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571 FIGURE LEGENDS
572 Fig. 1

573

574  Figure 1. Generation, connectivity mapping, and functional characterization of cortico-
575 striatal assembloids. See also Figure S1.

576  (A) Modeling cortico-striatal assembloids. (A(i)) Schematic depicting the fusion of human cortical
577 (hCO) and striatal organoid (hStrO) to generate cortico-striatal assembloid in vitro. (A(ii)) Bright-
578 field image of a fused hCO-hStrO assembloid (left, scale bar: 860 pum) and confocal
579 fluorescence image showing morphological structures of hCO (green) and hStrO (magenta)
580 (right, scale bar: 100 um).

581 (B, C) Neuronal composition of assembloids.

582  (B) Immunostaining of NeuN (green) and TBR1 (red) on day 154, with a dashed line marking
583  the hCO-hStrO boundary. Insets (right) highlight the colocalization of TBR1*/NeuN"in the hCO.
584  DAPI (blue) stains nuclei. Scale bars: 200 um (main), 20 um (insets). n = 3 assembloids from
585  two hiPSC lines with similar results.

586 (C) Immunostaining of MAP2 (green) and GABA (red) in an hCO-hStrO assembloid on day 154.
587  The insets (right) highlight GABAergic neurons in the hStrO. n = 3 assembloids from two hiPSC
588 lines with similar results.

589 (D, E) Connectivity mapping using viral tracing.

590 (D) Anterograde tracing. (D(i)) Schematic of anterograde viral tracing strategy. hCOs were
591 transduced with AAV1-hSyn1-Cre, and hStrOs with AAV1-Efla-DIO-mScarlet and AAV9-hSyn-
592 EGFP. AAV1-hSynl-Cre transfers in an anterograde direction and via a transsynaptic
593  mechanism from hCO terminals into hStrO neurons, inducing mScarlet expression, while EGFP
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594 serves as a striatal compartment marker. (D(ii)) Confocal images of assembloids showing
595 EGFP" (green) and Cre-dependent mScarlet” (red) in striatal neurons receiving cortical input. n
596 = 3 assembloids with similar results (KOLF2.1J and A11 WT hiPSC lines).

597 (E) Retrograde tracing. (E(i)) Schematic of retrograde labeling using AAVrg-hSyn-Cre. (E(ii))
598 Confocal image showing hCO neurons labeled with AAV1-Efla-DIO-mScarlet and AAV9-hSyn-
599 EGFP (green) projecting into hStrO and receiving retrogradely transported AAVrg-hSyn-Cre,
600 inducing mScarlet expression (red). n = 4 assembloids with similar results (KOLF2.1J and A1l
601  WT hiPSC lines).

602 (F) Chemogenetics activation induces synaptic transmission. (F(i)) Schematic of chemogenetics
603 activation of hCO coupled with patch-clamp recording in hStrO. hCOs were transduced with
604  AAV9-hSyn-Gg-mCherry, while hStrOs were labeled with AAV9-hSyn-EGFP. Whole-cell patch-
605 clamp recordings were performed on hStrO neurons, with CNO applied to activate Gq signaling
606 in hCO. (F(ii)) Representative spontaneous excitatory postsynaptic currents (SEPSC) traces in
607 hStrO neurons at baseline (black), CNO (red), and washout (blue) conditions. (F(iii)) SEPSC
608 frequency quantification and (Fiv) cumulative probability of SEPSC inter-event intervals. (n = 16
609 cells from 6 assembloids, 3 WT cell lines: C03, All, KOLF2.1J). Mixed-effects analysis with
610 Geisser-Greenhouse correction, Tukey's multiple comparisons test. ns: not significant, *p < 0.05,
611 **p<0.01.

612 (G) sEPSC recordings comparing hStrO alone vs. hCO-hStrO assembloids. (G(i)) Schematic of
613 sSEPSC recordings from hStrO alone (black) or hStrO in assembloids (red). (G(ii))
614  Representative sEPSC traces and (G(iii)) quantification of SEPSC frequency (n = 22 cells from 3
615 hStrO, n = 10 cells from 3 hCO-hStrO assembloids). Unpaired Welch’s t-test: p < 0.05. (G(iv))
616  Cumulative probability plot of SEPSC inter-event intervals.

617 (H) Live confocal imaging of dendritic spine analysis. (H(i)) Schematic of receiver vs. non-
618 receiver neurons in hStrO. hCOs were transduced with AAV1-hSynl-Cre, while hStrOs were
619 labeled with AAV1-Efla-DIO-mScarlet and AAV9-hSyn-EGFP. (H(ii)) Confocal images showing
620 non-receiver (EGFP* only) and receiver (EGFP*/mScarlet’, yellow) hStrO neurons. (H(iii))
621 Representative dendritic spines from non-receiver (green, top) and receiver (red, bottom) hStrO
622 neurons. (H(iv)) Total spine density quantification, comparing non-receiver (gray, n = 69
623  dendrites) vs. receiver neurons (red, n = 81 dendrites) from 9 hCO-hStrO assembloids across
624  three WT hiPSC lines (C03, KOLF2.1J, B0O7). ***p < 0.0001 (Mann-Whitney test). (H(v)) Spine
625  subtype classification (filopodia, thin, stubby, mushroom, branched). *p < 0.001, ****p < 0.0001
626  (Multiple Mann-Whitney test).

627 Data are represented as mean + SEM.
628
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630

631 Figure 2. Human assembloids carrying the SCN2A-C959X mutation exhibit impaired
632  cortico-striatal circuits. See also Figure S2.

633 (A) CRISPR/Cas9 editing introduced the SCN2A p.C959X mutation in human iPSCs. Sanger
634  sequencing confirms successful editing: WT (top) retains cytosine (C), HET (middle) shows
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635 overlapping peaks and HOM (bottom) displays a complete C-to-A substitution, introducing a
636  premature stop codon (X).

637 (B) Western blot showing Nay1.2 (SCN2A) expression in WT, HET, and HOM hCOs, with B-
638 actin as a reference.

639 (C) SCN2A mRNA levels in hCO-hStrO assembloids showing reduced expression in HET and
640 HOM SCN2A-C959X mutants vs. WT. n = 8 assembloids/group from 3 hiPSC lines (WT:
641 KOLF2.1J, BO7, C03; HET: A02, EO4, FO1; HOM: A03, D06, F03). One-way ANOVA with
642  Tukey's test, ****p < 0.0001.

643 (D) Immunostaining of Ankyrin-G (green), Nay1.2 (red) in hCO-hStrO assembloids on day 154,
644  demonstrating Nay1.2 localization at the axon initial segment (AIS). n = 3 assembloids.

645 (E) Electrophysiological alterations in neurons carrying SCN2A-C959X mutation. (E(i)) The
646  representative traces of action potentials (APs) in WT and HET at —70 mV. Inset: AP response
647 to +140 pA current injection. (E(ii)) AP generated in response to depolarizing current pulses at
648 —-70 mV. (**p < 0.01, two-way ANOVA). (E(iii)) Individual and average maximum AP counts at
649 -70 mV. Mann-Whitney test, ***p < 0.0001. (E(iv)) Input resistance and (E(v)) rheobase
650 measurements at =70 mV. Unpaired t-test. **p < 0.001.

651 (F) Axon projection deficits in SCN2A-C959X assembloids. (F(i)) Experimental timeline and
652  (F(ii)) quantification of axon projections from hCO to hStrO in assembloids on days 10, 20, 30,
653 and 42 post-fusion. One-way ANOVA, Tukey's test, ****p < 0.0001. (F(iii)) Representative
654  images of axon projections (mScarlet*) on day 42 in WT and HET assembloids. (F(iv)) mScarlet
655 coverage quantification in hStrO on days 10, 20, 30, and 42, comparing WT (n = 15
656 assembloids from B07, KOLF2.1J) and HET (n = 16 assembloids from F01, A02, E04). Mixed-
657  effects model with Geisser-Greenhouse correction, Sidak’s test. *p < 0.05, **p < 0.01.

658 (G) Dendritic morphology deficits in SCN2A-C959X assembloids. (G(i)) Schematic of receiver
659 neuron identification in hStrO. (G(ii)) Representative images of neuronal morphology (Sholl
660 analysis) in WT and HET. (G(iii)) Total dendrite number (unpaired t-test), (G(iv)) dendrite length
661 (unpaired t-test), and (Gv) interaction number (two-way ANOVA) in WT (n = 26 neurons, BO7,
662 C03, A11, KOLF2.1J cell lines) and HET (n = 25 neurons, FO1, A02, EO4 cell lines). ***p < 0.001,
663  ****p < 0.0001.

664  (H) Nayl1.2 localization in dendrites. Immunostaining for MAP2 (green), Nay1.2 (red), and DAPI
665  (blue) in hCO-hStrO assembloids, confirming Nayl.2 expression in neuronal dendrites. n = 3
666  assembloids from two hiPSC lines with consistent results.

667 () Dendritic spine deficits in SCN2A-C959X assembloids. (I(i)) Confocal images of striatal
668 receiver (mScarlet®) dendritic spines in WT and HET. (I(ii)) Quantification of total receiver spine
669 density in WT (gray, n = 74 dendrites, 9 assembloids, C03, KOLF2.1J, BO7 lines) and HET (blue,
670 n =86 dendrites, 9 assembloids, FO1, A02, EO4 lines). Mann-Whitney test, ****p < 0.0001. (I(iii))
671  Spine subtype analysis. ****p < 0.0001 (Multiple Mann-Whitney test ).

672 (J) Synaptic transmission deficits in SCN2A-C959X assembloids. (J(i)) Confocal images of
673 receiver neurons (mScarlet”, red) in hStrO from hCO-hStrO assembloids. Patch-clamped
674  neurons labeled with neurobiotin (green) confirm that recorded neurons are receivers. (J(ii))
675 Example sEPSC traces in hStrO receiver neurons from WT (black, top) and HET (blue, bottom).
676  (J(iii)) SEPSC frequency in WT (n = 12 cells, 7 assembloids, A11l, KOLF2.1J lines) and HET (n =
677 16 cells, 7 assembloids, A02, EO4 lines). Unpaired t-test, *p < 0.01. (J(iv)) Cumulative
678  probability of SEPSC inter-event intervals.

679 Data are represented as mean + SEM.
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682 Figure 3. Transcriptomic analysis reveals differential gene expression and pathway
683 alterations in assembloids carrying SCN2A-C959X mutation. See also Figure S3.
684  (A) Experimental workflow. n = 7 assembloids/group from WT (iPSC lines: KOLF2.1J, BO7, C03),
685  HET (iPSC lines: A02, EO4, FO1), and HOM (iPSC lines: A03, D06, F03).
686  (B) Bar graph showing counts per million (CPM) of SCN2A expression in WT, HET, and HOM in
687  bulk RNA sequencing. One-way ANOVA with Tukey’'s comparisons, ****p < 0.0001.
688 (C) Differential gene expression analysis. Volcano plots displaying differentially expressed
689 genes (DEGS) in HET vs. WT (C(i)) and HOM vs. WT (C(ii)) comparisons. Upregulated genes
690 (magenta), downregulated (blue), and non-significant (gray) (FDR < 0.05). Key downregulated
691 genes associated with axon and synapse pathways are labeled.
692 (D) Downregulated gene pathways. (D(i)) Venn diagram illustrating overlapping downregulated
693 genes in HET vs. WT and HOM vs. WT. (D(ii)) KEGG pathway enrichment analysis of
694  downregulated genes in the nervous system and development and regeneration (marked with
695 '#) classification. (D(iii)) Axonal deficits. Heatmap of top downregulated axon-related genes,
696 categorized into axon initial segments (AIS) (top 10) and axon terminal genes (top 10),
697 indicating axonal deficits in HET and HOM. (D(iv)) Synaptic deficits. Heatmap of top
698 downregulated synapse-related genes, classified into excitatory (top 10) and inhibitory
699 (GABAergic, top 10) synapses.
700 (E) Upregulated gene pathways. (E(i)) Venn diagram showing overlapping upregulated genes in
701  HET vs. WT and HOM vs. WT. (E(ii)) Reactome pathway enrichment analysis of the top 10
702  overlapping upregulated pathways, with key pathways associated with nonsense-mediated
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703  decay (NMD) highlighted in bold. (E(iii)) Heatmap of top 20 upregulated NMD-related genes in
704  HET and HOM vs. WT (CPM: Counts per million).

705 (F) Autism-associated gene alterations. Heatmap of the top 10 ASD-associated DEGs in HET
706  vs. WT and HOM vs. WT. Scale: -logio(P).

707
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SUPPLEMENTAL INFORMATION

Suppl. Fig. 1
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Figure S1. Generation and characterization of human cortical and striatal organoids.
Related to Figure 1

(A()) Protocol for human cortical organoids (hCOs). Schematic timeline depicting hCO
differentiation: human induced pluripotent stem cells (hiPSCs) undergo spheroid formation (day
6), patterning induction (day 22), differentiation (day 46), and neuronal maturation. Key
supplements include dual SMAD inhibitors (DM/SB), fibroblast growth factor 2 (FGF2),
epidermal growth factor (EGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT3),
ascorbic acid (AA), cyclic adenosine monophosphate (cCAMP), and docosahexaenoic acid (DHA).
Right panel: Brightfield image of an hCO, scale bar: 860 um. (Aii) Protocol for human striatal
organoids (hStrOs). Similar differentiation timeline with additional factors, including Activin A,
inhibitor of Wnt production-2 (IWP2), and SR11237 for patterning induction, followed by the y-
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722  secretase inhibitor DAPT for late-stage differentiation. Right panel: Brightfield image of an hStrO,
723  scale bar: 860 um.

724 (B) Immunostaining for neuronal markers in hCO on day 85 showing neuronal nuclei (NeuN,
725 green, a marker for mature neurons), microtubule-associated protein 2 (MAP2, red, a dendritic
726  marker), and 4',6-diamidino-2-phenylindole (DAPI, blue, a nuclear marker). High-magnification
727  images show individual marker localization within the spheroid.

728 (C) Neuronal type characterization in hCO. Immunostaining reveals sparse expression of
729 glutamate decarboxylase 67 (GADG67, green, a marker for GABAergic neurons) and strong
730 expression of T-box brain transcription factor 1 (TBR1, red, a marker for deep-layer cortical
731  neurons), COUP-TF interacting protein 2 (CTIP2, white, a marker for subcortical projection
732 neurons), and DAPI (blue). High-magnification images illustrate distinct neuronal populations
733  within the spheroid.

734 (D) Immunostaining of hStrO on day 120 showing GAD67 (green), dopamine- and cAMP-
735 regulated phosphoprotein 32 (DARPP32, red, a marker for striatal projection neurons), NeuN
736  (white), and DAPI (blue). High-magnification images highlight the spatial distribution of these
737  neuronal markers.

738 (E) Immunostaining of hCO-hStrO assembloids, showing NeuN (green), gamma-aminobutyric
739 acid (GABA, red, a marker for GABAergic neurons), and DAPI (blue). The cortical and striatal
740  regions are labeled as hCO and hStrO, respectively. High-magnification images display marker
741 localization at the fusion site, indicating the integration of cortical and striatal neuronal
742  populations.

743
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744  Suppl. Fig. 2
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745

746  Figure S2. SCN2A deficiency disrupts AIS length, synaptic connectivity, and spine
747  morphology in hCO-hStrO assembloids. Related to Figure 2

748  (A) Schematic representation of SCN2A highlighting the p.C959X nonsense mutation site.
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749  (B) AIS morphology. (B(i)) Schematic and representative images of AlISs labeled by Ankyrin-G
750 (green) in WT and HET SCN2A-C959X neurons. (B(ii)) AIS length quantification (WT: n = 42
751 neurons from B07, C03, KOLF2.1J hiPSC lines; HET: n = 56 neurons from FO1, A02, EO4
752  hiPSC lines). Unpaired Welch's t test, **p < 0.01.

753 (C) Impaired excitatory synapse formation in SCN2A-mutant hCOs. (C(i)) Schematic of
754  excitatory synapses labeled by Synl (green, presynaptic) and PSD95 (red, postsynaptic). (C(ii))
755  Representative images of excitatory synapses (PSD95'/Syn1" colocalization) in WT and HET
756  SCN2A-C959X hCOs. Scale bar: 10 um. (C(iii)) Quantification of excitatory synapses. WT: 29
757  images from 9 organoids (KOLF2.1J, BO7, A11l); HET: 37 images from 10 organoids (A02, E04).
758  Unpaired t-test, ***p < 0.001.

759 (D) Immunostaining of NeuN (green), Nay1.2 (red), and DAPI (blue) in hCO-hStrO assembloids,
760 showing colocalization of Nayl.2 with NeuN in both hCO and hStrO, indicating Nayl.2
761  expression in neuronal cell bodies.

762 (E) Reduced dendritic spine density in SCN2A-mutant striatal neurons in hCO-hStrO
763  assembloid slices. (E(i)) Schematic of patch-clamp recording on hStrO receiver neurons and
764  dendritic spine density quantification. (E(ii)) Representative images of patched neurons labeled
765  with neurobiotin (magenta). (E(iii)) Representative images of dendritic spines from patched
766  neurons. (E(iv)) Quantification of total receiver spine density. WT (gray, n = 24 dendrites, from 4
767 assembloids, All, KOLF2.1J); HET SCN2A-C959X (blue, n = 27 dendrites, from 5 assembloids,
768  A02, EO04). Mann-Whitney test: ****p[1<710.0001. (E(v)) Spine subtype analysis (filopodia, thin,
769  stubby, mushroom, branched). Multiple Mann-Whitney test, *p < 0.05, ****p < 0.0001.

770 Data are represented as mean + SEM.
771
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772  Suppl. Fig. 3

A Principal component analysis B GO CC analysis reveals reduced axon and synapse pathways C GO BP analysis reveals synapse pathways
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Figure S3. Dysregulated gene expressions and pathway alterations in SCN2A-deficient
assembloids. Related to Figure 3.

(A) Global transcriptomic alterations. Principal component analysis (PCA) of transcriptomic data
showing clustering of WT (KOLF2.1J, BO7, C03 lines), HET (A02, E04, FO1 lines), and HOM
(A03, D06, FO3 lines) assembloids based on global gene expression. Each dot represents a
sample (n = 7 assembloids/group).

(B) Gene ontology (GO) cellular component (CC) analysis of overlapping downregulated genes,
revealing reductions in axon terminal and axon initial segments; excitatory synapses, and
GABAergic synapses.

(C) Disrupted synapse-related pathways in SCN2A-C959X assembloids. Top 10 overlapping
downregulated pathways in GO biological processes (BP) in HET vs. WT and HOM vs. WT
comparisons.

(D) Disrupted ion channel-related pathways in SCN2A-C959X assembloids. (D(i)) The top 10
overlapping downregulated pathways in GO molecular functions (MF) reveal ion channel gene
dysregulation in HET and HOM assembloids. Heatmaps of overlapping downregulated ion
channel genes (blue), categorized into ligand-gated channel-related (D(ii)), voltage-gated
sodium channel-related (D(iii)), and voltage-gated potassium channel-related (D(iv). Highlighted
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791  SCN3A showed no significant changes in the HET group but was significantly reduced in the
792  HOM group.

793 (E) Synaptic dysfunction in HET and HOM assembloids. Network plot of the top 5 Reactome
794  pathways enriched in downregulated DEGs, primarily affecting NMDA receptor activity,
795  neurotransmitter signaling, synaptic transmission, and neuronal interactions, suggesting
796  disrupted synaptic function in SCN2A-deficient assembloids.

797 (F) Increased RNA surveillance in SCN2A-C959X assembloids. Network plot of the top 5
798 Reactome pathways enriched in upregulated DEGSs, revealing associations with mRNA splicing,
799 nonsense-mediated decay (NMD), and exon junction complex (EJC) function.

800 (G) Network analysis of ASD-associated genes, depicting interactions between differentially
801 expressed ASD-related genes in SCN2A-mutant assembloids. Top ten hub genes are
802  highlighted in red.

803
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804 EXPERIMENTAL MODEL AND SUBJECT DETAILS
805
806 The hiPSC Lines

807 SCN2A ¢.2877C>A (p.Cys959Ter) mutant hiPSC lines were generated using CRISPR/Cas9-
808 mediated genome editing®** in early passage (p2) KOLF2.1J reference iPSCs*. We conducted
809 recharacterization of pluripotency assays and genome integrity to ensure the quality of hiPSC®’.
810 This study utilized four isogenic WT control lines (KOLF2.1J, C03, B0O7, and Al1l), three
811  heterozygous SCN2A mutant lines (A02, EO4, and FO1), and three homozygous SCN2A mutant
812 lines (A03, D06, and FO3). The successful introduction of the mutation was confirmed by Sanger
813 sequencing and genotyping for each batch of hiPSC-derived organoids or assembloids.

814
815 Antibodies

816 For immunostaining, primary antibodies used include Anti-NeuN (Chicken, GeneTex,
817 GTX00837, 1:1000; Rabbit, Cell Signaling, 24307S, 1:1000), Anti-TBR1 (Rabbit, Abcam,
818 ab31940, 1:300), Anti-MAP2 (Chicken, Novus Biologicals, NB300-213, 1:1000; Mouse, Millipore,
819 MAB378, 1:200), Anti-GABA (Rabbit, Sigma-Aldrich, A2052, 1:1000), Anti-GAD67 (Mouse,
820  Sigma-Aldrich, MAB5406-25UG, 1:100), Anti-Ctip2 (Rat, Abcam, abl18465, 1:300), Anti-
821 DARPP32 (Rabbit, Abcam, ab40801, 1:200), Anti-Ankyrin-G (Mouse, Antibodies Inc., 75-146-
822 020, 1:200), Anti-SCN2A (Rabbit, Sigma-Aldrich, ZRB1300, 1:200), HA-Tag (Rabbit, Cell
823  Signaling, 3724T, 1:200), Synapsin 1 (Mouse, Synaptic Systems, 106011, 1:800), PSD-95
824  (Rabbit, Thermo Fisher, 51-6900, 1:800). Secondary antibodies included Goat anti-Chicken
825  Alexa Fluor 647 (Thermo Fisher, A32933, 1:500), Goat anti-Rabbit Alexa Fluor 647 (A21244,
826  1:500), Goat anti-Mouse Alexa Fluor 647 (A21235, 1:500), Goat anti-Rat Alexa Fluor 555
827 (A21434, 1:500), Goat anti-Rabbit Alexa Fluor 488 (A11034, 1:500), Goat anti-Rabbit Alexa
828 Fluor Plus 555 (A32732, 1:500), Goat anti-Mouse Alexa Fluor Plus 555 (A32727, 1:500), and
829  Goat anti-Mouse Alexa Fluor 488 (A11001, 1:500).

830 For Western blotting, primary antibodies included Rabbit anti-SCN2A (Nay1.2) (Alomone
831 Labs, ASC-002, 1:200), Rabbit anti-SCN2A (Sigma-Aldrich, ZRB1300, 1:200), and Mouse anti-
832  B-Actin (Thermo Fisher, MA5-15739, 1:1000). Secondary antibodies used were IRDye® 800CW
833  Goat anti-Rabbit IgG (LI-COR, 926-32211, 1:2500) and IRDye® 800CW Goat anti-Mouse IgG
834  (926-32210, 1:5000).

835
836 METHOD DETAILS
837  Genotyping

838 hiPSCs, organoids, and assembloids were collected and genotyped. DNA was extracted using a
839 tissue DNA extraction kit (Macherey-Nagel, Bethlehem, USA). Gene-specific PCR was
840 performed using the following primers: Forward (5'-3"): TTGAGACAGTTACCTGTACATTTGC;
841 Reverse (5'-3"): TAATAGACAATAGGAAGTGGCCTTG. PCR reactions (25 pL) were prepared
842 with PCR Master Mix, primers, template DNA, and nuclease-free water, followed by
843  amplification under the thermal cycling conditions: 95°C for 2 minutes, then 35 cycles of 95°C
844  for 30 seconds, 55°C for 30 seconds, and 72°C for 1 minute, with a final extension at 72°C for
845 10 minutes, and hold at 4°C. The 700-bp PCR product was subjected to Sanger sequencing,
846  confirming genome editing: WT retained cytosine (C) at the mutation site, heterozygous lines
847  displayed overlapping peaks, and homozygous lines showed a complete C-to-A substitution,
848 introducing a premature stop codon.
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849
850 Generation of hStrOs and hCOs from hiPSCs.
851  Generation of 3D neural organoids

852 Feeder-free hiPSCs colonies were seeded on Matrigel (Corning, # 354230) in StemFlex
853  medium (Thermo Fisher, # A3349401) with daily media changes. Cells were passaged every 4—
854 5 days using Versene solution (Thermo Fisher, #15040066). Quality control assessments
855 included Sanger sequencing, karyotyping, and immunocytochemistry. Undifferentiated hiPSC
856  colonies displayed normal and homogenous morphology with defined edges and minimal
857  spontaneous differentiation.

858 Organoids were generated following a modified Muria protocol™. hiPSCs were
859  dissociated into single cells using Accutase (Thermo Fisher, # NC9839010) and seeded at
860 10,000 cells/well in ultralow-attachment 96-well plates (Corning, #CLS7007) with Essential 8
861 medium (Thermo Fisher, #A1517001) supplemented with 10 yM ROCK inhibitor Y27632
862  (Selleck Chemicals, #5S1049). Plates were centrifuged at 100 g for 3 minutes and incubated at
863  37°C with 5% CO,. After 24 hours, organoids were transferred to Essential 6 medium (Thermo
864  Fisher, #A1516401) supplemented with 2.5 yM dorsomorphin (Sigma-Aldrich, #P5499), 10 uM
865  SB-431542 (R&D Systems, #1614), and 1.25 yM XAV-939 (Tocris, #3748) for 5 days with daily
866 media changes.

867  Patterning and differentiation into hCO and hStrOs

868 On day 6, organoids were transferred into ultralow-attachment 6-well plates (Corning, #
869  3471) with neural medium containing Neurobasal-A (Thermo Fisher, #10888022), B-27 without
870 vitamin A (Thermo Fisher, #12587010), GlutaMAX (1:100, Thermo Fisher, #35050061), and
871  penicillin-streptomycin (1:100, Thermo Fisher, #15140122). For hCOs, this medium was
872  supplemented with 20 ng/mL FGF2 (R&D Systems, # 233-FB-500) and 20 ng/mL EGF (R&D
873  Systems, # 236-EG). For hStrOs, this medium was supplemented with 2.5 yM WNT inhibitor
874 IWP-2 (Selleck Chemicals, #S7085) and 50 ng/mL recombinant Activin A (PeproTech, #120-
875 14P). Onday 12, 100 nM SR11237 (Tocris, #3411) was added to hStrOs.

876 Neuronal differentiation and maturation

877 From day 22, neural progenitors were differentiated into neurons for both hCO and
878  hStrO by supplementing the neural medium with BDNF (20 ng/mL, PeproTech, #450-02), NT-3
879 (20 ng/mL, PeproTech, #450-03), ascorbic acid (200 uM, Wako, #323-44822), Dibutyryl-cAMP
880 (50 pM, Santa Cruz, #sc-201567A), and DHA (10 uM, MilliporeSigma, #D2534). From days 42—
881 45, 2.5 uM DAPT (Stemcell Technologies, #72082) was added to hStrO along with BDNF, NT-3,
882  ascorbic acid, cCAMP, and DHA. From day 46 onward, cultures were maintained in a neural
883 medium containing B-27 Plus Supplement (Thermo Fisher, #A3582801) with medium changes
884  every 4-5 days.

885
886  Viral Labeling and Live-Cell Imaging of Cortico-Striatal Assembloids
887  Generation of cortico-striatal assembloids™®

888 To generate cortico-striatal assembloid, one hCO and one hStrO were transferred into a
889  1.5-mL Eppendorf tube containing 1 mL NM medium following viral labeling, incubated at 37°C
890 for 3—4 days with a complete medium change on day 2. Once formed, assembloids were
891 transferred to ultralow-attachment plates using a P1000 pipette with a cut tip to accommodate
892  their size. Assembly was conducted between days 60—76 of differentiation.

893  Anterograde and retrograde tracing
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894 For anterograde labeling, on day 60, hCOs were labeled with AAV1-hSyn-Cre (Addgene
895  #105553), while hStrOs were labeled with AAV1-Efla-DIO-mScarlet (Addgene #131002) and
896 AAV9-hSyn-EGFP (Addgene #50465). For retrograde labeling, hStrOs were labeled with AAV1-
897  hSyn-Cre, while hCOs were labeled with AAV1-Efla-DIO-mScarlet and AAV9-hSyn-EGFP.
898 Assembloids were maintained in culture with medium changes every 4 days. After 1 month,
899 labeled assembloids were transferred to glass-bottom 24-well plates (Cellvis, #P24-0-N) in
900 BrainPhys medium (STEMCELL, #5790) and imaged using a Zeiss LSM 900 confocal
901 microscope (10x objective, Z-stack scanning) following a 15-minute equilibration at 37°C and 5%
902 CO..

903 Axon projection imaging

904 To assess projections from hCO to hStrO, hCOs were labeled with AAV1-hSyn-mScarlet
905 (Addgene #131001) on day 60, assembled with hStrO on day 65, and imaged on days 10, 20,
906 30, and 42 post-fusion using Zeiss LSM 900 (10x objective, 0-500 um depth, Z-stack scanning).
907  Axonal projections were quantified by measuring the percentage of mScarlet coverage in hStrO
908  using Fiji (https:/fiji.sc/).

909 Receiver and non-receiver neuron labeling

910 hCOs were labeled with AAV1-hSyn-Cre, while hStrOs were labeled with AAV1-Efla-
911 DIO-mScarlet and AAV9-hSyn-EGFP on day 60, followed by fusion on day 65. After 1 month,
912  dendritic spine imaging was conducted using Zeiss LSM 900 (20x objective, 6x zoom, Z-stack
913  scanning) following 15 minutes of equilibration at 37°C and 5% CO,. EGFP*/mScarlet” neurons
914 were classified as non-receivers, while mScarlet” neurons were designated as receivers. At
915 least three dendrites per assembloid were analyzed for spine density and morphology using
916  Neurolucida 360 and Neurolucida Explorer (MBF Bioscience).

917 Dendritic spine imaging in receiver neurons

918 hCOs were labeled with AAV1-hSyn-Cre, while hStrOs were labeled with AAV1-Efla-
919 DIO-mScarlet on day 60, followed by fusion on day 65. After 1 month, assembloids were
920 transferred to BrainPhys medium, and receiver (mScarlet’) neurons were imaged at 0-500 pym
921 depth. Dendritic spines were visualized with a 20x objective and 6x zoom, and neuronal
922  complexity, spine density, and morphology were assessed by Sholl analysis using Neurolucida
923 360 and Neurolucida Explorer (MBF Bioscience).

924
925 Patch-Clamp Recordings
926  Acute slice preparations

927 Slices were prepared from 3—6-month-old brain organoids and hCO-hStrO assembloids.
928 Organoids and assembloids were rapidly embedded in 4% agarose in slicing solution containing
929 (in mM): 110 choline chloride, 2.5 KCI, 1.25 NaH,PQ,4, 25 NaHCO3;, 0.5 CaCl,, 7 MgCl,, 25
930 glucose, 1 sodium ascorbate and 3.1 sodium pyruvate (pH 7.4, 305-315 mOsm, bubbled with
931 95% O, and 5% CO,). Coronal slices (200 um thick) were prepared using a vibratome (Leica
932 VT1200 S, Germany). Slices were incubated for 10 minutes at 33°C in slicing solution, then
933 transferred to artificial cerebrospinal fluid (aCSF; in mM; 125 NacCl, 2.5 KCI, 1.25 NaH,PO,, 25
934 NaHCOs3;, 2.0 CaCl,, 2.0 MgCl,, 10 glucose; pH 7.4, 305-315 mOsm, bubbled with 95% O, and
935 5% CO,) for 10-20 minutes at 33°C before storage at room temperature for at least 30 minutes
936  prior to recording.

937 Whole-cell electrophysiology in assembloid slices
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938 Slices were placed in a recording chamber continuously perfused with aCSF at 32—-33°C
939 (2-3 mL/min). Neurons were visualized with an IR-DIC microscope (Olympus BX-51WI)
940 equipped with an IR-2000 camera (Dage-MTI). Somatic whole-cell patch-clamp recordings were
941  performed on striatal medium spiny neurons (MSNs) and cortical pyramidal neurons. MSNs
942  were identified by their characteristic morphology, including medium-sized, polygonal/dendritic
943  spiny somata, while cortical pyramidal neurons were distinguished by their prominent apical
944  dendrite. Thin-wall borosilicate pipettes (BF150-110-10, Sutter Instruments) with an open-tip
945  resistance of 3-5 MQ were fabricated using a P-1000 puller (Sutter Instruments).

946 Voltage-clamp recordings of spontaneous excitatory postsynaptic currents (SEPSCs)
947  were performed to evaluate the synaptic activity. The internal solution consisted of (in mM): 120
948 CsMeSO0s3, 4 MgCl,, 0.2 EGTA, 10 HEPES, 4 Na,ATP, 0.3 Triss-GTP, 14 Tris,-phosphocreatine,
949  adjusted to pH 7.25 with CsOH (295-305 mOsm). sEPSCs were recorded for 3 minutes in gap-
950 free mode with membrane potentials held at Vioq = =80 mV.

951 Recordings were performed using an Axon MultiClamp 700B amplifier (Molecular
952  Devices), and data were acquired with pClamp 11.4 software, filtered at 2 kHz, and sampled at
953 33 kHz with an Axon Digidata 1550B plus HumSilencer digitizer (Molecular Devices). Series
954  resistance (Rs) was maintained at 15-30 MQ, and recordings with unstable Rs (>20%) were
955 excluded. Data files were saved in ABF 1.8 format and analyzed using the Mini Analysis
956  Program (v6.08, Synaptosoft).

957 For chemogenetics experiments, hCOs were labeled with AAV9-hSyn-hM3D(Gq)-
958 mCherry (Addgene #50474), while hStrOs were labeled with AAV9-hSyn-EGFP on day 60,
959 followed by assembly on day 65. After two months, assembloids were prepared for SEPSC
960 recordings. EGFP* MSNs in hStrO, surrounded by mCherry-labeled axons, were selected for
961 recording. Baseline activity was recorded for 3 minutes, followed by a bath application of 10 uM
962 CNO for 3 minutes, and a final 3-minute washout.

963 The internal solution for cell labeling included 0.1-0.2% neurobiotin. After recordings
964  (~30 minutes), slices were fixed in 4% paraformaldehyde (pH 7.4) for 20-30 minutes at room
965 temperature, washed in PBS, and incubated overnight at 4°C with Alexa 647-conjugated
966  streptavidin (1:250 in blocking solution)®. Neuronal morphology, including dendritic spines, of
967 patched neurons, was imaged under Zeiss LSM 900.

968 In vitro whole-cell electrophysiology in dissociated neurons

969 Brain organoids were dissociated into single cells using a modified Worthington Papain
970 Dissociation Kit (Papain Dissociation System, Worthington, LK003150). 3~5 randomly selected
971 mature hCOs (>110 days old) were transferred to 60 mm dishes, and the excess medium was
972  aspirated before adding 5 mL of Papain-DNase solution. The tissue was minced into <1 mm
973 pieces and incubated at 37°C, 5% CO,, shaking at 80 rpm for 30 minutes, and then gently
974  triturated, followed by an additional 10-minute incubation. The resulting suspension was
975 transferred to a 15 mL conical tube, allowing debris to settle, and the supernatant was mixed
976  with Inhibitor solution before centrifugation at 300g for 7 minutes. The pellet was resuspended in
977 Neurobasal medium, filtered through a 40 pm strainer (CELLTREAT Scientific Products,
978  #229481), and counted. Approximately 1-2 x 10° cells were seeded onto 12-mm round
979  coverslips (Neuvitro, #GG-12-1.5-Pre) in 24-well plates. Neurons were cultured in a Neurobasal
980 medium with a B-27 supplement (without vitamin A) for 7 days, with half-medium changes every
981 other day. From day 7, cells were maintained in the Neurobasal medium with B-27 Plus
982  Supplement, with half-medium changes twice a week.

983 For whole-cell current-clamp recordings, the internal solution contained (in mM): 122
984 KMeSO, 4 KCI, 2 MgCl,, 0.2 EGTA, 10 HEPES, 4 Na,ATP, 0.3 Tris-GTP, and 14 Tris-
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985 phosphocreatine, adjusted to pH 7.25 with KOH, 295-305 mOsm. Recordings were conducted
986  using an Axon MultiClamp 700B amplifier (Molecular Devices), acquired at 50 kHz, and filtered
987 at 2 kHz with pClamp 11.4 software. The sag ratio, input resistance, and firing properties were
988  assessed using a series of 400-ms hyperpolarizing and depolarizing current steps from —40 pA
989 to +140 pA in 20-pA increments, with 5-s sweeps at either the normal resting membrane
990 potential (RMP) or =70 mV.

991 Input resistance (Rinput) Was calculated as:

992 Rinput = (Vbaseline™Vsteady-state) X 50 (MQ)

993 where Vpaseiine iS the RMP or =70 mV, and Vseady-state IS the voltage recorded before the
994  end of the —20-pA stimulus.

995

996 High-Density Multielectrode Array (HD-MEA) Recording of Cortico-Striatal Assembloids
997 HD-MEA preparation and assembloid seeding

998 HD-MEAs (3Brain, 6-well plates) were cleaned with 1% Tergazyme (200 pL/well, 37°C, 1

999  hour), rinsed three times with ultrapure water, disinfected in 70% ethanol for 1 hour, dried, and
1000 incubated overnight in PBS at room temperature. HD-MEAs were coated sequentially with poly-
1001  L-ornithine (50 ug/mL; Sigma-Aldrich, #P4957) overnight, washed, and further coated with
1002  laminin (50 pg/mL, =2 hours at 37°C).

1003 Cortico-striatal (hCO-hStrO) assembloids (-4 months old) were transferred onto HD-
1004 MEAs using a wide-bore pipette and allowed to settle for 2 hours. To promote attachment, 20 pL
1005 of medium was added every 2 hours for 8 hours, followed by 2 mL of medium the next day.
1006  Cultures were maintained in BrainPhys medium supplemented with N2, B27 Plus, 50 yM cAMP,
1007 and 200 uM ascorbic acid, with biweekly media changes. Recordings were conducted after 2
1008  weeks of culture.

1009 Electrophysiological recordings and analysis

1010 On the day of recording, the media was refreshed, and the plate was incubated at 37°C
1011  with 5% CO; for 15 minutes. Extracellular activity was recorded for 5 minutes using Brainwave V
1012  software (v5.6, 3Brain Switzerland) in the HyperCAM Alpha multi-well system. Recordings were
1013  acquired from 2304 x 2304 electrode HD-MEAs (60 pm pitch, 2.9 x 2.9 mm? recording area) at
1014 a 10 kHz sampling rate, with 100 Hz high-pass and a 20-5000 Hz band-pass filtering. Fast
1015  Fourier Transform (FFT) with a Hamming window was applied for spectral analysis.

1016 Spikes were detected using an 8.0 standard deviation threshold, with a peak lifetime of
1017 2.0 ms, refractory period of 1.0 ms, and pre-peak wave duration of 1.0 ms. Electrodes with spike
1018 frequencies < 0.083 Hz (5 spikes/min) were excluded. Bursts were identified as 25 spikes with
1019 an interspike interval <100 ms, while network bursts were detected via a recruitment-based
1020  algorithm requiring 210% electrode activation and a minimum burst size of 50 spikes. Spike
1021  sorting was performed using Principal Component Analysis (PCA, 3 components) and K-Means
1022  clustering with Gap Statistics.

1023
1024  Cryoprotection, Inmunocytochemistry, and Imaging Analysis
1025 Sample preparation

1026 Brain organoids and assembloids were fixed in 4% paraformaldehyde (PFA) in PBS
1027  overnight at 4°C, washed in PBS, and transferred to 30% sucrose-PBS for 2—3 days until fully
1028 submerged. Samples were then equilibrated in a 1:1 mixture of optimal cutting temperature
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1029 (OCT) compound (Tissue-Tek, 4583, Sakura Finetek) and 30% sucrose-PBS before embedding.
1030  After embedding, cryosections (20—40 um thick) were obtained using a Leica CM1850 cryostat.
1031 Slices on glass coverslips for the 2D culture were fixed in 4% PFA for 20 minutes at room
1032  temperature.

1033  Immunostaining®

1034 Cryosections were washed (3%, 5 minutes) in PBS, permeabilized, and blocked in either
1035 0.5% Triton X-100 and 5% normal goat serum in PBS or 4% Block-Ace (Dainippon Sumitomo
1036  Pharma, UK-B80) with 0.05% Tween-20 in PBS for 1 hour at room temperature. Primary
1037 antibodies were applied overnight at 4°C, followed by PBS washes (3%, 10 minutes). Samples
1038 were then incubated with Alexa Fluor-conjugated secondary antibodies for 1 hour at room
1039 temperature in a blocking buffer. Sections were mounted with DAPI-containing Antifade
1040 Mounting Medium (VECTASHIELD, H-2000) and sealed with glass coverslips. Images were
1041  acquired using an LSM900 confocal fluorescence microscope equipped with an air scan module
1042  (Carl Zeiss, Jena, Germany).

1043  Axon initial segment (AIS) length quantification®

1044 Images were captured using a 63x oil-immersion objective, with Z-stacks collected from
1045 at least three regions per organoid. AIS length was measured from maximum intensity
1046  projections of Z-stacks spanning the entire neuron, based on ankyrin-G immunofluorescence.
1047 Only AIS structures with clearly defined start and end points were analyzed using the
1048 segmented line tool in Fiji.

1049 Synaptic density quantification

1050 Synaptic density was analyzed using a 63x oil-immersion objective with 1.3x zoom with
1051 an air scan module, using identical imaging parameters for both WT and mutant. For each
1052  organoid, 3—6 regions of interest were captured. Colocalization of excitatory presynaptic (SYN1)
1053 and postsynaptic (PSD95) puncta was assessed using built-in analysis software (Nikon system),
1054  with consistent analysis settings applied for both WT and mutant every batch. Synaptic density
1055  of colocalized puncta was normalized to the WT group to evaluate changes in the mutant group.

1056
1057 Western Blotting

1058 Organoids and assembloids were homogenized in ice-cold RIPA buffer (Thermo Fisher, 89901)
1059  with protease and phosphatase inhibitors (Thermo Fisher, A32953) and centrifuged at 10,000x
1060 g for 20 minutes at 4°C. Protein concentrations were determined using the Pierce™ BCA
1061 Protein Assay Kit (Thermo Fisher, 23225). Proteins were denatured in 1x Laemmli buffer (62.5
1062 mM Tris-HCI (pH 6.8), 2% SDS, 5% glycerol, 0.05% bromophenol blue) by boiling at 95°C for 5
1063 minutes. Then 50 ug of per sample was loaded on 8% SDS-PAGE gels at 80-120 V and
1064 transferred onto PVDF membranes (Thermo Fisher, PB9220) at 300 mA for 2.5 hours at 4°C.
1065 Membranes were blocked with 5% nonfat milk in TBST (Tris-buffered saline with 0.1% Tween
1066  20) for 1 hour at room temperature and incubated overnight at 4°C with primary antibodies
1067  diluted in Intercept® T20 (TBS) Antibody Diluent (LI-COR Biosciences, 927-65001). The next
1068 day, blots were washed (3%, 10 minutes) in TBST, incubated with secondary antibodies for 1
1069 hour at room temperature, and washed again (3x, 10 minutes). Immunoreactive bands were
1070  visualized using the Odyssey® CLx Imaging System (LI-COR Biosciences) and analyzed with
1071  Fiji. Protein levels were normalized to B-actin and further compared.

1072
1073 RNA Isolation, Reverse Transcription, and gPCR Analysis
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1074  Total RNA was extracted from hCO-hStrO assembloids using the RNeasy Mini Kit (QIAGEN,
1075  #74104) following the protocol by the manufacturer. RNA integrity and concentration were
1076  assessed using a NanoDrop spectrophotometer (Thermo Fisher). Reverse transcription was
1077  performed using the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher, #K1672) under
1078  optimal conditions to ensure efficient cDNA synthesis.

1079 Quantitative PCR (gPCR) was conducted using PowerUp SYBR Green Master Mix
1080 (Thermo Fisher, #A25777) and gene-specific primers on a C1000 Touch PCR thermal cycler
1081 (Bio-Rad), following the recommended protocol by the manufacturer. Thermal cycling conditions
1082 were as follows: initial denaturation at 95°C for 1 minute, followed by 45 cycles of 95°C for 15
1083 seconds and 60°C for 60 seconds. For SCN2A amplification included internal SCN2A primers
1084 (Forward: GAGACCATGTGGGACTGTATG; Reverse: AAGGCCAAGAAGAGGTTCAG), codon-
1085  optimized SCN2A primers (Forward: GTGTTTTGCCTCTCCGTGTT; Reverse:

1086 ATTTCCGTCCAGGGAGTTGT), and total SCN2A primers (Forward:
1087 GGATACATCTGTGTGAAGGC; Reverse: CTGTTCCTCATAGGCCAT).

1088 Gene expression levels were normalized to GAPDH mRNA, as an endogenous control,
1089 calculated as (ACt):

1090 ACt = CtTarget Gene_CtIntemaI Control

1091 Relative expression = 274

1092 All reactions were performed duplicated to ensure reproducibility, and data were
1093 analyzed using Bio-Rad CFX Manager software.

1094

1095 Bulk RNA Sequencing and Analysis
1096 RNA extraction and library preparation

1097 RNA was extracted from 5-month-old hCO-hStrO assembloids derived from three wild-
1098 type (WT) lines (KOLF2.1J, BO7, CO03), three heterozygous (HET) SCN2A-C959X lines (A02,
1099 EO04, FO1), and three homozygous (HOM) SCN2A-C959X lines (A03, D06, F03), totaling 21
1100 assembloids (7 per genotype) from two independent batches. Polyadenylated (Poly(A)") RNA
1101  was isolated from 100-250 ng of total RNA using the NEBNext® Poly(A) mRNA Magnetic
1102 Isolation Module (New England Biolabs). RNA fragmentation and elution were performed
1103 directly from the oligo dT beads as part of the library construction process using the xGen RNA
1104 Library Preparation Kit (Integrated DNA Technologies, IDT) according to the manufacturer’s
1105 instructions. Prepared libraries were pooled and sequenced on an lllumina NovaSeq X+ system
1106  using a 300-cycle 25B flow cell, generating 30—-36 million paired-end reads per sample. FASTQ
1107 files were generated using BCL2FASTQ software (version 1.8.4) for downstream analysis.

1108 Preprocessing, alignment, and genotype verification

1109 Raw FASTQ files were processed using fastp (v0.23.2)* to remove adapter sequences
1110 and trim low-quality bases (Phred score <30). Reads shorter than 50 bp after trimming were
1111 discarded. The remaining reads were aligned to the GRCh38 human reference genome
1112  (Ensembl release 104) using the STAR Aligner (v2.7.10a)*" in two-pass mode to improve splice
1113 junction detection. To confirm the genotype of the C959X mutation in SCN2A, variant calling
1114  was performed using GATK HaplotyperCaller (v4.2.2.0)** with Joint Genotyping®®. This analysis
1115 ensured the accurate classification of samples into HOM, HET, and WT groups.

1116  Gene quantification and normalization

1117 Read assignment to genomic features was performed using featureCounts (v1.6.1)** in
1118 paired-end, reverse-stranded mode. Initial exploratory analysis was conducted with DESeq2
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1119  (v1.34.0)* in R (v4.1.3)*, to evaluate sample clustering and overall consistency. The raw
1120 counts' matrix was filtered to retain genes with at least 5 reads in two samples for batch effect
1121  correction in RUVSeq (v1.28.0)*" by computing deviance residuals. Data normalization was
1122  performed using the upper-quartile method via the betweenLaneNormalization function.

1123 Differential expression and pathway analysis

1124 A generalized linear model (GLM) regression approach was applied to the count data,
1125 incorporating mutation genotype as a covariate while adjusting for batch effects using RUVSeq
1126 factors (k = 5). edgeR (v3.36.0)* was used to fit a quasi-likelihood negative binomial model for
1127  differential expression analysis. Statistical significance was determined using the Benjamini-
1128 Hochberg method for multiple hypothesis correction. Genes with an FDR < 0.05 were classified
1129 as differentially expressed (DEs). DE genes were analyzed for enrichment in KEGG and
1130 Reactome pathways, as well as Gene Ontology (GO) terms, using clusterProfiler (v4.10.0)* in
1131 R (v4.3.2). The background gene set included all genes detected after RUVSeq correction.
1132  Ingenuity Pathway Analysis (IPA)*° was performed to provide curated insights into biological
1133  pathways and disease associations.

1134
1135 Data visualization

1136 Heatmaps: Batch-effect corrected counts per million (CPM) values were extracted using
1137  edgeR and visualized with the ComplexHeatmap package (v2.14.0)*' in R (v4.2.1).

1138 Volcano Plots: Differential expression results were visualized wusing the
1139  EnhancedVolcano package (v1.16.0)°2. Network and Dot Plots: Pathway enrichment results
1140 were displayed using Enrichplot (v1.22.0) and clusterprofiler (v4.10.0) to highlight key gene
1141 interactions. Hub genes among autism genes were identified and visualized using the
1142  cytoHubba (v0.1) module in Cytoscape (v3.10.2).

1143
1144  QUANTIFICATION AND STATISTICAL ANALYSIS

1145 Normality and variance similarity were measured by GraphPad Prism before the application of
1146  any parametric tests. For comparisons between two groups, either a two-tailed Student’s t test
1147  (parametric) or an unpaired two-tailed Mann-Whitney U test (non-parametric) was applied. For
1148  multiple comparisons, data were analyzed using one-way or two-way ANOVA with Tukey’s post-
1149 hoc correction (parametric) or Kruskal-Wallis test with Dunn’s multiple comparison correction
1150 (non-parametric), as appropriate. Post hoc tests were conducted only when the primary analysis
1151 showed statistical significance. Error bars in all figures represent the mean + SEM. Statistical
1152  significance was defined as p < 0.05. Significance levels are denoted as follows: p < 0.05 is
1153 indicated as *, p < 0.01 is indicated as **, p < 0.001 is indicated as ***, and p < 0.0001 is
1154  indicated as ****.

1155
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