 and was previously shown not to
affect sodium channel activity.” Biophysical recordings further
confirmed that HA tagging did not alter Nay1.2 current density
or activation and inactivation properties compared with un-
tagged Nay1.2 (Figure S5A).

We next evaluated CAV-SCN2A expression in SCN2A-C959X
HET assembloids by treating them with CAV-SCN2A or a control
vector expressing mCitrine (CAV-Ctrl). gPCR using primers se-
lective for codon-optimized SCN2A or total SCN2A confirmed
increased exogenous (optimized) and total SCN2A transcripts
following CAV-SCN2A treatment (Figure 5A). Western blotting
further showed restoration of Nay1.2 protein toward WT levels
(Figure 5B). In hCO-derived monolayer neurons (>110 days
old), HA-tagged Nay1.2 colocalized with the AIS marker
ankyrin-G, supporting appropriate localization of exogenous
Nay1.2 (Figure 5C). Together, these results validate CAV-
SCN2A-mediated expression and localization of human Nay1.2.

We then asked whether restoring Nay1.2 expression could
mitigate neuronal hyperexcitability in SCN2A-deficient neurons.
Whole-cell patch-clamp recordings from mCitrine™ neurons in
SCN2A-C959X HET cultures co-treated with CAV-SCN2A and
CAV-Citrl showed reduced excessive AP firing, decreased input
resistance, and a shift in rheobase toward WT levels (Figure 5D).
Nay1.2 restoration also increased spine density in striatal
receiver neurons approaching WT levels, with recovery of thin
and stubby spines (Figure 5E). However, mScarlet* receiver-
neuron coverage within the hStrO compartment remained un-
changed (Figure S5B). Because this measure reflects the extent
of striatal neuron engagement by long-range cortical inputs,
these findings suggest that CAV-SCN2A preferentially improved
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Figure 4. An independent SCN2A-R524X mutation increases neuronal excitability and disrupts cortico-striatal connectivity

HET denotes the heterozygous SCN2A-R524X line throughout this figure.

(A) Validation of the independent SCN2A-R524X HET line. (i) Schematic of Nay1.2 showing the positions of C959X and R524X variants. (i) Immunoblot of Nay 1.2 in
WT and HET hCOs, with class Il -tubulin (detected using TUJ1) as a neuronal loading control. (jiii) Nay1.2 protein expression normalized to WT. n =5 hCOs per
group; Welch’s t test.

(B) Increased intrinsic excitability of HET striatal neurons in hStrO slices. (i) Whole-cell patch-clamp recording from hStrO slices at >120 days and representative
firing traces at RMP. (ii) Evoked AP number across current injections. WT: n = 12 cells from 4 organoids across 3 hiPSC lines; HET: n = 18 cells from 4 organoids
from 1 hiPSC line; two-way ANOVA. (iii and iv) Rheobase and AP amplitude at RMP; unpaired t test.

(C) Reduced cortical axonal projection into the striatal compartment in HET assembloids. (i) mScarlet labeling strategy and imaging timeline after hCO-hStrO
fusion. (i and iii) Representative images and mScarlet* coverage within the hStrO on days 25, 35, and 45. Scale bars: 100 pm in (ii). WT: n = 9 assembloids across 2
WT lines; HET: n = 9 assembiloids from 1 line; two-way ANOVA with Sidak’s test.

(D) Mix-and-match assembloids reveal cortical and striatal contributions to receiver spine defects. (i) Strategy and representative receiver dendritic segments
from WT—-WT, HET-WT, WT—HET, and HET—-HET assembloids. Scale bars: 5 um. (ii) Total spine density. WT—-WT: n = 68 dendrites from 10 assembloids;
HET—-WT: n = 41 dendrites from 7 assembloids; WT—HET: n = 51 dendrites from 10 assembloids; HET-HET: n = 52 dendrites from 9 assembloids; one-way
ANOVA with Tukey’s test. (i) Spine subtype densities. Same n as in (ji). Two-way ANOVA with Sidak’s test.

Data are represented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure 5. Exogenous SCN2A expression via CAV-2 delivery mitigates hyperexcitability and increases spine density

HET denotes the heterozygous SCN2A-C959X line throughout this figure.

(A) Design and validation of CAV-SCN2A rescue vector. () Schematic of codon-optimized human SCN2A with a C-terminal HA-tag delivered by CAV-2 to HET
hCO-hStrO assembloids, with CAV-mCitrine as control. (i) Primer design to distinguish total and codon-optimized SCN2A transcripts. (i) Codon-optimized
exogenous hSCN2A mRNA; Welch’s t test. (iv) Total h\SCN2A mRNA; unpaired t test. HET+CAV-Citrl: n = 6 assembloids, HET+CAV-SCN2A: n = 5 assembloids.
(B) hNSCN2A restoration partially rescues Nay1.2 protein in HET hCOs. Immunoblot of Nay1.2 in WT+CAV-Ctrl, HET+CAV-Ctrl, and HET+CAV-SCN2A hCOs, with
TUJ1 as a loading control. n = 6 hCOs per group; one-way ANOVA with Tukey’s test.

(C) Expression and localization of CAV-SCN2A-HA-encoded HA-tagged Nay1.2 in dissociated cortical neurons. (i) Experimental timeline. (i) mCitrine, neuro-
biotin, and HA-tag staining showing expression of CAV-Ctrl and CAV-SCN2A in patched neurons. Scale bars: 20 pm. (iii) HA-tag colocalization with ankyrin-G at
the axon initial segment (AIS). Scale bars: 20 pm (overview) and 4 pm (magnified images).

(D) CAV-SCN2A mitigates increased repetitive firing in HET cortical neurons at RMP. (i) Representative current-clamp traces. (i) Evoked AP number across
current injections. WT+CAV-Ctrl: n = 18 cells; HET+CAV-Ctrl: n = 11 cells; HET+CAV-SCN2A: n = 10 cells; two-way ANOVA with Tukey’s test. (iii-v) Maximal AP
number, input resistance, and rheobase; one-way ANOVA with Holm-Sidak’s test.

(E) CAV-SCN2A increases receiver spine density in HET hCO-hStrO assembloids. (i and ii) Live imaging strategy and representative dendritic segments. Scale
bars: 5 pm. (jii) Total spine density. WT+CAV-Ctrl: n = 43 dendrites from 12 assembloids; HET+CAV-Ctrl: n = 60 dendrites from 14 assembloids; HET+CAV-
SCN2A: n = 36 dendrites from 14 assembloids; one-way ANOVA with Tukey’s test. (iv) Spine subtype densities. Same n as in (jii). Two-way ANOVA with Tu-
key’s test.

See also Figure S5. Data are represented as mean + SEM. ns, not significant; *p < 0.05, *p < 0.01, ***p < 0.001, ***p < 0.0001.
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spine maturation without detectably expanding cortico-striatal
engagement in this assay. To assess the impact of SCN2A resto-
ration on population-level spontaneous activity, we performed
multielectrode array (MEA) recordings. SCN2A-C959X HET +
CAV-Ctrl assembloids showed elevated network firing
compared with WT controls, whereas CAV-SCN2A treatment
normalized this hyperactivity (Figure S5C). Together, these find-
ings demonstrate that targeted SCN2A restoration mitigates
morphological and electrophysiological deficits in SCN2A-defi-
cient human assembloids, supporting the therapeutic potential
of the gene replacement approach. Notably, SCN2A overex-
pression in WT neurons increased excitability (Figure S5D), high-
lighting the importance of precise regulation and dose optimiza-
tion for future clinical translation.

DISCUSSION

ASD is a complex neurodevelopmental condition, and defining
the molecular and circuit-level consequences of monogenic
causes such as SCN2A can provide valuable insight into disease
pathophysiology. Here, we used human cortico-striatal assem-
bloids to investigate how SCN2A PTVs alter neuronal function
and circuit connectivity. We found that SCN2A deficiency
impaired cortical axonal projections, striatal receiver dendritic
and spine maturation, and excitatory synaptic transmission while
increasing intrinsic neuronal firing. These abnormalities were
observed in SCN2A-C959X assembloids and recapitulated by
the independent SCN2A-R524X variant, supporting cortico-
striatal circuit dysfunction as a reproducible consequence of
SCN2A LoF. Importantly, leveraging the large cargo capacity of
CAV-2, we delivered full-length human SCN2A and mitigated
several morphological and electrophysiological deficits, support-
ing CAV-2-mediated gene replacement as a potential therapeutic
strategy for SCN2A-related neurodevelopmental disorders.
Nay1.2 plays multiple roles in neurons: it is enriched at the AIS
and axons, where it contributes to AP initiation and propagation,
but also extends into somatodendritic compartments, where it
can regulate dendritic excitability and AP backpropagation.®®
Consistently, Nay1.2 colocalized with ankyrin-G at the AIS,
NeuN in neuronal somata, and MAP2 in dendrites in human cor-
tico-striatal assembloids (Figures 2 and S4). This broad distribu-
tion suggests that SCN2A deficiency is unlikely to produce a sin-
gle compartment-restricted defect. Indeed, SCN2A PTVs
disrupted cortical axonal projections into the striatal compartment
and reduced dendritic complexity, spine density, and synaptic
transmission in striatal receiver MSN-like neurons (Figures 2, 3,
and 4). However, these phenotypes alone could not distinguish
whether receiver-neuron spine defects arose from impaired
cortical input, intrinsic striatal vulnerability, or both. Our geno-
type-defined mix-and-match assembloids suggested contribu-
tions from both brain regions to these spine defects. Because
cortical projection and EPSC analyses were not performed across
all genotype-mixing conditions, the corresponding functional def-
icits remain to be established. Although our ANK3/ankyrin-G anal-
ysis focused on AIS length and did not directly assess ankyrin
localization at PSD95* synapses,’ reduced PSD95* synaptic
puncta and EPSC frequency indicate broader impairment of excit-
atory synaptic structure and function. Such defects may involve
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downstream postsynaptic mechanisms, including dendritic an-
kyrins such as ANK2 or shorter ANK3 isoforms.*°

Our findings also reveal a complex relationship between AIS
structure and intrinsic excitability. SCN2A-C959X cortical neu-
rons exhibited shortened ankyrin-G-defined AlSs, which might
be expected to reduce excitability because longer AlSs are often
associated with greater sodium conductance and lower AP
threshold.?” Nevertheless, SCN2A-deficient cortical and striatal
neurons, including cortical input-receiving striatal neurons, dis-
played enhanced intrinsic firing (Figures 2 and S4). The counterin-
tuitive hyperexcitability was accompanied by reduced rheobase
and AP amplitude and transcriptional downregulation of potas-
sium channel genes (Figure S3). These observations suggest
that compensatory ion-channel remodeling and altered mem-
brane properties may outweigh reduced Nay1.2 expression and
shift neurons toward increased firing, consistent with our previous
work in Scn2a-deficient mice.”* Notably, the same receiver-
neuron population showed both reduced excitatory synaptic input
and increased intrinsic firing, indicating that impaired synaptic
communication and enhanced intrinsic excitability can coexist.
MEA recordings similarly revealed elevated spontaneous network
firing in SCN2A-C959X assembloids despite weakened excitatory
transmission, and this phenotype was partially normalized by
CAV-SCN2A (Figure S5C). These network changes may reflect
compensatory remodeling or transcriptional dysregulation of
excitatory and inhibitory signaling pathways (Figure 2), consistent
with our previous finding that Scn2a-deficient mice show both
synaptic impairments and enhanced neuronal firing in vivo.*
Future studies comparing receiver and non-receiver striatal neu-
rons and manipulating candidate potassium channels or AIS com-
ponents will clarify how cortical innervation and ion-channel re-
modeling shape excitability in SCN2A-deficient circuits. They
could also determine whether circuit-level deficits in axonal pro-
jection, spine maturation, and synaptic transmission are more
closely linked to ASD pathogenesis than intrinsic excitability
alone, and whether impaired neuronal communication drives
compensatory increases in intrinsic firing.

The phenotypes captured in our study highlight the value of
human 3D models for studying SCN2A deficiency. In our brain
organoids and assembloids, HET SCN2A nonsense mutations
that reduced SCN2A expression by approximately 50% were
sufficient to increase neuronal firing. By contrast, mouse models
may require a greater reduction in Scn2a expression to reveal a
similar phenotype.?**? Human 3D models can also mature over
extended periods (hundreds of days), allowing neurons to
develop more complex morphologies®® and electrophysiological
properties® that more closely approximate physiological condi-
tions.®® Extended maturation may therefore contribute to differ-
ences from 2D-cultured SCN2A*~ hiPSC-derived neurons, in
which increased AIS length and reduced neuronal excitability
were reported.®® Because monolayer cultures often represent
relatively earlier developmental stages,>” human 3D models
may uncover disease phenotypes not readily detected in less
mature systems.

Nevertheless, our hStrO model should not be interpreted as a
fully mature or highly purified MSN system. MSN-like cells repre-
sented only a subset of the hStrO population, alongside other
neuronal, progenitor, and glial populations. Although hStrOs
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showed striatal regional identity at the marker and organoid-
compartment levels, recorded neurons did not yet display fully
mature MSN-defining intrinsic electrophysiological features.
Accordingly, the transcriptomic, imaging, and electrophysiological
phenotypes reported here should be interpreted within an imma-
ture MSN-containing striatal organoid system rather than as defin-
itive abnormalities of mature MSNs.

SCN2A mutations in patients are HET. The SCN2A-C959X
nonsense mutation introduces a premature stop codon that likely
triggers nonsense-mediated decay,”*® resulting in reduced
SCN2A expression and haploinsufficiency. Consistent with this
interpretation, mutant assembloids showed reduced SCN2A
mRNA and Nay1.2 protein levels (Figure 2), and RNA-seq re-
vealed enrichment of RNA-processing and nonsense-mediated
decay pathways (Figure S3). These findings support loss of
expression from the mutant allele, leaving insufficient total
SCN2A dosage as a major pathogenic mechanism for the PTVs
modeled here. However, SCN2A LoF variants may act through
distinct mechanisms depending on variant class. Some
missense variants, for example, may exert dominant-negative ef-
fects by producing mutant proteins that interfere with WT Nay1.2
function.®**" The SCN2A-C959X HOM model does not repro-
duce the HET state observed in patients but provides an extreme
SCN2A-deficiency condition for examining gene dose-depen-
dent Nay1.2 functions in human neurons and circuits.

AAV is widely used for approved gene therapies, but its limited
genome capacity (~4.7 kb)** precludes the delivery of large
genes such as the full-length SCN2A (~6.0 kb) in a single vector.
Alternatively, CAV-2 vectors can accommodate substantially
larger transgenes (~34 kb) and support neuronal transgene
expression.”? Leveraging this capacity, we delivered codon-
optimized human SCN2A and mitigated key SCN2A-C959X-
associated deficits in human brain assembloids, including
reduced dendritic spine density and elevated intrinsic and
network firing. These findings extend the utility of human assem-
bloids from disease modeling to evaluating the reversibility of
circuit-level phenotypes. Together with our recent mouse
study showing that regional Scn2a restoration, achieved by
removing the gene trap, reduces ASD-associated phenotypes
in Scn2a-deficient mice,*’ these studies support the therapeutic
potential of restoring SCN2A function across species and model
systems. However, SCN2A overexpression in WT neurons
increased excitability, emphasizing the need for precise dose
control. Future studies should define therapeutic expression
windows, optimize cell-type-specific and developmentally timed
delivery, and evaluate the efficacy and safety of CAV-SCN2A
in vivo.

In summary, our study demonstrates that the ASD-causing
SCN2A PTVs disrupt human cortico-striatal circuit assembly
by impairing cortical axonal projections and cortico-striatal syn-
aptic connectivity, while increasing intrinsic and network firing.
The successful rescue of these deficits through targeted
SCN2A restoration highlights the potential of gene replacement
therapy for monogenic ASD. Conceptually, our work advances
beyond prior Scn2a mouse model studies by directly linking hu-
man-relevant neural circuitry disruptions with functional out-
comes relevant to human pathology. More broadly, these find-
ings underscore the power of human brain organoids/
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assembloids in modeling neurodevelopmental disorders and
advancing precision medicine approaches, laying a foundational
framework applicable to other monogenic ASDs.**
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Xenium Slides & Sample Prep Reagents
Xenium Cell Segmentation Staining Reagents
Xenium slide

NEBNext Poly(A) mRNA Magnetic Isolation
Module

xGen RNA Library Preparation Kit

Infinium Global Diversity Array with
Cytogenetics-8 (GDA Cyto)

Macherey-Nagel
Macherey-Nagel
TOYOBO

Worthington Biochemical Corporation
New England Biolabs
New England Biolabs
QIAGEN

Thermo Fisher Scientific
Thermo Fisher Scientific
QIAGEN

Thermo Fisher Scientific
TOYOBO

10x Genomics

10x Genomics
10x Genomics
10x Genomics
New England Biolabs

Integrated DNA Technologies (IDT)
lllumina

Cat# 740100.250
Cat# 740396
Cat# DTM-101
Cat# LK003150
Cat# M0491
Cat# E2611S
Cat# 27106
Cat# L3000001
Cat# 23225
Cat# 74104
Cat# K1672
Code QPS-201
PN: 1000671

PN: 1000460
PN: 1000661
PN: 3000941
Cat# E7490

Cat# 10009814
Cat# 20066509

Deposited data

Bulk RNA-seq raw and processed data

Xenium spatial transcriptomic raw and
processed data

This paper
This paper

GEO: GSE330433
GEO: GSE343854
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Human reference genome GRCh38/hg38 and  Ensembl/Genome Reference Consortium Ensembl release 104

gene annotation
Human reference genome hg19 Genome Reference Consortium/UCSC hg19; used for cytogenetic microarray analysis

Experimental models: Cell lines

Human: KOLF2.1J WT parental reference The Jackson Laboratory/Cellular Engineering;  RRID:CVCL_B5P3
hiPSC line; male Pantazis et al.*®

Human: A11 WT isogenic control hiPSC line This paper N/A
(C959X series); male

Human: BO7 WT isogenic control hiPSC line This paper N/A
(C959X series); male

Human: C03 WT isogenic control hiPSC line This paper N/A
(C959X series); male

Human: A02 hiPSC line: SCN2A c.2877C>A This paper N/A
(p.Cys959Ter), heterozygous; male

Human: E04 hiPSC line: SCN2A c.2877C>A This paper N/A
(p.Cys959Ter), heterozygous; male

Human: FO1 hiPSC line: SCN2A c.2877C>A This paper N/A
(p.Cys959Ter), heterozygous; male

Human: A03 hiPSC line: SCN2A ¢.2877C>A This paper N/A
(p.Cys959Ter), homozygous; male

Human: D06 hiPSC line: SCN2A c.2877C>A This paper N/A
(p.Cys959Ter), homozygous; male

Human: FO3 hiPSC line: SCN2A c.2877C>A This paper N/A
(p.Cys959Ter), homozygous; male

Human: B5 WT isogenic control hiPSC line This paper N/A
(R524X series); male

Human: C2 WT isogenic control hiPSC line This paper N/A
(R524X series); male

Human: D6 WT isogenic control hiPSC line This paper N/A
(R524X series); male

Human: E6 hiPSC line: SCN2A ¢.1570C>T This paper N/A
(p.Arg524Ter), heterozygous; male

Human: HEK293-derived tsA201 cells; female  Laboratory stock RRID:CVCL_2737
Oligonucleotides

Human SCN2A-C959X genotyping primer, Integrated DNA Technologies (IDT) N/A

forward (5'-3'):

TTGAGACAGTTACCTGTACATTTGC

Human SCN2A-C959X genotyping primer, Integrated DNA Technologies (IDT) N/A
reverse (5'-3'):

TAATAGACAATAGGAAGTGGCCTTG

Human SCN2A-R524X genotyping primer, Integrated DNA Technologies (IDT) N/A
forward (5'-3'): ACATACTTTGCGCCCTTC

Human SCN2A-R524X genotyping primer, Integrated DNA Technologies (IDT) N/A
reverse (5'-3'): CATTGTGCCATCCAGGTG

Human Internal SCN2A gPCR primer, forward  Integrated DNA Technologies (IDT) N/A
(5'-3'): GAGACCATGTGGGACTGTATG

Human Internal SCN2A gPCR primer, reverse  Integrated DNA Technologies (IDT) N/A
(5'-3'): AAGGCCAAGAAGAGGTTCAG

Human Codon-optimized SCN2A qPCR Integrated DNA Technologies (IDT) N/A
primer, forward (5'-3'):

GTGT GCCTCTCCGTGTT

(Continued on next page)
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Human Codon-optimized SCN2A gPCR Integrated DNA Technologies (IDT) N/A

primer, reverse (5'-3'):

ATTTCCGTCCAGGGAGTTGT

Total SCN2A gPCR primer, forward (5'-3'): Integrated DNA Technologies (IDT) N/A

GGATACATCTGTGTGAAGGC

Total SCN2A gPCR primer, reverse (5'-3'): Integrated DNA Technologies (IDT) N/A

CTGTTCCTCATAGGCCAT

Human GAPDH gPCR primers, forward (5'-3'):  Integrated DNA Technologies (IDT) N/A

CGCTCTCTGCTCCTCCTGTT

Human GAPDH gPCR primers, reverse (5'-3'):  Integrated DNA Technologies (IDT) N/A

CCATGGTGTCTGAGCGATGT

Recombinant DNA

CMV promoter-driven untagged tetrodotoxin-  Gift from Stephen Waxman (Yale University); N/A

resistant human SCN2A plasmid with GFP-2A  Que et al.“®

reporter

CMV promoter-driven C-terminal HA-tagged This paper N/A

human SCN2A plasmid (hSCN2A-HA);

generated from the untagged hSCN2A

plasmid by PCR/Gibson assembly

CAV-NSE-SCN2A-HA expression cassette This paper; Kremer laboratory, IGMM N/A
Montpellier

CAV-NSE-mCitrine expression cassette This paper; Kremer laboratory, IGMM N/A

Montpellier

Software and algorithms

GraphPad Prism, version 10.4.1

Imaged, version 1.53t
Fiji, version 2.18.0

Neurolucida 360, version 2023.1.1

Neurolucida Explorer, version 2022.2.1

PCLAMP Software Suite (including Clampfit),
version 11.4

Mini Analysis Program, version 6.08

PATCHMASTER, version 2x92

BrainWave 5, version 5.6

CFX Maestro Software, version 4.1.2433.1219

Bionano VIA software, version 7.0

Python, version 3.14.3
Scanpy, version 1.12

igraph, version 1.0.0 (Leiden clustering)
Matplotlib, version 3.10.8

GraphPad Software

National Institutes of Health
Fiji development team

MBF Bioscience

MBF Bioscience

Molecular Devices

Synaptosoft

HEKA Elektronik

3Brain AG

Bio-Rad

Bionano Genomics

Python Software Foundation
Wolf et al.*

Traag et al.*®

Matplotlib Development Team

https://www.graphpad.com/scientific-
software/prism/; RRID:SCR_002798

https://imagej.nih.gov/ij/; RRID:SCR_003070
https://imagej.net/software/fiji/downloads;
RRID:SCR_002285
https://www.mbfbioscience.com/products/
neurolucida-360/; RRID:SCR_001775
https://www.mbfbioscience.com/products/
neurolucida-explorer
https://support.moleculardevices.com/s/
article/Axon-pCLAMP-11-Electrophysiology-
Data-Acquisition-Analysis-Software-
Download-Page; RRID:SCR_011323
http://www.synaptosoft.com/MiniAnalysis/;
RRID:SCR_002184
https://www.heka.com/downloads/
downloads_main.html; RRID:SCR_000034
https://www.3brain.com/products/software/
brainwaveb

https://www.bio-rad.com/en-us/product/cfx-
maestro-software-for-cfx-real-time-pcr-
instruments?ID=0OKZP7E15

https://bionano.com/software-products-
support/

https://www.python.org/; RRID:SCR_008394

https://scanpy.readthedocs.io/;
RRID:SCR_018139

https://igraph.org/python/
https://matplotlib.org/; RRID:SCR_008624
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fastp, version 0.23.2 Chen et al.*® https://github.com/OpenGene/fastp;
RRID:SCR_016962

STAR, version 2.7.10a Dobin et al.*® https://github.com/alexdobin/STAR;
RRID:SCR_004463

GATK HaplotypeCaller, version 4.2.2.0 McKenna et al.°"; Brouard et al.” https://gatk.broadinstitute.org/hc/en-us/
articles/360037225632-HaplotypeCaller;
RRID:SCR_001876

featureCounts, version 1.6.1 Liao et al.”® https://subread.sourceforge.net/;
RRID:SCR_012919

DESeq?2, version 1.34.0 Love et al.** https://bioconductor.org/packages/DESeq2/;
RRID:SCR_015687

R, versions 4.1.3, 4.2.1, and 4.3.2 R Foundation; Ihaka and Gentleman®°® https://www.r-project.org/;
RRID:SCR_001905

RUVSeq, version 1.28.0 Risso et al.*® https://bioconductor.org/packages/RUVSeq/;
RRID:SCR_006263

edgeR, version 3.36.0 Robinson et al.®” https://bioconductor.org/packages/edgeR/;
RRID:SCR_012802

clusterProfiler, version 4.10.0 Yu et al.*® https://bioconductor.org/packages/
clusterProfiler/; RRID:SCR_016884

Ingenuity Pathway Analysis QIAGEN; Kramer et al.>® https://digitalinsights.qgiagen.com/ipa;
RRID:SCR_008653

ComplexHeatmap, version 2.14.0 Gu et al.®° https://bioconductor.org/packages/
ComplexHeatmap/

EnhancedVolcano, version 1.16.0 Blighe et al.®’ https://bioconductor.org/packages/
EnhancedVolcano/

enrichplot, version 1.22.0 Bioconductor https://bioconductor.org/packages/
enrichplot/

Xenium Explorer, version 4.1.1 10x Genomics https://www.10xgenomics.com/support/
software/xenium-explorer

harmonypy, version 0.0.10 Korsunsky et al.®? https://github.com/slowkow/harmonypy

ZEN 3.1 (blue edition) Carl Zeiss Microscopy GmbH https://www.zeiss.com/microscopy/en/
products/software/zeiss-zen.html;
RRID:SCR_013672

Custom analysis scripts This paper Zenodo: https://doi.org/10.5281/zenodo.
22031620

Other

Zeiss LSM 900 confocal microscope Carl Zeiss Model: LSM 900

Leica VT1200 S vibratome Leica Microsystems Model: VT1200 S

Olympus BX-51WI microscope Olympus Model: BX-51WI

IR-2000 camera Dage-MTI Model: IR-2000

P-1000 micropipette puller Sutter Instruments Model: P-1000

Thin-wall borosilicate glass pipettes Sutter Instruments Cat# BF150-110-10

Axon MultiClamp 700B amplifier Molecular Devices Model: MultiClamp 700B

Digidata 1550B plus HumsSilencer digitizer Molecular Devices Model: Digidata 1550B plus HumSilencer

Digitimer DS3 stimulator Digitimer Model: DS3

Stimulus Isolator World Precision Instruments Model: ISOSTIM A320

EPC10 amplifier HEKA Elektronik Model: EPC10

3Brain HyperCAM Alpha multi-well system 3Brain AG Model: HyperCAM Alpha

CorePlate 6W 38/60 HD-MEA plates 3Brain AG Model: CorePlate 6W 38/60; 6-well HD-MEA
plate; 60 um electrode pitch

Leica CM1850 cryostat Leica Microsystems Model: CM1850

Odyssey CLx Imaging System LI-COR Biosciences Model: Odyssey CLx
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NanoDrop spectrophotometer Thermo Fisher Scientific Model: NanoDrop One
T100 Thermal Cycler Bio-Rad Model: T100

CFX96 Real-Time PCR Detection System Bio-Rad Model: CFX96

C1000 Touch PCR thermal cycler Bio-Rad Model: C1000 Touch
lllumina NovaSeq X+ system lllumina Model: NovaSeq X+

Xenium in situ platform

10x Genomics

Model: Xenium platform

Ultralow-attachment 96-well plates Corning Cat# CLS7007
Ultralow-attachment 6-well plates Corning Cat# 3471
Glass-bottom 24-well plates Cellvis Cat# P24-0-N

40 micrometer cell strainer CELLTREAT Scientific Products Cat# 229481

12-mm round coverslips Neuvitro Cat# GG-12-1.5-Pre

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The hiPSC lines

SCN2A ¢.2877C>A (p.Cys959Ter; C959X) mutant hiPSC lines were generated using CRISPR/Cas9-mediated genome editing®*** in
early passage (p2) KOLF2.1J reference iPSCs.*® Candidate edited clones were screened by PCR and validated by Sanger
sequencing. Heterozygous clones were identified by overlapping C/A peaks at the edited nucleotide, whereas homozygous clones
showed a complete C-to-A substitution, consistent with the introduction of a premature stop codon. Correctly edited clones were
expanded and assessed for genome integrity to ensure the quality of hiPSCs.®® This study used the parental KOLF2.1J reference
line and three CRISPR-derived isogenic WT control clones (C03, B07, and A11), along with three SCN2A-C959X heterozygous
mutant lines (A02, EO4, and FO1), and three SCN2A-C959X homozygous mutant lines (A03, D06, and F03). Genotypes were
confirmed by Sanger sequencing and batch genotyping for each batch of hiPSC-derived organoids or assembloids.

In addition to the SCN2A-C959X series, an independent SCN2A c. 1570C>T (p.Arg524Ter; R524X) hiPSC series was included for vali-
dation of key phenotypes across an additional SCN2A truncating mutation. This series comprised three isogenic WT control lines (B5,
C2, and D6) and one SCN2A-R524X heterozygous mutant line (E6). Genotypes were confirmed by Sanger sequencing and batch gen-
otyping after differentiation. KOLF2.1J served as the common parental reference line from which edited clones were derived. Isogenic
relationships among WT and mutant lines are summarized in Table S1, and experiment-specific line usage is summarized in Table S2.

Feeder-free hiPSC colonies were maintained on Matrigel-coated plates (Corning, #354230) in StemFlex medium (Thermo Fisher
Scientific, #A3349401) at 37°C in a humidified incubator with 5% CO,. Medium was changed daily, and cells were passaged every
4-5 days using Versene solution (Thermo Fisher Scientific, #15040066). HiPSCs were used for organoid differentiation between pas-
sages 2 and 15 after thawing.

Cytogenetic microarray quality control

Genome integrity of representative edited hiPSC lines was evaluated by high-density cytogenetic microarray analysis performed by
JAX Cellular Engineering (The Jackson Laboratory for Genomic Medicine) using the lllumina Infinium Global Diversity Array with
Cytogenetics-8 (GDA Cyto). Data were analyzed against the hg19 reference genome using VIA software v7.0 (Bionano Genomics).
Copy-number variation (CNV) calling was performed using SNP FASST2 segmentation with a minimum of 50 probes per segment and
a significance threshold of 1.00 x 1073, The tested lines included KOLF2.1J WT, A11 WT, A02 HET, FO1 HET, D06 HOM, and F03
HOM. All tested lines passed array quality control, and no novel sample-specific CNVs were detected. All identified CNVs corre-
sponded only to known background variants in the KOLF2-C1/KOLF2.1J reference line. Detailed results are provided in Table S3.

METHOD DETAILS

Antibodies

For immunostaining, primary antibodies used include Anti-NeuN (Chicken, GeneTex, GTX00837, 1:1000; Rabbit, Cell Signaling,
24307S, 1:1000), Anti-TBR1 (Rabbit, Abcam, ab31940, 1:300), Anti-MAP2 (Chicken, Novus Biologicals, NB300-213, 1:1000; Mouse,
Millipore, MAB378, 1:200), Anti-GABA (Rabbit, Sigma-Aldrich, A2052, 1:1000), Anti-GAD67 (Mouse, Sigma-Aldrich, MAB5406-
25UG, 1:100), Anti-CTIP2 (Rat, Abcam, ab18465, 1:300), Anti-DARPP32 (Rabbit, Abcam, ab40801, 1:200), Anti-Ankyrin-G (Mouse,
Antibodies Inc., 75-146-020, 1:200), Anti-SCN2A (Rabbit, Sigma-Aldrich, ZRB1300, 1:200), HA-Tag (Rabbit, Cell Signaling, 3724T,
1:200), Synapsin 1 (Mouse, Synaptic Systems, 106011, 1:800), PSD-95 (Rabbit, Thermo Fisher, 51-6900, 1:800), Anti-SATB2 (Mouse,
Abcam, ab51502, 1:300), Anti-VGAT (Mouse, Synaptic Systems, 131011, 1:1000), Anti-Cleaved Caspase-3 (Asp175) (Rabbit, Cell
Signaling, 9661, 1:500). Secondary antibodies included Goat anti-Chicken Alexa Fluor 647 (Thermo Fisher, A32933, 1:500), Goat
anti-Rabbit Alexa Fluor 647 (A21244, 1:500), Goat anti-Mouse Alexa Fluor 647 (A21235, 1:500), Goat anti-Rat Alexa Fluor 555
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(A21434, 1:500), Goat anti-Rabbit Alexa Fluor 488 (A11034, 1:500), Goat anti-Rabbit Alexa Fluor Plus 555 (A32732, 1:500), Goat anti-
Mouse Alexa Fluor Plus 555 (A32727, 1:500), and Goat anti-Mouse Alexa Fluor 488 (A11001, 1:500).

For western blotting, primary antibodies included Rabbit anti-SCN2A (Nay1.2) (Alomone Labs, ASC-002, 1:200), Rabbit anti-
SCN2A (Sigma-Aldrich, ZRB1300, 1:200), Mouse anti-TUJ1 (BioLegend, 801202, 1:1000), and Mouse anti-p-Actin (Thermo Fisher,
MA5-15739, 1:1000). Secondary antibodies used were IRDye 800CW Goat anti-Rabbit IgG (LI-COR, 926-32211, 1:2500) and IRDye
800CW Goat anti-Mouse 1gG (926-32210, 1:5000).

Genotyping

Genomic DNA was extracted from hiPSCs, organoids, and assembloids using a tissue DNA extraction kit (Macherey-Nagel, Bethle-
hem, PA, USA). The SCN2A c.2877C>A (C959X) variant was genotyped by locus-specific PCR using the following primers: forward,
5'-TTGAGACAGTTACCTGTACATTTGC-3’; and reverse, 5'-TAATAGACAATAGGAAGTGGCCTTG-3'. PCR reactions were prepared
in a total volume of 25 pL using PCR Master Mix, primers, template DNA, and nuclease-free water. Amplification was performed at
95°C for 2 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, with a final extension at 72°C for 10 min and a
hold at 4°C. The resulting 700-bp amplicon was analyzed by Sanger sequencing. WT lines retained cytosine (C) at the variant site,
heterozygous lines displayed overlapping C and A peaks, and homozygous lines showed complete substitution of C with A, intro-
ducing a premature stop codon. The SCN2A c.1570C>T (R524X) variant was similarly genotyped by locus-specific PCR followed
by Sanger sequencing. The following primers were used: forward, 5'-ACATACTTTGCGCCCTTC-3'; and reverse, 5-CATTGTGC-
CATCCAGGTG-3'.

Generation of hStrOs and hCOs from hiPSCs

Generation of 3D neural organoids

Feeder-free hiPSCs were maintained on Matrigel in StemFlex medium and passaged every 4-5 days as described above. Quality
control assessments included Sanger sequencing, karyotyping, and immunocytochemistry. Undifferentiated hiPSC colonies dis-
played normal and homogeneous morphology with defined edges and minimal spontaneous differentiation. A differentiation batch
was defined as an independent differentiation initiated on a separate date.

Organoids were generated using a modified version of the protocol described by Miura et al.'® hiPSCs were dissociated into single
cells using Accutase (Thermo Fisher, #NC9839010) and seeded at 10,000 cells/well in ultralow-attachment 96-well plates (Corning,
#CLS7007) with Essential 8 medium (Thermo Fisher, #A1517001) supplemented with 10 pM ROCK inhibitor Y-27632 (Selleck Chem-
icals, #51049). Plates were centrifuged at 100 x g for 3 min and incubated at 37°C with 5% CO,. After 24 h, organoids were trans-
ferred to Essential 6 medium (Thermo Fisher, #A1516401) supplemented with 2.5 pM dorsomorphin (Sigma-Aldrich, #P5499), 10 uM
SB-431542 (R&D Systems, #1614), and 1.25 pM XAV-939 (Tocris, #3748) for 5 days with daily media changes.

Patterning and differentiation into hCOs and hStrOs

On day 6, organoids were transferred into ultralow-attachment 6-well plates (Corning, #3471) and maintained on an orbital shaker at
80 rpm thereafter. From day 6 to day 21, organoids were cultured in neural medium containing Neurobasal-A (Thermo Fisher,
#10888022), B-27 without vitamin A (Thermo Fisher, #12587010), GlutaMAX (1:100, Thermo Fisher, #35050061), and penicillin-strep-
tomycin (1:100, Thermo Fisher, #15140122). For hCOs, this medium was supplemented with 20 ng/mL FGF2 (R&D Systems, #233-
FB-500) and 20 ng/mL EGF (R&D Systems, #236-EG). For hStrOs, this medium was supplemented with 2.5 uM WNT inhibitor IWP-2
(Selleck Chemicals, #57085) and 50 ng/mL recombinant Activin A (PeproTech, #120-14P). From day 12 to day 21, hStrOs were
treated with 100 nM SR11237 (Tocris, catalog no. 3411).

Neuronal differentiation and maturation

From day 22 to day 45, neural progenitors were differentiated into neurons for both hCOs and hStrOs by supplementing the neural
medium with BDNF (20 ng/mL, PeproTech, #450-02), NT-3 (20 ng/mL, PeproTech, #450-03), ascorbic acid (200 uM, Wako, #323-
44822), Dibutyryl-cAMP (50 uM, Santa Cruz, #sc-201567A), and DHA (10 uM, MilliporeSigma, #D2534). From day 43 to day 45,
2.5 uM DAPT (Stemcell Technologies, #72082) was additionally added to hStrO along with BDNF, NT-3, ascorbic acid, cAMP,
and DHA. From day 46 onward, cultures were maintained in a neural medium containing B-27 Plus Supplement (Thermo Fisher,
#A3582801) with medium changes every 4-5 days.

Viral labeling and live-cell imaging of cortico-striatal assembloids

Unless otherwise indicated, each AAV vector was added at 1 pL per organoid (5 x 102 vg/mL; 5 x 10° vg/organoid).
Generation of cortico-striatal assembloids

To generate cortico-striatal assembloids, virally labeled organoids were washed three times with fresh medium to remove residual
extracellular viral particles before fusion. One hCO and one hStrO were transferred into a 1.5-mL Eppendorf tube containing 1 mL
neural medium and incubated at 37°C for 3—4 days with a complete medium change on day 2.'* Once formed, assembloids were
transferred to ultralow-attachment plates using a P1000 pipette with a cut tip to accommodate their size. Assembly was conducted
between days 60-76 of differentiation.

Generation of genotype-defined mix-and-match cortico-striatal assembloids

To distinguish cortical and striatal contributions to SCN2A-dependent phenotypes, genotype-defined mix-and-match cortico-striatal
assembloids were generated by combining hCOs and hStrOs of different genotypes. Depending on the experiment, hCOs and
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hStrOs were paired to generate WT hCO-WT hStrO, HET hCO-WT hStrO, WT hCO-HET hStrO, or HET hCO-HET hStrO assem-
bloids. hCOs were transduced with AAV1-hSyn::Cre, and hStrOs were transduced with AAV1-Ef1a-DIO-mScarlet. Organoids
were fused between days 60-76 of differentiation as described above. Dendritic spine imaging of mScarlet-positive striatal receiver
neurons was performed at least 30 days after fusion. Spine density was quantified by Neurolucida 360 and Neurolucida Explorer
(MBF Bioscience). Experiment-specific line usage is summarized in Table S2.

Anterograde and retrograde tracing

For anterograde labeling, on day 60, hCOs were labeled with AAV1-hSyn::Cre (Addgene viral prep #105553-AAV1), while hStrOs
were labeled with AAV1-Efia-DIO-mScarlet (Addgene viral prep #131002-AAV1) and AAV9-hSyn-EGFP (Addgene viral prep
#50465-AAV9). For retrograde labeling, hStrOs were labeled with AAVrg-hSyn::Cre (Addgene viral prep #105553-AAVrg), while
hCOs were labeled with AAV1-Ef1ia-DIO-mScarlet and AAV9-hSyn-EGFP. Assembloids were maintained in culture with medium
changes every 4 days. After 1 month, labeled assembloids were transferred to glass-bottom 24-well plates (Cellvis, #P24-0-N) in
BrainPhys medium (STEMCELL, #5790) and imaged using a Zeiss LSM 900 confocal microscope (10x objective, Z-stack scanning)
following a 15-min equilibration at 37°C and 5% CO..

Axonal projection imaging

To assess projections from hCO to hStrO, hCOs were labeled with AAV1-hSyn-mScarlet (Addgene viral prep #131001-AAV1) on day 60,
assembled with hStrO on day 65, and imaged on days 10, 20, 30, and 42 post-fusion for the SCN2A-C959X series and on days 25, 35,
and 45 post-fusion for the SCN2A-R524X series using a Zeiss LSM 900 confocal microscope with a 10 x objective and 0-500 pm Z-stack
scanning. Confocal Z-stacks were converted into two-dimensional Z-projection images using ZEN software (Carl Zeiss). The hStrO
compartment was manually delineated as a two-dimensional ROI, and the mScarlet-positive area within the ROl was quantified using
Fiji/Imaged (v1.53t; NIH), with the same fluorescence threshold for all images within each experimental batch. Projection coverage was
calculated as the percentage of mScarlet-positive arearelative to the total hStrO ROl area. WT and mutant assembloids were processed,
transduced, imaged, and analyzed in parallel using the same viral preparation, viral dose, transduction timing, culture conditions, imag-
ing settings, and quantification pipeline to minimize potential systematic differences in viral labeling or image acquisition.

Receiver and non-receiver neuron labeling and live-cell dendritic spine imaging

hCOs were labeled with AAV1-hSyn::Cre, while hStrOs were labeled with AAV1-Ef1a-DIO-mScarlet and AAV9-hSyn-EGFP on day
60, followed by fusion on day 65. After 1 month, EGFP*/mScarlet” neurons were classified as non-receivers, whereas mScarlet-pos-
itive hStrO neurons were classified as receivers based on Cre-dependent labeling. For live-cell dendritic spine imaging, assembloids
were transferred to BrainPhys medium and imaged using a Zeiss LSM 900 confocal microscope at 0-500 pm depth Z-stack scanning
with a 20x objective and 6x zoom. For receiver-only spine imaging experiments, hCOs were labeled with AAV1-hSyn::Cre, while
hStrOs were labeled with AAV1-Ef1a-DIO-mScarlet before fusion, and mScarlet-positive striatal receiver neurons were imaged under
the same conditions.

CAV-2 vector transduction

Brain organoids were transduced with either control CAV-2-NSE-mCitrine (CAV-Ctrl) or CAV-2-NSE-SCN2A-HA (CAV-SCN2A). Both
vector preparations were normalized to a titer of 5 x 10"" physical particles (pp)/mL. Depending on organoid size, control organoids
received 1-2 pL of CAV-Ctrl, whereas rescue organoids received 1-2 pL of CAV-SCN2A. Vectors were added directly to the culture
medium on day 60, and organoids were incubated for 24-48 h before assembly. Samples were collected on day 120 for g°PCR and
western blotting. For dissociated 2D cultures used for electrophysiological recordings, control cultures received CAV-Ctrl alone,
whereas rescue cultures were co-transduced with CAV-Ctrl and CAV-SCN2A to enable targeted patch-clamp recording from mCi-
trine-positive neurons. CAV-2 vectors were applied at 400-800 pp per cell for 24-48 h, and electrophysiological recordings were per-
formed 7 days after transduction.

Patch-clamp recordings

Acute slice preparations

Slices were prepared from 3- to 12-month-old brain organoids and hCO-hStrO assembloids. Organoids and assembloids were
rapidly embedded in 4% agarose in slicing solution containing (in mM): 110 choline chloride, 2.5 KClI, 1.25 NaH,PO,, 25 NaHCO,,
0.5 CaCl,, 7 MgCly, 25 glucose, 1 sodium ascorbate, and 3.1 sodium pyruvate (pH 7.4, 305-315 mOsm, bubbled with 95% O,
and 5% CO,). 200-um slices were prepared using a vibratome (Leica VT1200 S, Germany). Slices were incubated for 10 min at
33°C in slicing solution, then transferred to artificial cerebrospinal fluid (@CSF; in mM; 125 NaCl, 2.5 KCI, 1.25 NaH,POy,, 25
NaHCOg3, 2.0 CaCls,, 2.0 MgCl,, 10 glucose; pH 7.4, 305-315 mOsm, bubbled with 95% O, and 5% CO,) for 10-20 min at 33°C before
storage at room temperature for at least 30 min prior to recording.

Whole-cell electrophysiology in organoid and assembloid slices

Whole-cell recordings were performed in acute slices prepared from hCOs, hStrOs, and hCO-hStrO assembloids. Slices were trans-
ferred to a recording chamber continuously perfused with aCSF at 32-33°C (2-3 mL/min). Neurons were visualized with an IR-DIC
microscope (Olympus BX-51WI) equipped with an IR-2000 camera (Dage-MTI). Somatic whole-cell patch-clamp recordings were
obtained from cortical pyramidal-like neurons and striatal MSN-like neurons. Cortical pyramidal-like neurons were identified by their
characteristic morphology, including a prominent apical dendrite, whereas MSN-like neurons were identified by their medium-sized
somata and spiny dendritic morphology. Thin-wall borosilicate pipettes (BF150-110-10, Sutter Instruments) with an open-tip resis-
tance of 3-5 MQ were fabricated using a P-1000 puller (Sutter Instruments).
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For sEPSC recordings, pipettes were filled with a Cs-based internal solution containing the following (in mM): 120 CsMeSQs, 4
MgCl,, 0.2 EGTA, 10 HEPES, 4 Na,ATP, 0.3 Tris3-GTP, 14 Tris,-phosphocreatine, adjusted to pH 7.25 with CsOH (295-305
mOsm). Neurons were voltage-clamped at —80 mV, near the estimated chloride reversal potential under these recording conditions,
and inward sEPSCs were recorded for 3 min in gap-free mode. Data were acquired using an Axon MultiClamp 700B amplifier, Dig-
idata 1550B plus HumSilencer digitizer, and pClamp 11.4 software (Molecular Devices), filtered at 2 kHz, sampled at 33 kHz, and
analyzed using Mini Analysis Program v6.08 (Synaptosoft). Recordings were included only when series resistance remained stable
between 15 and 30 MQ; recordings with Rs changes >20% were excluded.

For chemogenetics experiments, hCOs were labeled with AAV9-hSyn-hM3D(Gq)-mCherry (Addgene viral prep #50474-AAV9),
while hStrOs were labeled with AAV9-hSyn-EGFP on day 60, followed by assembly on day 65. After 2 months, assembloids were
prepared for sEPSC recordings. EGFP-positive MSN-like neurons in hStrO, surrounded by mCherry-labeled axons, were selected
for recording. Baseline activity was recorded for 3 min, followed by bath application of 10 uM CNO for 3 min and a 3-min washout.

For evoked EPSC recordings, striatal receiver neurons in acute hCO-hStrO assembloid slices were identified by viral labeling as
described above. A bipolar stimulation electrode was positioned in the hCO compartment near cortical axon bundles projecting toward
the hStrO compartment. Brief electrical stimuli were delivered at low frequency, 0.05-0.1 Hz, using a Digitimer DS3 stimulator through an
A-M Systems electrode. Stimulation parameters were 800 pus pulse duration and 1-3 mA intensity. Evoked EPSCs were quantified as the
peak inward current within a defined post-stimulus window, and responses from repeated trials were averaged for each neuron.

For current-clamp recordings, pipettes were filled with a K-based internal solution containing the following (in mM): 122 KMeSQ,, 4
KCI, 2 MgCl,, 0.2 EGTA, 10 HEPES, 4 Na,ATP, 0.3 Tris-GTP, and 14 Tris-phosphocreatine, adjusted to pH 7.25 with KOH, 295-305
mOsm. Signals were sampled at 50 kHz and filtered at 2 kHz. Sag ratio, input resistance, and firing properties were assessed using
400-ms hyperpolarizing and depolarizing current steps from —100 to +300 pA in 50-pA increments (or from —40 to +140 pA in 20-pA
increments depending on recording condition), with 5-s sweep intervals. Recordings were performed at the RMP or a holding poten-
tial of =70 mV or —80 mV, as indicated. Input resistance (Rinput) Was calculated from the voltage response to a —100 pA or —20 pA
current step using:

(Vsteady —state — Vbaseline)

Rinput = ]
step

where /gp Wwas —100 pA or —20 pA, depending on the protocol used for that cell. Viaseiine Was the RMP or holding potential, and
Vsteady-state Was measured during the final 10 ms of the corresponding hyperpolarizing step. Membrane capacitance (Cr,) was ob-
tained from the amplifier membrane test. AP properties were measured from the intact spike evoked by a 20-ms rheobase current
step. Sweeps were 1.5 s in duration with 10-s start-to-start intervals, and cells were held at the RMP, —70 mV, or —80 mV as indi-
cated. RMP, AP threshold, amplitude, fast afterhyperpolarization, half-width, maximum rise slope, and maximum decay slope were
analyzed in Clampfit 11.4. Threshold was defined as the membrane potential at which dV/dt first exceeded 15 V/s.

For post hoc morphology, 0.1%-0.2% neurobiotin was included in the internal solution. After recording (~30 min), slices were fixed
in 4% paraformaldehyde (pH 7.4) for 20-30 min at room temperature, washed in PBS, and incubated overnight at 4°C with Alexa
647-conjugated streptavidin (1:250 in blocking solution).®® Neuronal morphology, including dendritic spines, of patched neurons
was imaged under a Zeiss LSM 900 confocal microscope.

Whole-cell electrophysiology in dissociated neurons

Brain organoids were dissociated into single cells using a modified Worthington Papain Dissociation Kit (Papain Dissociation System,
Worthington, LK003150). 3-5 randomly selected mature hCOs (>110 days old) were transferred to 60 mm dishes, and the excess
medium was aspirated before adding 5 mL of Papain-DNase solution. The tissue was minced into <1 mm pieces and incubated
at 37°C, 5% CO,, shaking at 80 rpm for 30 min, and then gently triturated, followed by an additional 10-min incubation. The resulting
suspension was transferred to a 15 mL conical tube, allowed to settle, and the supernatant was mixed with the inhibitor solution
before centrifugation at 300 x g for 7 min. The pellet was resuspended in Neurobasal medium, filtered through a 40 pm strainer
(CELLTREAT Scientific Products, #229481), and counted. Approximately 1-2 x 10° cells were seeded onto 12-mm round coverslips
(Neuvitro, #GG-12-1.5-Pre) in 24-well plates. Neurons were cultured in Neurobasal medium with a B-27 supplement (without vitamin
A) for 7 days, with half-medium changes every other day. From day 7, cells were maintained in Neurobasal medium with B-27 Plus
Supplement, with half-medium changes twice a week.

After 2 weeks, neurons were transduced with a control vector (CAV-2-NSE-mCitrine at 400 or 800 pp per cell) or a 1:2 mixture of the
control and SCN2A-expressing vectors (CAV-2-NSE-SCN2A-HA at 400 or 800 pp per cell). After 1 week of expression, mCitrine-pos-
itive neurons from control or CAV-SCN2A-treated cultures were selected for somatic whole-cell patch-clamp recordings. Recording
solutions, acquisition settings, inclusion criteria, current-step protocols, and electrophysiological parameter analyses were the same
as described above for current-clamp recordings in slices.

Biophysical characterization of hNSCN2A-HA

HEK293-derived tsA201 cells were cultured in DMEM/F-12 supplemented with 10% fetal bovine serum and 1% penicillin-strepto-
mycin. To compare the biophysical properties of untagged and C-terminal HA-tagged human SCN2A, cells were transiently trans-
fected with CMV promoter-driven plasmids encoding full-length tetrodotoxin-resistant human SCN2A or C-terminal HA-tagged hu-
man SCN2A (hSCN2A-HA). The untagged hSCN2A construct was a gift from Stephen Waxman (Yale University) and was previously
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described in a piggyBac vector with a GFP-2A reporter linker.*® hSCN2A-HA was generated from this construct by PCR amplification
using Q5 High-Fidelity DNA Polymerase (New England Biolabs, M0491), IDT oligonucleotides, and Gibson assembly using Gibson
Assembly Master Mix (New England Biolabs, E2611S). Plasmids were purified using the QlAprep Spin Miniprep Kit (Qiagen, 27106)
and validated by Sanger sequencing. Cells were transfected with 400 ng plasmid DNA using Lipofectamine 3000 Transfection Re-
agent (Thermo Fisher Scientific, L3000001). 24 h after transfection, cells were dissociated with 0.25% trypsin (Corning, 25-053-Cl)
and plated onto poly-D-lysine-coated coverslips (Corning, 354086) for whole-cell patch-clamp recording.

Whole-cell voltage-clamp recordings were performed at room temperature using an EPC10 amplifier and PatchMaster software
(HEKA Elektronik). GFP-positive cells were selected for recording. Borosilicate glass pipettes had open-tip resistances of 2-4 MQ.
The extracellular solution contained (in mM): 140 NaCl, 3 KCI, 1 CaCl,, 1 MgCl,, 10 HEPES, and 20 dextrose, adjusted to pH 7.3 with
NaOH and 320 mOsm. The internal solution contained (in mM): 140 CsF, 10 NaCl, 1.1 EGTA, 10 HEPES, and 20 dextrose, adjusted to
pH 7.3 with CsOH and 310 mOsm. Leak currents were subtracted using a P/N protocol. Sodium currents were evoked from a holding
potential of —100 mV using 10 ms depolarizing steps from —80 mV to +50 mV in 5 mV increments. Peak current density was calcu-
lated by normalizing peak current amplitude to cell capacitance. Sodium conductance (Gy,) was calculated as:

lNa
Gre = W = Vi)
where Iy, is the peak sodium current, V,,, is the test potential, and V,, is the measured reversal potential. Conductance—voltage re-
lationships were normalized to maximal conductance and fitted with a Boltzmann function to determine the voltage of half-maximal
activation (Vsg) and slope factor. Steady-state fast inactivation was assessed using 500 ms prepulses from —140 to —5 mV, followed
by a test pulse to +5 mV. Currents were normalized to maximal current and fitted with a Boltzmann function to determine the voltage
of half-maximal fast inactivation (Vo) and slope factor.

High-density microelectrode array (HD-MEA) recording of cortico-striatal assembloids

HD-MEA preparation and assembloid seeding

HD-MEAs (3Brain, 6-well plates) were cleaned with 1% Tergazyme (200 pL/well, 37°C, 1 h), rinsed three times with ultrapure water,
disinfected in 70% ethanol for 1 h, dried, and incubated overnight in PBS at room temperature. HD-MEAs were coated sequentially
with poly-L-ornithine (50 pg/mL; Sigma-Aldrich, #P4957) overnight, washed, and further coated with laminin (50 pg/mL, >2 h at 37°C).

Cortico-striatal (hCO-hStrO) assembloids (~4 months old) were transferred onto HD-MEAs using a wide-bore pipette and allowed
to settle for 2 h. To promote attachment, 20 pL of medium was added every 2 h for 8 h, followed by 2 mL of medium the next day.
Cultures were maintained in BrainPhys medium supplemented with N2, B27 Plus, 50 pM cAMP, and 200 pM ascorbic acid, with
twice-weekly media changes. Recordings were conducted after 2 weeks of culture.

Electrophysiological recordings and analysis

On the day of recording, the media was refreshed, and the plate was incubated at 37°C with 5% CO, for 15 min. Extracellular activity
was recorded for 5 min using Brainwave V software (v5.6, 3Brain AG, Switzerland) on a HyperCAM Alpha multi-well system with
CorePlate 6W 38/60 HD-MEA plates. Recordings were acquired from up to 2,304 electrodes per well at a 10 kHz sampling rate using
6-well HD-MEA plates with 60 pm electrode pitch, with 100 Hz high-pass and 20-5000 Hz band-pass filtering. Fast Fourier Transform
(FFT) with a Hamming window was applied for spectral analysis.

Spikes were detected using an 8.0 standard deviation threshold, with a peak lifetime of 2.0 ms, a refractory period of 1.0 ms, and a
pre-peak wave duration of 1.0 ms. Electrodes with spike frequencies < 0.083 Hz (5 spikes/min) were excluded. Bursts were identified
as >5 spikes with an interspike interval <100 ms, while network bursts were detected via a recruitment-based algorithm requiring
>10% electrode activation and a minimum burst size of 50 spikes. Spike sorting was performed using Principal Component Analysis
(PCA, 3 components) and K-Means clustering with Gap Statistics.

Cryoprotection, immunocytochemistry, and imaging analysis

Sample preparation

Brain organoids and assembloids were fixed in 4% paraformaldehyde (PFA) in PBS overnight at 4°C, washed in PBS, and transferred
to 30% sucrose-PBS for 2-3 days until fully submerged. Samples were then equilibrated in a 1:1 mixture of optimal cutting temper-
ature (OCT) compound (Tissue-Tek, 4583, Sakura Finetek) and 30% sucrose-PBS before embedding. After embedding, cryosec-
tions (20-40 pm thick) were obtained using a Leica CM1850 cryostat. Slices on glass coverslips for the 2D culture were fixed in
4% PFA for 20 min at room temperature.

Immunostaining

Cryosections were washed (3%, 5 min) in PBS, permeabilized, and blocked in either 0.5% Triton X-100 and 5% normal goat serum in
PBS or 4% Block-Ace (Dainippon Sumitomo Pharma, UK-B80) with 0.05% Tween-20 in PBS for 1 h at room temperature. Primary
antibodies were applied overnight at 4°C, followed by PBS washes (3x, 10 min). Samples were then incubated with Alexa Fluor-con-
jugated secondary antibodies for 1 h at room temperature in a blocking buffer. Sections were mounted with DAPI-containing Antifade
Mounting Medium (VECTASHIELD, H-2000) and sealed with glass coverslips.®” Images were acquired using an LSM900 confocal
fluorescence microscope equipped with an Airyscan module (Carl Zeiss, Jena, Germany).
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Axon initial segment (AIS) length quantification

Images were captured using a 63x oil-immersion objective, with Z-stacks collected from at least three regions per organoid.
Maximum-intensity projections were generated from Z-stacks spanning the entire AIS. AIS length was defined by ankyrin-G immu-
nofluorescence and measured between the proximal and distal endpoints using the segmented-line tool in Fiji/lmaged (v1.53t;
NIH).%? Only AlSs with clearly defined endpoints were included.

Synaptic density quantification

Synaptic density was assessed using a 63 x oil-immersion objective with 1.3 x zoom and an Airyscan module. For each organoid, 3-6
regions of interest were imaged using identical acquisition settings across WT and mutant samples. Colocalized excitatory presyn-
aptic (SYN1) and postsynaptic (PSD95) puncta were quantified using ZEN 3.1 Blue Edition software (Carl Zeiss Microscopy) with
consistent analysis parameters within each batch. The density of colocalized puncta was normalized to the corresponding WT group
to assess genotype-dependent changes.

Quantification of compartment-specific immunostaining

For compartment-specific immunostaining analyses, images were acquired using identical microscope settings within each experiment
and analyzed in Fiji software. In hCO-hStrO assembloids, hCO and hStrO compartments were manually outlined as separate ROIs based
on morphology and marker distribution. For SATB2 quantification, matched high-magnification ROIs were selected from the hCO and
hStrO compartments. Because SATB2 is a nuclear transcription factor, DAPI-positive nuclei were segmented in Fiji/lmaged to generate
nuclear masks. SATB2 fluorescence intensity was then measured within each DAPI-defined nuclear mask using the original, unadjusted
images. SATB2-positive nuclei were identified using a conservative batch-level nuclear intensity cutoff derived from the pooled hStrO
nuclear SATB2 signal, defined as the mean plus five standard deviations, and the same cutoff was applied to all hCO and hStrO
ROls. SATB2 expression was quantified as the percentage of SATB2-positive nuclei among total DAPI-positive nuclei within each
ROI. For DARPP32, because the signal is cytoplasmic and neurite-associated, DARPP32-positive area was measured as the percentage
of positive area within each matched ROI using identical thresholding parameters for all images from the same batch. For Nay1.2
compartmental analysis, mean Nay1.2 fluorescence intensity was measured separately in the hCO and hStrO ROIs and normalized to
the corresponding NeuN signal from the same compartment within the same assembloid. For apoptosis analysis, CC3-positive nuclei
were quantified as a percentage of total DAPI-positive nuclei within the analyzed ROI. For VGAT-associated DARPP32-positive neuron
analysis, NeuN-positive neurons were first identified, followed by the identification of DARPP32-positive neurons. Because VGAT label-
ing appeared as puncta rather than a uniform somatic signal, VGAT association was defined as punctate VGAT fluorescence above local
background adjacent to DARPP32-positive neurons, rather than complete somatic overlap. VGAT-associated DARPP32-positive neu-
rons were quantified as a percentage of total NeuN-positive neurons in the analyzed image. For each experiment, multiple ROIs orimages
were analyzed from each organoid or assembloid using identical acquisition and analysis settings within the same batch. The unit of
quantification and sample size are indicated in the corresponding figure legends.

Post hoc spine imaging of patched neurons

For post hoc spine analysis, the internal solution contained 0.1%-0.2% neurobiotin. After whole-cell recording, slices were fixed in
4% paraformaldehyde, washed in PBS, and incubated with Alexa 647-conjugated streptavidin to visualize patched neurons. Den-
dritic spines were imaged on a Zeiss LSM 900 confocal microscope using a 63x oil-immersion objective.

Sholl analysis and dendritic spine classification

Confocal Z-stacks were converted into two-dimensional Z-projection images using ZEN software (Carl Zeiss). Neuronal morphology
and dendritic spines were analyzed from the Z-projection images using Neurolucida 360 v2023.1.1 and Neurolucida Explorer
v2022.2.1 (MBF Bioscience). For Sholl analysis, neurons with clearly resolved somata and dendritic arbors were reconstructed,
and total dendritic length, branch structure, and Sholl intersections were quantified.

For dendritic spine analysis, fluorescently labeled neurons were imaged either in intact cortico-striatal assembloids by live-cell
confocal imaging or from post hoc neurobiotin-filled patched neurons, as indicated in the figure legends. Under genotype-mixing
conditions, spine analysis was performed on mScarlet-positive receiver neurons within intact assembloids. Clearly traceable den-
dritic segments were selected using the same image-quality criteria across genotypes and experimental conditions. When possible,
at least three dendritic segments were analyzed per assembloid.

Spine quantification was performed by an investigator blinded to genotype and experimental condition, and dendritic segment se-
lection and spine calls were reviewed by a second blinded investigator. Each protrusion was manually inspected and classified as
filopodia, thin, stubby, mushroom, or branched according to standard morphological criteria. Ambiguous puncta, crossing pro-
cesses, isolated fluorescent structures, or protrusions not clearly continuous with the dendritic shaft were excluded. Total and sub-
type-specific spine densities were calculated as spine number per micrometer of dendritic length. The unit of quantification and sam-
ple size are indicated in the corresponding figure legends.

Western blotting

Organoids and assembloids were homogenized in ice-cold RIPA buffer (Thermo Fisher, 89901) with protease and phosphatase in-
hibitors (Thermo Fisher, A32953) and centrifuged at 10,000 x g for 20 min at 4°C. Protein concentrations were determined using the
Pierce BCA Protein Assay Kit (Thermo Fisher, 23225). Proteins were denatured in 1x Laemmli buffer (62.5 mM Tris-HCI (pH 6.8), 2%
SDS, 5% glycerol, 0.05% bromophenol blue) by boiling at 95°C for 5 min. Then, 50 ug of each sample was loaded onto 8% SDS-
PAGE gels at 80-120 V and transferred onto PVDF membranes (Thermo Fisher, PB9220) at 300 mA for 2.5 h at 4°C. Membranes
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were blocked with 5% nonfat milk in TBST (Tris-buffered saline with 0.1% Tween 20) for 1 h at room temperature and incubated over-
night at 4°C with primary antibodies diluted in Intercept T20 (TBS) Antibody Diluent (LI-COR Biosciences, 927-65001). The next day,
blots were washed (3x, 10 min) in TBST, incubated with secondary antibodies for 1 h at room temperature, and washed again (3x,
10 min). Immunoreactive bands were visualized using the Odyssey CLx Imaging System (LI-COR Biosciences).

For immunoblot quantification, band intensities were measured in Fiji/lmagedJ (v1.53t; NIH) from uncropped images acquired under
non-saturating conditions. The Nay 1.2 signal was normalized to the corresponding loading control from the same lane. -actin was
used as the loading control for blots from whole organoid or assembloid lysates, whereas TUJ1 was used as a neuronal loading con-
trol where indicated. Normalized values were then expressed relative to the WT or control group within each experiment.

RNA isolation, reverse transcription, and qPCR analysis
Total RNA was extracted from hCO-hStrO assembloids using the RNeasy Mini Kit (QIAGEN, #74104) following the manufacturer’s
protocol. RNA concentration and purity were assessed using a NanoDrop spectrophotometer (Thermo Fisher). cDNA was synthe-
sized using the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher, #K1672) on a T100 Thermal Cycler (Bio-Rad).
Quantitative PCR (QPCR) was performed using THUNDERBIRD SYBR gPCR Mix (TOYOBO, Code QPS-201) and gene-specific
primers on a CFX96 Real-Time PCR Detection System with a C1000 Touch Thermal Cycler base (Bio-Rad). gPCR data were analyzed
using Bio-Rad CFX Maestro v4.1.2433.1219. Thermal cycling conditions were as follows: initial denaturation at 95°C for 1 min, followed
by 45 cycles of 95°C for 15 s and 60°C for 60 s. Primer sets included internal SCN2A (forward: GAGACCATGTGGGACTGTATG; reverse:
AAGGCCAAGAAGAGGTTCAG), codon-optimized SCN2A (forward: GTGTTTTGCCTCTCCGTGTT; reverse: ATTTCCGTCCAGG-
GAGTTGT), and total SCN2A (forward: GGATACATCTGTGTGAAGGC; reverse: CTGTTCCTCATAGGCCAT).
Gene expression levels were normalized to GAPDH. Each biological sample was analyzed in technical duplicate, and the mean C;
value was used for calculation. Relative expression was calculated using the 2"4C* method:

ACt = Ct,target gene — Ct.GAPDH
AACt = ACt.,sample - ACt.calibrator

Relative expression = 27 44C

The mean AC; of the relevant WT or control group was used as the calibrator.

Xenium spatial transcriptomic profiling and analysis

One hCO collected on day 83 and five hStrOs collected between days 90 and 140 were formalin-fixed, paraffin-embedded, and
sectioned for Xenium analysis. One section from each organoid was mounted on a Xenium slide and analyzed using the Xenium
in situ platform (10x Genomics) with the Xenium Prime 5K Human Pan Tissue and Pathways Panel (10x Genomics, PN:1000671),
Xenium Slides & Sample Prep Reagents (10x Genomics, PN:1000460), and Xenium Cell Segmentation Staining Reagents (10x Ge-
nomics, PN:1000661), according to the manufacturer’s instructions. Primary data processing, including transcript decoding, cell and
nuclear segmentation, and image alignment, was performed on the Xenium Analyzer. Data visualization and downstream analysis
were performed using Xenium Explorer v4.1.1.

Marker-based cell-type annotation of Xenium data

Xenium output files from individual organoids were imported for downstream analysis. Analysis was performed in Python v3.14.3 us-
ing Scanpy v1.12, igraph v1.0.0 for Leiden clustering, and matplotlib v3.10.8 for visualization, following standard preprocessing steps
adapted from the 10x Genomics Xenium workflow. For both hCO and hStrO datasets, cells with fewer than 100 detected genes or
with total transcript counts above the 98th percentile were excluded. For hCO datasets, genes detected in fewer than 50 cells were
also removed; no gene-level filtering was applied to hStrO datasets. Marker positivity was defined as at least one detected transcript
per cell. Unsupervised clustering was performed using Leiden clustering.*”“® Cluster-level marker expression was visualized by dot
plots with dendrogram-based hierarchical grouping. For hStrO datasets, all samples were batched together before analysis, and
batch correction was performed using HarmonyPy version 0.0.10, based on the Harmony algorithm.®® The same marker-based hi-
erarchical annotation criteria were applied uniformly across samples, and each annotated cell class was quantified as a percentage
of total analyzed cells per organoid.

For hCO datasets, cells were annotated hierarchically by first identifying neurons and then separating glutamatergic and
GABAergic populations. Glutamatergic neurons were defined as STMN2-positive cells expressing SLC17A7 and/or SLC17A6,
whereas GABAergic neurons were defined as STMNZ2-positive cells expressing GAD1 and/or GAD2. Glutamatergic neurons were
further subclassified as SATB2-enriched, BCL11B-enriched, TBR1-enriched, or other glutamatergic neurons based on canonical
marker expression. For hStrO datasets, MSN-like GABAergic neurons were defined as GAD17- or GAD2-positive cells co-expressing
one or more striatal/MSN-associated markers, including PPP1R1B, BCL11B, or FOXP1. Non-MSN GABAergic neurons were defined
as GAD1- or GAD2-positive cells lacking these MSN-associated markers. Progenitors were defined as cells positive for at least one
progenitor marker, including GSX2, ASCL1, SOX2, or HOPX. Astroglial cells were defined by AQP4 expression. Oligodendrocyte-
lineage cells were defined by expression of OLIG2 or SOX70. Glutamatergic neurons were defined as SLC17A7- and/or
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SLC17A6-positive cells lacking GAD1 and GAD2 expression. Cells that did not meet criteria for the defined marker-based classes
were grouped as Other. For cells with overlapping progenitor, astrocyte, and oligodendrocyte marker expression, cell identity was
assigned based on the marker gene with the highest expression z-score. For hCO spatial analyses, annotated glutamatergic neuronal
subgroups were used for boundary-distance analysis. For hStrO datasets, each annotated cell class was quantified as a percentage
of total analyzed cells per organoid.

Boundary-distance analysis

For hCO spatial analysis, the outer organoid boundary was delineated from the Xenium morphology image. For each annotated gluta-
matergic neuron, the distance from the cell centroid to the nearest point on the outer organoid boundary was calculated using Python
v3.14.3. Distances were reported in micrometers and compared across SATB2-, BCL11B-, and TBR1-enriched neuronal subgroups.

Bulk RNA sequencing and analysis

RNA extraction and library preparation

Total RNA was extracted from 5-month-old hCO-hStrO assembloids using the RNeasy Mini Kit (QIAGEN, Cat# 74104). Samples
included 21 assembloids (n = 7 per genotype; three hiPSC lines per genotype) from two independent differentiation batches. Poly-
adenylated (Poly(A)*) RNA was isolated from 100-250 ng of total RNA using the NEBNext Poly(A) mRNA Magnetic Isolation Module
(New England Biolabs). RNA fragmentation and elution were performed directly from the oligo dT beads as part of the library con-
struction process using the xGen RNA Library Preparation Kit (Integrated DNA Technologies, IDT) according to the manufacturer’s
instructions. Prepared libraries were pooled and sequenced on an lllumina NovaSeq X+ system, generating 30-36 million paired-end
2 x 150 bp reads per sample. The background comprised all genes retained for differential expression analysis.

Preprocessing, alignment, and genotype verification

Raw FASTQ files were processed using fastp (v0.23.2)*° to remove adapter sequences and trim low-quality bases (Phred score <30).
Reads shorter than 50 bp after trimming were discarded. The remaining reads were aligned to the GRCh38 human reference genome
(Ensembl release 104) using the STAR Aligner (v2.7.10a)°° in two-pass mode to improve splice junction detection. To confirm the
genotype of the C959X mutation in SCN2A, variant calling was performed using GATK HaplotypeCaller (v4.2.2.0)°" with Joint Gen-
otyping.”” RNA-seq-derived genotype calls were consistent with the known WT, HET, and HOM genotypes.

Gene quantification and normalization

Read assignment to genomic features was performed using featureCounts (v1.6.1)°® in paired-end, reverse-stranded mode. Initial
exploratory analysis was conducted with DESeq2 (v1.34.0)°" in R (v4.1.3),°° to evaluate sample clustering and overall consistency.
The raw count matrix was filtered to retain genes with at least five counts in at least two samples. Counts were upper-quartile normal-
ized using the betweenLaneNormalization function in RUVSeq (v1.28.0).°° Five factors of unwanted variation (k = 5) were estimated
from deviance residuals using RUVr.

Differential expression and pathway analysis

A generalized linear model (GLM) regression approach was applied to the count data, incorporating mutation genotype as a covariate
while adjusting for batch effects using RUVSeq factors (k = 5). edgeR (v3.36.0)°” was used to fit a quasi-likelihood negative binomial
model for differential expression analysis. Statistical significance was determined using the Benjamini-Hochberg method for multiple
hypothesis correction. Genes with an FDR < 0.05 were classified as differentially expressed genes (DEGs). DE genes were analyzed
for enrichment in KEGG and Reactome pathways, as well as Gene Ontology (GO) terms, using clusterProfiler (v4.10.0)°% in R (v4.3.2).
The background gene set included all genes detected after RUVSeq correction. Ingenuity Pathway Analysis (IPA)*° was performed to
provide curated insights into biological pathways and disease associations.

Data visualization

Heatmaps: Batch-effect-corrected counts per million (CPM) values were extracted using edgeR and visualized with the
ComplexHeatmap package (v2.14.0°° in R (v4.2.1). Volcano Plots: Differential expression results were visualized using the
EnhancedVolcano package (v1.16.0).°" Network and Dot Plots: Pathway enrichment results were displayed using enrichplot
(v1.22.0) and clusterProfiler (v4.10.0) to highlight key gene interactions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism v10.4.1. Data distribution and variance similarity were assessed before
the application of parametric tests. For comparisons between two groups, a paired t test, unpaired t test, Welch’s t test, or Mann-
Whitney test was used as appropriate. For comparisons among three or more groups, one-way ANOVA with Tukey’s, Bonferroni’s, or
Dunnett’s test was used as indicated. For datasets with two independent variables, two-way ANOVA with Sidak’s or Tukey’s test was
used as indicated. For repeated-measures datasets with missing values or unequal sampling across conditions, mixed-effects anal-
ysis with Geisser-Greenhouse correction and Tukey’s or Sidak’s test was used as indicated. For spine subtype analyses involving
multiple nonparametric comparisons, multiple Mann-Whitney tests with Holm-Sidak correction were used. Post hoc multiple-com-
parison tests were performed where appropriate following the primary analysis. Exact statistical tests, sample sizes, and significance
thresholds for each dataset are indicated in the corresponding figure legends. Data are presented as mean + SEM. Statistical sig-
nificance was defined as p < 0.05. Significance levels are denoted as *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.
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Figure S1. Characterization of human cortical and striatal organoids by immunostaining
and spatial transcriptomic profiling, related to Figure 1.

(A) Differentiation schemes for cortical and striatal organoids. (A(i)) Schematic of the human
cortical organoid (hCO) differentiation protocol. hiPSCs were directed through spheroid formation,
patterning induction, differentiation, and neuronal maturation. Key supplements included
dorsomorphin (DM), SB-431542 (SB), fibroblast growth factor 2 (FGF2), epidermal growth factor
(EGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), ascorbic acid (AA),
cyclic adenosine monophosphate (cCAMP), and docosahexaenoic acid (DHA). A representative
bright-field image of a day 90 hCO is shown on the right. Scale bar: 860 um. (A(ii)) Schematic of
the human striatal organoid (hStrO) differentiation protocol. hStrO patterning included
recombinant Activin A, the WNT inhibitor IWP-2, and the retinoid X receptor agonist SR11237,
followed by the y-secretase inhibitor DAPT during later differentiation. A representative bright-
field image of a day 90 hStrO is shown on the right. Scale bar: 860 uym.

(B) Immunostaining-based validation of cortical and striatal organoid identity. (B(i))
Immunostaining of hCOs showing GAD67 (green), TBR1 (red), CTIP2 (white), and DAPI (blue).
hCOs showed sparse GAD67* cells and abundant TBR1* and CTIP2* cortical neuronal markers.
Higher-magnification views illustrate marker distribution within the spheroid. (B(ii))
Immunostaining of day 120 hStrOs showing GADG67 (green), DARPP32 (red), NeuN (white), and
DAPI (blue). Higher-magnification views highlight enrichment of GAD67* and DARPP32*
neuronal populations in hStrOs. Scale bars: 200 ym and 20 ym.

(C) Staining for upper-layer neurons (SATB2, green) and deep-layer neurons (CTIP2, red) in 70-
and 118-day-old cortical organoids. Black boxes in the schematics indicate the imaged regions.
Dashed outlines in day 70 images indicate progenitor zones. On day 70, progenitor zones are still
present, and both neuronal populations reside outside these zones in a relatively disorganized
pattern. By day 118, progenitor zones are no longer apparent, and SATB2* and CTIP2* neurons



exhibit a more organized laminar-like arrangement. Solid white lines mark the organoid boundary.
Scale bar: 100 pym.

(D) Xenium spatial profiling defines the spatial distribution of glutamatergic neuronal subgroups
in hCOs. (D(i)) Schematic of the Xenium spatial profiling workflow for hCO sections. (D(ii))
Representative Xenium image showing the spatial distribution of SATB2-enriched, BCL11B-
enriched, and TBR7T-enriched glutamatergic neurons in a hCO. Glutamatergic neuronal
populations were defined as STMNZ2* cells expressing either SLC17A7 or SLC17A6 and were
further subdivided based on SATB2, BCL11B, or TBR1 expression. Scale bar: 100 ym. (D(iii))
Distribution of SATB2-enriched, BCL11B-enriched, and TBR1-enriched glutamatergic neurons in
hCOs. Cells meeting glutamatergic neuronal criteria but lacking SATB2, BCL11B, and TBR1
expression were grouped as Other glutamatergic neurons. (D(iv)) Boundary-distance profiles of
SATB2-enriched, BCL11B-enriched, and TBR1-enriched glutamatergic neurons in hCOs. The
distance of individual cells from the organoid boundary was quantified to compare the relative
spatial distribution of each subgroup. The y-axis shows normalized density.

(E) Immunostaining of hCOs and hStrOs for VGAT (green), DARPP32 (red), and NeuN (magenta),
with merged images shown on the right. Quantification shows the percentage of VGAT-associated
DARPP32* cells among NeuN* neurons in hCOs and hStrOs. hCO, n = 8 organoids from 2 WT
hiPSC lines; hStrO, n = 5 organoids from 1 WT hiPSC line. Unpaired f test. Scale bar: 50 ym.

(F) Xenium-based classification of cell populations in hStrOs. (F(i)) Representative Xenium cell-
type map of a hStrO showing the spatial distribution of marker-defined cell populations. Cells were
classified into MSN-like GABA neurons, non-MSN GABA neurons, progenitors, glutamatergic
neurons, astroglia, oligodendrocytes, and Other based on predefined marker rules described in
the Methods. Scale bar: 200 ym. (F(ii)) Quantification of the proportion of each annotated cell
class in hStrOs across organoids. Total GABAergic neurons were calculated as the sum of MSN-
like GABA and non-MSN GABA populations. Each dot represents one organoid; bars indicate
mean + SEM. (F(iii)) Dot plot showing representative marker expression across annotated cell
classes. Dot size indicates the fraction of cells in each class expressing the indicated marker, and
color indicates the mean expression level.

Data are presented as mean = SEM. ****p < 0.0001.
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Figure S2. hCO-hStrO assembloids exhibit compartment-enriched GABA
immunoreactivity and functional cortico-striatal connectivity, related to Figure 1.

(A) Representative GABA immunostaining in hCO and hStrO. Insets show lower GABA signal in
hCOs and higher GABA signal in hStrOs. Dashed lines outline organoid boundaries. Scale bars:
200 um and 20 ym. n = 3 organoids from 2 WT hiPSC lines with similar results.

(B) Representative immunostaining of day 118 hCO-hStrO assembloids for SATB2 (red), GABA
(green), and DAPI (blue). Insets show SATB2 enrichment in the hCO side and GABA enrichment
in the hStrO side. Scale bars: 200 um and 50 uym. n = 4 assembloids from 3 WT hiPSC lines with
similar results.

(C) Apoptosis analysis in hCO-hStrO assembloids. (C(i)) Immunostaining for cleaved caspase-3
(CC3; green) and DAPI (blue) in the hCO and hStrO compartments, with higher-magnification
views of the boxed regions shown at right. Dashed lines indicate organoid boundaries. Scale bars:
200 ym and 20 um. (C(ii)) Quantification of CC3* nuclei as a percentage of total DAPI* nuclei in
hCOs and hStrOs. hCO: n = 12 images; hStrO: n = 12 images from 3 assembloids from 2 WT
hiPSC lines; unpaired t test.

(D) Direct functional assessment of cortico-striatal connectivity by electrical stimulation. (D(i))
Schematic of the experimental design in which the cortical side of an hCO-hStrO assembloid
(>120 days) was electrically stimulated while whole-cell patch-clamp recordings were obtained
from a striatal receiver neuron. (D(ii)) Representative evoked excitatory postsynaptic current



(EPSC) recorded in a striatal receiver neuron following cortical stimulation. (D(iii)) Quantification
of evoked EPSC amplitude. n = 4 cells from 4 assembloids from 2 WT hiPSC lines.

(E) Increased excitatory synaptic input onto hStrO neurons in assembloids. (E(i)) Schematic of
whole-cell patch-clamp recordings from hStrO neurons in hStrO alone or in hCO-hStrO
assembloids at >120 days, with representative spontaneous excitatory postsynaptic current
(sEPSC) traces. (E(ii)) Quantification of sSEPSC frequency. (E(iii)) Cumulative probability plot of
sEPSC inter-event intervals. (E(iv)) Quantification of sEPSC peak amplitude. n = 22 cells from 3
hStrOs and n = 10 cells from 3 hCO-hStrO assembloids from 2 WT hiPSC lines. Welch’s t test.

Data are presented as mean + SEM. *p < 0.05.
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Figure S3. SCN2A-C959X increases intrinsic excitability, alters transcriptomic profiles, and
impairs axonal projection, related to Figure 2.

HET and HOM denote the heterozygous and homozygous SCN2A-C959X lines, respectively.

(A) SCN2A-C959X increases intrinsic excitability in 2D dissociated cortical neurons. (A(i))
Schematic of whole-cell patch-clamp recording from 2D dissociated hCO neurons and
representative firing traces from WT and HET neurons held at =70 mV and recorded in response
to a series of depolarizing current injections. Insets show responses to a +140 pA current injection.
(A(ii)) Quantification of evoked AP number across increasing current injections. WT: n = 18 cells;
HET: n = 13 cells. Two-way ANOVA. (A(iii)—A(vi)) Quantification of maximal AP number, input
resistance, rheobase, and AP amplitude. Same n as in A(ii). Mann-Whitney U tests for A(iii) and
A(iv); unpaired t tests for A(v) and A(vi).

(B) Additional electrophysiological characterization of cortical neurons recorded at RMP. (B(i))
Representative single AP traces and corresponding phase plots from WT and HET hCO neurons.



(B(ii)) Quantification of AP amplitude. WT: n = 20 cells; HET: n = 19 cells. Welch’s t test. (B(iii))
Quantification of membrane capacitance (Cn). Same n as in B(ii). Mann—Whitney U test.

(C) Additional electrophysiological characterization of striatal neurons recorded at RMP. (C(i))
Representative single AP traces and corresponding phase plots from WT and HET hStrO neurons.
(C(ii)) Quantification of AP amplitude. WT: n = 17 cells; HET: n = 20 cells. Mann—Whitney U test.
(C(iii)) Quantification of membrane capacitance (Cn). Same n as in C(ii). Welch’s t test.

(D) Axon initial segment defects in HET cortical neurons. (D(i)) Representative immunostaining
of the axon initial segment (AIS) in hCO neurons labeled for Ankyrin-G (green). Scale bar: 10 ym.
(D(ii)) Quantification of AIS length. WT: n = 42 neurons from 3 WT hiPSC lines (B07, C03, and
KOLF2.1J); HET: n = 56 neurons from 3 HET hiPSC lines (FO1, A02, and E04). Welch’s f test.

(E) Bulk RNA-seq analysis of hCO-hStrO assembloids. (E(i)) Schematic of the bulk RNA-seq
workflow and SCN2A expression measured as counts per million (CPM) in WT, HET, and HOM
assembloids. n = 7 assembloids per group from 3 hiPSC lines. One-way ANOVA with Tukey’s
test. (E(ii)) Volcano plot of differentially expressed genes in HOM versus WT assembloids (FDR
< 0.05). Downregulated genes are shown in blue, upregulated genes in magenta, and non-
significant genes in gray. Selected downregulated genes associated with axon and synapse
pathways are labeled. (E(iii))) Gene Ontology molecular function analysis showing overlapping
downregulated ion channel-related pathways in HET versus WT and HOM versus WT
assembloids. n = 7 assembloids per genotype from 3 hiPSC lines and 2 independent
differentiation batches; FDR < 0.05, Benjamini—Hochberg correction. (E(iv)) Heatmap of selected
ion channel-related gene expression changes across WT, HET, and HOM assembloids. (E(v))
Venn diagram showing overlapping upregulated genes in HET versus WT and HOM versus WT
assembloids. (E(vi)) Reactome pathway enrichment analysis of the top 10 overlapping
upregulated pathways, with key pathways associated with nonsense-mediated decay (NMD)
highlighted in red.

(F) Longitudinal analysis of axonal projections in hCO-hStrO assembloids. (F(i)) Schematic of
live-cell imaging of mScarlet-labeled cortical projections and eGFP-labeled striatal compartments
at multiple time points after fusion. (F(ii)) Quantification of WT cortical axon coverage within the
hStrO area over time. WT: n = 15 assembloids from 2 WT hiPSC lines. The same 15 WT
assembloids are also included in Figure 2G(ii). One-way ANOVA with Tukey’s test. (F(iii))
Representative images of reverse striatum-to-cortex projections on day 42 after fusion and
quantification of eGFP* coverage within the hCO area over time, showing minimal reverse
projection. WT: n = 15 assembloids from 2 WT hiPSC lines (KOLF2.1J and B07); HET: n = 16
assembloids from 3 HET hiPSC lines (A02, E04, and F01). Two-way ANOVA with Sidék’s test.
Scale bar: 100 pym.

(G) Reduced cortico-striatal projection in HOM assembloids. Representative images of cortical
projections into the striatal compartment on day 42 after fusion in WT and HOM hCO-hStrO
assembloids and quantification of cortex-to-striatum projection area. WT: n =21 assembloids from
3 WT hiPSC lines; HOM: n = 12 assembloids from 3 HOM hiPSC lines. Welch'’s t test. Scale bar:
100 pm.

Data are presented as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure S4. SCN2A-C959X reduces dendritic complexity and spine density while increasing
receiver-neuron excitability in hCO-hStrO assembloids, related to Figure 3.

(A) Compartmental Nay1.2 expression in hCO-hStrO assembloids. (A(i)) Immunostaining for
Nav1.2 (red), NeuN (green), and DAPI (blue) in day 154 hCO-hStrO assembloids. Higher-
magnification views from the hCO and hStrO compartments are shown on the right. Scale bars:
200 pm and 10 um. (A(ii)) Relative Nay1.2 intensity in the hCO and hStrO compartments within



the same assembloid, normalized to NeuN. n = 3 assembloids from 2 WT hiPSC lines. Paired t
test.

(B) Reduced dendritic arborization and spine density of striatal receiver neurons. (B(i)) Schematic
of live-cell imaging of receiver neurons and spines in hCO-hStrO assembloids > 30 days after
fusion. (B(ii)) Total dendritic length in WT and HET receiver neurons. WT: n = 26 neurons from 4
hiPSC lines; HET: n = 25 neurons from 3 hiPSC lines; unpaired f test. (B(iii)) Total spine density
in WT, HET, and HOM receiver neurons. WT and HET data from Figure 3 are included for
comparison with HOM. WT: n = 74 dendrites from 9 assembloids from 3 WT hiPSC lines (C03,
KOLF2.1J, and B07); HET: n = 86 dendrites from 9 assembloids from 3 HET hiPSC lines (FO1,
A02, and E04); HOM: n = 44 dendrites from 9 assembloids from 3 HOM hiPSC lines (A03, D06,
and F03). One-way ANOVA with Bonferroni’s test. (B(iv)) Spine subtype densities. Same n as in
B(iii). Two-way ANOVA with Sidak’s test.

(C) Increased intrinsic excitability of HET striatal receiver neurons in hCO-hStrO assembloids.
(C(i)) Schematic of whole-cell patch-clamp recording from receiver neurons followed by post hoc
spine analysis, with representative firing traces from WT and HET receiver neurons at —80 mV in
response to a series of depolarizing current injections. Insets show responses to +100 pA current
injection. (C(ii)) Evoked AP number at —80 mV across increasing current injections. (C(iii)) Evoked
AP number at RMP. WT: n = 16 cells from 8 assembloids from 2 WT hiPSC lines (A11 and
KOLF2.1J); HET: n = 14 cells from 7 assembloids from 2 HET hiPSC lines (A02 and E04). Two-
way ANOVA for C(ii) and C(iii).

(D) Reduced dendritic spine density of patched HET striatal receiver neurons in hCO-hStrO
assembiloid slices. (D(i)) Representative image of a Neurobiotin-filled patched receiver neuron.
Scale bar: 50 uym. (D(ii)) Representative dendritic segments from patched WT and HET receiver
neurons. Scale bars: 5 ym. (D(iii)) Total spine density. WT: n = 24 dendrites from 4 assembloids
from 2 hiPSC lines; HET: n = 27 dendrites from 5 assembloids from 2 hiPSC lines. Mann—Whitney
U test. (D(iv)) Spine subtype densities. Same n as in D(iii). Multiple Mann—Whitney U tests with
Holm-Sidak correction.

Data are presented as mean £ SEM. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001.
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Figure S5. Biophysical validation of hNSCN2A-HA vector and electrophysiological effects of
CAV-SCN2A delivery, related to Figure 5.



(A) Biophysical characterization of hSCN2A-HA. (A(i)) Schematic of hSCN2A and HA-tagged
hSCN2A expression constructs. (A(ii)) Representative whole-cell sodium current traces recorded
from cells expressing hSCN2A or hSCN2A-HA. (A(iii)) Current density-voltage (I-V) relationship.
(A(iv)) Quantification of maximal current density. (A(v)) Conductance-voltage (G-V) relationship.
(A(vi)) Quantification of activation Vso and slope. (A(vii)) Steady-state fast inactivation curves.
(A(viii)) Quantification of fast inactivation Vs and slope. For A(ii)-A(viii), hNSCN2A: n = 15 cells;
hSCN2A-HA: n = 15 cells. Curves in A(v) and A(vii) were fit using Boltzmann equations. Statistical
comparisons were performed using two-way repeated-measures ANOVA for A(iii), A(v), and A(vii),
and unpaired t tests for A(iv), A(vi), and A(viii); ns, not significant.

(B) Tracing of receiver neurons in hCO-hStrO assembloids after CAV-SCNZ2A delivery. (B(i))
Schematic of receiver neuron labeling in hCO-hStrO assembloids using AAV1-hSyn::Cre in hCOs
and AAV1-Ef1a-DIO-mScarlet in hStrOs. (B(ii)) Representative images of receiver neuron
labeling in HET+CAV-Ctrl and HET+CAV-SCN2A assembloids. Scale bar: 100 um. (B(iii))
Quantification of mScarlet* coverage within the hStrO area. HET+CAV-Ctrl: n = 14 assembloids;
HET+CAV-SCNZ2A: n = 14 assembloids. Data were obtained from 2 HET hiPSC lines (A02 and
E04). Two-tailed unpaired f test; ns, not significant.

(C) CAV-SCN2A delivery attenuates elevated network firing in SCN2A-C959X HET assembloids.
(C(i)) Representative hCO-hStrO assembloid on a high-density microelectrode array (HD-MEA).
Scale bar: 1 mm. (C(ii)) Representative raster plots. (C(iii)) Representative single-electrode traces.
(C(iv)) Mean firing rate. (C(v)) Maximum firing rate. WT+CAV-Ctrl: n = 4 assembloids; HET+CAV-
Ctrl: n = 5 assembloids; HET+CAV-SCN2A: n = 4 assembloids. Data were obtained from 2 WT
and 2 HET hiPSC lines; one-way ANOVA with Tukey’s test.

(D) Exogenous SCN2A overexpression enhances intrinsic excitability of WT neurons held at =70
mV in dissociated hCO neurons. (D(i)) Representative firing traces from WT+CAV-Ctrl and
WT+CAV-SCN2A neurons recorded at =70 mV. (D(ii)) Evoked AP number across increasing
current injections. WT+CAV-Ctrl: n = 18 cells; WT+CAV-SCN2A: n = 19 cells. The same sample
sizes apply to D(iii)-D(v). (D(iii)) Maximum AP number at =70 mV. (D(iv)) Input resistance at -70
mV. (D(v)) Rheobase at =70 mV. Statistical comparisons were performed using two-way ANOVA
in D(ii), a two-tailed unpaired Welch'’s t test for D(iii), and two-tailed Mann—-Whitney U tests for
D(iv) and D(v).

Data are presented as mean + SEM. ns, not significant, *p < 0.05, **p < 0.01.



Supplemental Tables

Table S1. Isogenic relationships among WT and SCN2A mutant hiPSC lines used in this
study, related to STAR Methods.

SCN2A mutation | WT line(s) Mutant line(s) Isogenic relationship
FO1, A02, E04 . .

C959X A11,B07, C03 | (HET); A03, D06, t’}f;égg;kan';ﬂtggfgje?ge”'° WT controls for
FO3 (HOM)

R524X B5, C2, D6 E6 (HET) B5, C2, and D6 are isogenic WT controls for the

R524X mutant series

Table note: KOLF2.1J WT served as the common parental line from which all edited clones were derived.



Table S2. hiPSC lines used in each experiment and analysis, related to STAR Methods.

characterization

Experiment / g?\lj": SCN2A-C959X SCN2A-R524X

Analysis y A11 [ BO7 | CO3 | FO1 [ A02 | EO4 | AO3 [ D06 | FO3 | B5 | C2 | D6 | E6
WT WT | WT | WT | HET | HET | HET | HOM | HOM | HOM | WT | WT | WT | HET

Organoid /

assembloid x x x x " %

gPCR

Western blot

Patch-clamp,
chemogenetic
activation

Patch-clamp,
dissociated hCO
neurons

Patch-clamp, hCO
slices

Patch-clamp, hStrO
slices

Patch-clamp,
assembloid neurons

Dendritic
morphology / Sholl
analysis

Spine density and
subtype analysis

Axon projection
analysis

Anterograde /
Retrograde viral
tracing

AIS analysis

MEA recording

Bulk RNA-seq

Xenium spatial
analysis

CAV-SCN2A rescue
validation

CAV-SCN2A rescue
electrophysiology

CAV-SCN2A rescue
spine analysis

Cytogenetic
microarray QC

X

X

X

X

X

X

Table note: Isogenic relationships among WT and mutant lines are summarized in Table S1.




Table S3. High-density cytogenetic microarray quality-control summary of representative

edited hiPSC lines used in this study, related to STAR Methods.

Role in Array Novel Background
Line/Clone | Genotype stud Qc sample- CNVs Conclusion
y specific CNV
arental Known KOLF2-C1 No new detectable
KOLF2.1J WT p PASS None detected large-scale genomic
WT CNVs only .
abnormality
. . No new detectable
A11 WT Isogenic PASS | None detected Known KOLF2-C1 large-scale genomic
WT CNVs only .
abnormality
. . No new detectable
A02 HET Isogenic PASS None detected Known KOLF2-C1 large-scale genomic
HET CNVs only .
abnormality
. . No new detectable
FO1 HET Isogenic PASS | None detected Known KOLF2-C1 large-scale genomic
HET CNVs only .
abnormality
. . No new detectable
D06 HOM Isogenic PASS | None detected Known KOLF2-C1 large-scale genomic
HOM CNVs only .
abnormality
. . No new detectable
FO3 HOM Isogenic PASS None detected Known KOLF2-C1 large-scale genomic
HOM CNVs only .
abnormality

Table note: All tested lines passed cytogenetic microarray quality control (QC). No novel sample-specific copy-number
variations (CNVs) were detected; observed CNVs corresponded only to known KOLF2-C1/KOLF2.1J background
variants.
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