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Cortical circuit dysfunction is strongly linked to neurodevelopmental disorders (NDDs). The 

mechanisms by which disruptions in early cortical development lead to defects in mature human 

neural circuit function are not well understood. Here, using human forebrain assembloids from indi-

viduals with the 15q13.3 microdeletion syndrome, we identified dysregulation of early gene networks 

in cortical neurons that results in migration deficits, reduced synaptic connections and decreased 

activity in inhibitory neuron subpopulations. These early inhibitory defects resulted in hyperactive 

networks and synaptic hyperconnectivity in maturing forebrain assembloids. Using unbiased spatial 

transcriptomics, we revealed regional transcriptional and cell-cell signaling disturbances, including 

elevated DNA damage in inhibitory neurons linked to Fanconi anemia-associated nuclease 1 (FAN1), 

a DNA repair enzyme. Collectively, our findings establish a human brain assembloid framework that 

reveals how early DNA damage–related mechanisms and cell type–specific vulnerabilities contribute 

to neural circuit dysfunction, providing mechanistic insight into the neurodevelopmental and 

neuropsychiatric features of the 15q13.3 microdeletion. 
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 2 

Main 3 

 4 
Disruptions to cortical development and neural circuit function are a major contributor to cognitive dysfunction and 5 

clinical phenotypes observed in epilepsy, autism spectrum disorder (ASD), and other neurodevelopmental disorders 6 

(NDDs). Progress has been made to understand how abnormal postnatal development and function of neural circuits 7 

lead to NDDs; however, this later-stage screening leaves a considerable gap in understanding how they arise, given that 8 

many NDD-associated genes are also expressed during prenatal brain development. Specifically, our understanding of 9 

how early (fetal) brain developmental deficits are linked to mature circuit dysfunction, particularly in the human brain, 10 

remains poorly studied. Human pluripotent stem cell-derived organoids have emerged as powerful models to fill this 11 

gap in knowledge by understanding the early stages of circuit dysfunction in the human brain1–8. Further, the fusion of 12 

organoids into neural assembloids offers opportunities to study 3D human neuronal connectivity at the cell-type level2,9–13 
15. Individual brain cell types have been explored in isolation in neural assembloids2,16–19; however, the developmental 14 

molecular changes in local cellular networks and the microenvironment that leads to human neural circuit dysfunction 15 

are not well understood.  16 

 17 

One of the major genetic risk factors that contribute to a range of neurodevelopmental and neuropsychiatric disor-18 

ders are copy number variations (CNVs)20–24. The 15q13.3 microdeletion is a recurrent CNV that leads to a range of 19 

clinical manifestations including intellectual disability, seizures, schizophrenia, and ASD25–29. Previous efforts have iden-20 

tified postnatal excitatory neuron deficits in the 15q13.3 deletion mouse or two-dimensional patient iPSC-neuronal mod-21 

els30–33. Human organoids modeling other genetic NDDs also reveal abnormal excitatory neurogenesis and neuron de-22 

velopment3,7,34–38. The participation of other cell types to NDD pathology remains understudied in a human context and 23 

largely precludes our understanding of how the highly diverse inhibitory (GABAergic) neuron subpopulations contribute 24 

to neural circuit dysfunction. Single cell genomics of the typically developing human brain has revealed new insight into 25 

inhibitory neuron development and diversity,39–43 but insight from human NDD-associated brain tissue remains under-26 

studied. The preservation of human inhibitory neuron diversity in organoids and assembloids offers a unique opportunity 27 
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to obtain new insights into developmental GABAergic neuronal lineages defects that lead to subsequent cortical neural 28 

circuit dysfunction2,12,14,44–48. Further, the emergence of spatial transcriptomic technologies allows an understanding of 29 

the organizational and molecular basis of cell type-specific mechanisms, to elucidate the early stages of disease patho-30 

genesis. 31 

 32 

To investigate developmental cell type-specific and microenvironment-relevant alterations in NDDs, we generated 33 

human neural forebrain organoids and assembloids from individuals with the 15q13.3 microdeletion syndrome 34 

(15q13.3del). Multi-omic screening across forebrain organoid and assembloid models revealed distinct transcriptional 35 

dysregulation in both excitatory and inhibitory neuron lineages. Further investigation of inhibitory subpopulations re-36 

vealed alterations to maturation, with neurons of the medial ganglionic eminence (MGE) displaying synaptic and func-37 

tional deficits that lead to network hyperactivity and monosynaptic connectivity in cortical organoid tissue. Finally, we 38 

established a spatial biology pipeline at single cell resolution and revealed unique microenvironment and cell type-39 

specific signaling alterations to distinct neuronal lineages within assembloids. This included FAN1-related DNA damage 40 

enrichment in developing inhibitory neurons. Collectively, our results reveal that early cell type-specific DNA damage 41 

defects in local microcircuits can lead to functional alterations in human brain assembloid models, which may contribute 42 

to the presentations of epilepsy and neuropsychiatric disorders in individuals with the 15q13.3 microdeletion syndrome.  43 

 44 

Results 45 

 46 

Single cell and bulk RNA sequencing of forebrain organoid models reveals deficits amongst 47 

excitatory and inhibitory neural lineages  48 

 49 
 To examine the impact of the 15q13.3 microdeletion (15q13.3del) on various neural cell types during early 50 

(prenatal) neurodevelopment, we leveraged guided dorsal and ventral forebrain organoids. These model systems rep-51 

licate cortical excitatory and inhibitory neurons, respectively, as they enrich for these cell types with high fidelity and 52 

reduced variability compared to unguided neural organoid protocols49. Our cohort of control (familial) and 15q13.3del 53 

patient iPSC lines has been previously reported30, with the addition of new independent and unrelated lines (4 familial 54 

control lines and 5 15q13.3del patient iPSC lines in total, Table 1) that were positive for pluripotency markers (Extended 55 

Data Fig. 1a), displayed a normal karyotype (Extended Data Fig. 1b) and similar breakpoint on the chromosome 15q13.3 56 

BP4-5 region (Extended Data Fig. 1c,d).  57 

 58 
To quantify transcriptional changes in the 15q13.3del background, bulk RNA sequencing (bulk RNA Seq) was 59 

conducted at day 50 and 100 of differentiation using dorsal and ventral organoid tissue from the entire cohort (Fig. 1a,b 60 

and Extended Data Fig. 2). Both timepoints produced heterozygous expression of the 15q13.3 genes in patient-derived 61 

organoids (Extended Data Fig. 2c), and initial differential gene expression analysis yielded 1,534, 3,694, 3,033, and 62 

5,169 differentially expressed genes (DEGs) within day 50 dorsal, day 100 dorsal, day 50 ventral, and day 100 ventral 63 

tissue, respectively (Wald test, FDR < 0.05, Supplementary Table 1). These genes were only partially shared with our 64 

previous bulk RNA Seq mouse study in 15q13.3del mice31, likely due to differences in developmental stage of the mouse 65 

brain versus organoid tissue. Interestingly, amongst the genes at the 15q13.3 locus, those most highly expressed in-66 

cluded KLF13 and FAN1, whereas OTUD7A and CHRNA7, which we and others have proposed as drivers of the 67 

15q13.3del syndrome due to their expression in the postnatal brain30–32,50–55, were weakly expressed in both the bulk 68 

and single cell RNA sequencing (scRNA Seq) datasets (Extended Data Fig. 2d and Extended Data Fig. 3d,e). The ele-69 

vated expression of FAN1 and KLF13 was corroborated with extracted single cell gene expression data from the devel-70 

oping human fetal brain (Extended Data Fig. 3i). This suggests that at prenatal time points, pathways independent of 71 

CHRNA7 and OTUD7A may drive the development of the syndrome. In forebrain organoids, all 15q13.3 genes were 72 

significantly reduced in 15q13.3del patient dorsal and ventral tissue, confirming heterozygosity in organoids (Extended 73 

Data Fig. 2c and Extended Data Fig. 3e).  74 

 75 

We next sought to identify signaling pathways associated with the 15q13.3del. For this, we performed gene 76 

ontology (GO) analysis on the DEGs from the bulk-seq data from dorsal and ventral organoids. We found different 77 

pathways were enriched between dorsal and ventral tissue and across the day 50 and 100 time points. Interestingly, we 78 
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found an enrichment of synapse organization and glutamate receptor binding pathways in mature dorsal and immature 79 

ventral forebrain organoids, respectively (Fig. 1b, FDR < 0.05), suggesting that neural dysfunction occurs throughout 80 

their development. Further, we identified potential pathways related to DNA damage and repair, and DNA binding in 81 

dorsal and ventral lineages, respectively, which may be linked to the transcriptional alterations (Fig. 1b). 82 

 83 

To identify cell types contributing to the changes in gene expression, we performed scRNA Seq on dorsal and 84 

ventral forebrain organoids from control and 15q13.3del patients at day 100 when there is a diversity of cell types9. 85 

Amongst the 159, 084 cells that passed our quality control process (see Methods, Extended Data Fig. 3c), we identified 86 

radial glial cell types, intermediate progenitors, excitatory neurons, and inhibitory neurons expressing markers of the 87 

caudal and medial ganglionic eminences (CGE/MGE) (Fig. 1c). Consistent with previous reports, the MGE-like inhibitory 88 

neuron populations originated from the ventral tissue, whereas the CGE-like inhibitory neurons were dorsal-derived56 89 

(Extended Data Fig. 3a,b). We used differential gene expression (Supplementary Table 2) analysis to identify which cell 90 

types were most affected transcriptionally by the 15q13.3del. We applied a stringent filter (see Methods) to extract 91 

highly dysregulated genes and identified mature excitatory and inhibitory neural lineages as the highest contributors 92 

towards gene dysregulation (Fig. 1d).  93 

 94 

We next ordered the dorsal- and ventral-derived cells along a pseudotime axis to infer how the trajectory of 95 

each cell type was altered across development57. Pseudo-temporal modeling ordered the cells from proliferative radial 96 

glia to post-mitotic neurons of various lineages (Extended Data Fig. 3h), in line with early cortical development and 97 

neural organoid models58,59. We observed a significant alteration in the pseudotime density distribution in the collective 98 

dataset between genotypes (Fig. 1e), indicating an abnormal developmental trajectory of 15q13.3del neural organoids57. 99 

These findings suggest that deficits exist in both inhibitory and excitatory neurons amongst multiple neural organoid 100 

model systems, but that they may be subtype specific. 101 

 102 

Upon examination of the MGE- and CGE-inhibitory neurons, we observed opposite trends in the directionality 103 

of gene dysregulation; with the MGE inhibitory neurons producing mainly downregulated genes (Fig. 1f, 66.60%,) 104 

whereas the majority (>85%) of the CGE-inhibitory DEGs were upregulated (Fig. 1g), suggesting inhibitory neurons are 105 

vulnerable through different mechanisms in the 15q13.3 microdeletion. In contrast, the mature excitatory neuron pop-106 

ulation produced roughly equal numbers of up- and down-regulated genes (Fig. 1h). Despite the differences in gene 107 

regulation, synaptic gene ontology analysis (SynGO)60 of the mature excitatory neuron and the MGE- and CGE-inhibitory 108 

neuron gene sets confirmed that the DEGs in all cell types were enriched at the synapse (Fig. 1i-k), with the MGE-109 

inhibitory neurons possessing the highest percentage of pre- (9.8% of DEGs) and postsynaptic (12.23% of DEGs) genes, 110 

including NRXN1, NCAM1, NCAM1, PSD2 SYNGAP1, and GABBR1 (-log10 Qvalue >10).  111 

 112 

Both excitatory and inhibitory neural lineages showed alterations to pseudotime trajectory and enrichment of 113 

synaptic gene modules pertaining to neural activity (Fig. 1l-n). MGE-derived inhibitory neurons showed significant re-114 

ductions in synaptic gene module expression (Fig. 1l, Wilcoxon p<0.001), whereas CGE-derived inhibitory neurons and 115 

mature excitatory neurons displayed significant increases (Fig. 1m-n, Wilcoxon p <0.001). Together, these results indi-116 

cate distinct, lineage-specific disruptions to synaptic gene networks across excitatory and inhibitory populations in 117 

15q13.3 microdeletion organoid models. 118 

 119 
 120 
 121 
 122 

 123 
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124 
Fig. 1: Multi-transcriptomics characterization of inhibitory neuron sub-type vulnerabilities in guided 125 
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15q13.3del neural organoids. 126 

a, Schematic of bioinformatic and functional approaches to study 15q13.3 microdeletion syndrome (15q13.3del) patients. b, Select 127 
downregulated (red) and upregulated (blue) terms from Gene ontology (GO) enrichment analysis of day 50 and day 100 dorsal and 128 
ventral forebrain bulk RNA sequencing (N = 5 15q13.3del patients and familial controls, pAdj < 0.05). c, Uniform Manifold Approxi-129 
mation and Projection (UMAP) plot of day 100 dorsal and ventral forebrain scRNA Seq (N = 2-3 batches of three 15q13.3del families, 130 
n = 159 084 cells). d, Number of highly differentially expressed genes (DEGs, Wilcoxon pAdj < 1e-4, log2(0.8)< Log2FC > log2(1.2)) 131 
per cell type. e, Pseudotime partition UMAP plot (top) and density plot (bottom) of aggregate dataset stratified by genotype (Kolmo-132 
gorov-Smirnov test p = 2.2e-16). f-h, Volcano plots with select genes highlighted and j-k, SynGO synaptic enrichment sunburst plots 133 
of highly differentially expressed genes derived from MGE-InhibNs, CGE-InhibNs, and ExM neuron clusters. The color of the box 134 
shows the ratio for enrichment (q-value < 0.05). l-n, Pseudotime synaptic gene module expression in MGE-InhibNs (Wilcoxon pAdj 135 
= 6.78198e-81), InhibN-CGE (pAdj = 1.024264e-29), and ExM neurons (pAdj = 6.119136e-245). Cell annotations: (ChN) cholinergic 136 
neurons, (CR cells) Cajal-Retzius cells, (GE NPC) ganglionic eminence NPC, (ExN) Excitatory neurons, (ExM) mature excitatory neu-137 
rons, (NPC-ExN) neural progenitor cell-excitatory neurons, (NPC-/InhibN-CGE/MGE) neural progenitor-inhibitory neuron caudal gan-138 
glionic eminence/medial ganglionic eminence, (OPC) oligodendrocyte progenitor cell, (oRG) outer radial glia, (RG) radial glia, (RG-139 
G2M) cycling radial glia, (Unk) unknown, (vRG) ventral radial glia. 140 

 141 

Multi-scale circuit interrogation of inhibitory neurons reveals migration and synaptic deficits 142 

in 15q13.3del forebrain assembloids.  143 

Our multi-transcriptomic data suggest that unique and convergent pathways disrupt different neural subtypes 144 

in the human 15q13.3del background. We have previously characterized deficits in 15q13.3del patient-derived 2D 145 

NGN2-excitatory neural cultures30; however, this protocol does not capture neural stem cell transitions nor cell types 146 

outside of the excitatory neural lineage. To better profile inhibitory neural lineages, we utilized canonical MGE subtype 147 

markers NKX2-1 and SST to identify reductions to MGE-like inhibitory neurons in ventral organoid tissue (Fig. 2a).  148 

 149 

The loss of inhibitory neuron subtypes warranted further exploration on a circuit level. By fusing the dorsal 150 

and ventral forebrain tissue, we leveraged an established assembloid model system for its ability to mimic early as-151 

pects of neural circuit formation, and importantly, provide the microenvironment necessary for ventrally-derived inhibi-152 

tory neuron migration10 into the dorsal microenvironment2, 9, 14, simulating the tangential migration of fetal interneurons 153 

in the developing cortex9. To sparsely label neurons and progenitors in each organoid, we infected 15q13.3del hiPSCs 154 

with lentiviruses harboring hSYN-rTTA and either pTET-CMV-eGFP (ventral) or pTET-CMV-mCherry (dorsal) (Ex-155 

tended Data Fig. 4a,b)62. We fused the organoids once the patterning media components were shared between line-156 

ages (day 25) to increase the duration of excitatory-inhibitory neural co-culture. We also created different genotypes 157 

and lineage fusions to generate four distinct forebrain assembloid combinations to measure cell-autonomous and non-158 

cell-autonomous effects (Fig. 2b). After confirming that the MGE lineage was retained post-migration (Extended Data 159 

Fig. 4c), we quantified interneuron migration after one month of assembloid formation16. Specifically, we quantified the 160 

proportion of hSYN-rTTA/pTET-CMV-eGFP+ ventral inhibitory neurons that migrated into the dorsal microenvironment 161 

using tissue clearing and light sheet microscopy (see Methods). We discovered two assembloid combinations to have 162 

impaired migration (Fig. 2c): the CTRL-DEL combination (control dorsal combined with 15q13,3del ventral organoid, 163 

~2.6 fold-reduction, p <0.001) as well as the DEL-DEL combination (~4.9 fold-reduction reduction, p< 0.0001), sug-164 

gesting cell-autonomous mechanisms. Given that interneuron maturation and subtype specification is influenced by 165 

their positioning in the developing cortex39,63, exposure to environmental cues64,65, and the excitability of neighboring 166 

cells66–68, we also examined neurite morphology of the migrating ventral inhibitory neurons. We found reductions to 167 

the primary neurite length in all but the CTRL-CTRL combination (Fig. 2d), suggesting both cell-autonomous and non-168 

cell-autonomous mechanisms. 169 

 170 

To examine potential correlations to human inhibitory neuron synaptic dysfunction, we used monosynaptic 171 

rabies tracing69 using an AAV-TVA helper virus under the DLX5/6 promoter (AAV-hDlx-TVA-mCherry-2A-oG) to label 172 

human inhibitory neuron-specific synapses (Fig. 2e). We infected 5-month forebrain assembloids using RABV-EnvA-173 

deltaG-GFP-F2 and optically cleared the tissue for light sheet microscopy to achieve an unbiased spatial assessment 174 

of the synaptic connectome. Control experiments revealed that in the absence of TVA expression, RABV-ENVA-∆G-175 
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GFP does not infect the organoids, demonstrating the specificity of the system (Extended Data Fig. 4d). We quantified 176 

the connectivity ratio as the proportion of presynaptic/postsynaptic neurons and found a total decrease throughout the 177 

assembloid tissue (Fig. 2f)70, suggesting that 15q13.3del inhibitory neurons receive less synaptic input. Collectively, 178 

we identifed developmental and synaptic deficits in human 15q13.3del inhibitory, indicating dysfunction of this cell 179 

type may drive functional defects associated with this NDD. 180 

 181 
 182 

Fig. 2: Functional profiling of 15q13.3del assembloids captures deficits in inhibitory neuron motility and 183 

integration of synaptic connectome. 184 
 185 
a, Quantification of SST+ and NKX2-1+ inhibitory neurons in day 50 15q13.3del ventral forebrain organoids. Left: representative 20x 186 
images, right: quantification of N = 3 families, control n = 17 and 15q13.3del n = 19 organoids. Scale bars represent 100 µm.  b, Viral 187 
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labeling strategy for inhibitory neuron migration assays. c, Representative 4x reconstructed 3D images of all combinations for migra-188 
tion experiment with proportion of migrated cells (N = 3 families, n = 7-9 assembloids/combination). d, IMARIS reconstruction of a 189 
migrating neuron with average neurite length per assembloid. Scale bars represent 100 µm (N = 3 families, n = 7-12 assembloids 190 
per combination). e, Rabies viral labeling strategy for profiling inhibitory neuron-specific synaptic connections in 15q13.3del assem-191 
bloids. f, Representative 4x IMARIS images of 5-month assembloid infected with AAV-Dlx5/6-TVA-mCherry and RABV-EnvA-deltaG-192 
GFP-F2 and quantified connectivity ratio of synaptically connected neurons (N = 3 families, n = 21 assembloids per genotype). Error 193 
bars represent mean ± SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 194 
 195 
 196 

Spatial transcriptomics at single cell resolution identifies cellular communication and micro-197 

environment deficits to inhibitory neuron subpopulations in 15q13.3del forebrain assem-198 

bloids.  199 

 200 

Our multi-transcriptomic and functional phenotyping indicates that human inhibitory neuron dysfunction is evi-201 

dent at the population and circuit level in 15q13.3del patient organoids and assembloids. To investigate the underlying 202 

mechanism within the assembloid, we optimized the 10x Genomics Visium HD platform for spatial transcriptomics 203 

across three independent 15q13.3del assembloid lines (Fig. 3a). This high-resolution platform (4 µm) enables single-204 

cell–level label transfer using our forebrain scRNA-seq dataset as a reference, revealing diverse progenitor populations 205 

giving rise to excitatory and inhibitory neural lineages, and subsets of maturing neurons (Fig. 3b,c and Extended Data 206 

Fig. 5d-f). 207 

Given the migratory and functional deficits in 15q13.3del MGE-like inhibitory neurons (MGE-InhibNs), we fo-208 

cused on this subpopulation in our spatial analysis. We first applied Nearest Neighbor Analysis82 to probe the local MGE 209 

inhibitory neuron network and identified neighboring cell types throughout the assembloid tissue. We found a lower 210 

proportion of 15q13.3del MGE-InhibNs were localized next to excitatory neurons (Fig. 3d) and were instead adjacent to 211 

GE NPCs, adding context to the migration deficits we previously identified (Fig. 2c).  212 

To better understand the influence of cell localization in these interactions, we examined the transcriptome of 213 

migrated and stationary MGE-InhibNs in context to the dorsal-ventral border (Fig. 3e). To do this analysis, we con-214 

structed spatial annotations around the dorsal tissue using the SPATA2 package and canonical MGE lineage markers 215 

(Extended Data Fig. 5g)83. Our comparison between migrated and stationary MGE-InhibNs within control and 15q13.3del 216 

tissues revealed numerous DEGs, roughly 75% of which are shared between genotypes, including the transcription 217 

factor SP8 (1.29-fold increase in migrating control MGE-InhibNs, 2.79-fold increase in 15q13.3del migrating MGE-In-218 

hibNs) and reductions to neurogenesis-associated genes HES184 and ASCL185,86.  219 

A small subset of 25 genes (Fig. 3f) exhibited an inverse expression pattern; these genes were upregulated in 220 

migratory control MGE-InhibNs but downregulated in stationary 15q13.3del MGE-InhibNs. This gene set included cell 221 

adhesion molecule and axon guidance genes NECTIN1 and ROBO1. The gene set was also enriched in pathways re-222 

lating to the signaling and synaptic transmission of GABA, a critical inhibitory neurotransmitter (Fig. 3g). Comparing 223 

migrated MGE-InhibNs between genotypes, identified reductions to gene modules pertaining to interneuron migration 224 

(Fig. 3h) and GABAergic synapses (Fig. 3i), including genes such as the GABA synthesizer GAD1 and receptor, GABRA2 225 

(Fig. 3i). These data suggest that despite entering the dorsal microenvironment, 15q13.3del MGE-inhibitory neurons 226 

have signaling defects and may not participate as efficiently in neural circuits. 227 

 228 

 229 

 230 

 231 

 232 
 233 
 234 

 235 
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 236 

Fig. 3: High-definition spatial transcriptomics captures migration-dependent deficits and spatially defined 237 

transcriptional changes amongst 15q13.3del inhibitory neurons. 238 
 239 
a, Sample preparation of N = 3 families for high-definition (HD) Visium spatial transcriptomics. b, UMAP plot of Visium HD dataset 240 
with annotated cell types, n = 599 275 spots. c, MGE-InhibNs localization and canonical marker expression in forebrain assembloid 241 
tissue. d, Proportion of unique cell types neighboring MGE-InhibNs (Semla, Find region neighbors function)82. e, Schematic for 242 
MGE-InhibNs migration analysis depicting genotype- and regionally defined subpopulations. Venn diagram lists migration-related 243 
genes comparing stationery to migrated MGE-InhibNs within genotypes. Control n = 1387 DEGs, 15q13.3del n = 1764 DEGs. f, List 244 
of 25 genes enriched in migrated (control) and stationary (15q13.3del) MGE-InhibNs. g, Top 10 GO enrichment terms amongst 245 
inverse migration-associated genes (FDR < 0.05). h-i, violin plots of module scores for interneuron migration and GABAergic signa-246 
tures amongst MGE-InhibNs stratified by migration status. Interneuron migration module: migratory MGE-InhibN pAdj = 8.200e-19, 247 
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stationary MGE-InhibN pAdj < 1e-308, GABAergic synapse module: migratory MGE-InhibN pAdj = 5.24e-23, stationary MGE-InhibN 248 
pAdj < 1e-308. Control vs 15q13.3del module expression comparisons were performed within each subset using Wilcoxon rank-249 
sum tests, and p-values were adjusted for multiple testing with the Benjamini–Hochberg method. 250 

 251 

Functional deficits in 15q13.3del inhibitory neurons in human forebrain assembloids and 252 

mice. 253 

 254 
The early deficits in inhibitory neuron migration and maturation in 15q13.3del assembloids prompted us to test 255 

whether these cells exhibit broad functional impairments. We used the calcium indicator pAAV-mDlx-GCaMP6f-Fishell-256 

2 to label inhibitory neurons within our assembloid tissue to record spontaneous calcium events at 5 months of devel-257 

opment, a stage reflecting functional neuronal maturation71–73 (Fig. 4a). To ensure the spontaneous changes in GCaMP6f 258 

fluorescence (△F/F0) in assembloids were calcium-dependent and associated with action potential firing, assembloids 259 

were treated with a calcium chelator BAPTA (30 μM) and a sodium channel blocker tetrodotoxin (TTX, 0.5 μM), respec-260 

tively. As expected, each treatment resulted in a loss of calcium transients and synchronous network activities (Supple-261 

mentary Video 1-4). Quantification of single-neuron calcium dynamics (see Methods)74 revealed a significant reduction 262 

in the frequency of calcium transients of single inhibitory neurons (Fig. 4b,c), suggesting general inhibitory hypoactivity 263 

in 15q13.3del forebrain assembloids.  264 

 265 

To isolate MGE-derived inhibitory neurons exclusively, we labelled single ventral organoid tissue with the same 266 

virus prior to fusion with dorsal organoids, enabling circuit maturation and integration within the assembloid (Fig. 4d). 267 

Consistent with the pan-inhibitory neuron recordings, we detected reductions to the average frequency of Dlx5+ inhib-268 

itory neurons derived from the ventral organoid (Fig. 4e,f). 269 

 270 

We next asked whether inhibitory neuron dysfunction observed in human 15q13.3del models was conserved in 271 

vivo using the Df(h15q13)/+ mouse, which recapitulates many of the clinical and biochemical pathologies observed in 272 

patients30,31,54,75. We targeted putative inhibitory neurons in the medial prefrontal cortex (mPFC) of adult Df(h15q13)/+ 273 

mice, specifically layer II/III (Fig. 4g), as this region is highly populated by parvalbumin and somatostatin interneurons 274 

derived from the MGE76,77. Using postnatal tissue, we identified a reduction in inhibitory neuron excitability in response 275 

to increasing current steps (Fig. 4h,i). To determine if the hypoexcitability influenced E/I circuit development, we targeted 276 

putative layer V pyramidal excitatory neurons and found reductions in both the frequency and amplitude of spontaneous 277 

inhibitory post synaptic currents (sIPSCs) (Fig. 4j,k). These findings indicate that interneuron dysfunction persists in the 278 

mature Df(h15q13)/+ cortex, mirroring the inhibitory deficits observed in patient-derived assembloids and aligning with 279 

prior evidence implicating interneuron pathology in neurodevelopmental disorders 78,79.  280 

 281 

 282 
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  283 
 284 

Fig. 4: 15q13.3del Inhibitory neuron hypoactivity is conserved across species.  285 

 286 
a, Calcium imaging labeling strategy for mature pan-inhibtory neuron recordings. b-c, Representative calcium traces from pAAV-287 
mDlx-GCaMP6f-Fishell-2 live calcium imaging protocol of 5-month forebrain assembloids and quantification of single neuron dynam-288 
ics from N = 3 families, control n = 87 field of view (FOV) recordings across 18 assembloids, 15q13.3del n = 90 FOVs across 20 289 
assembloids. d, Calcium imaging labeling strategy for ventrally-derived Dlx5/6+ inhibitory neuron recordings. e-f, Representative 290 
calcium traces from pAAV-mDlx-GCaMP6f-Fishell-2 live calcium imaging protocol of 3-month-old forebrain assembloids and quanti-291 
fication of single neuron dynamics from N = 3 families, control n = 43 neurons across 14 assembloids, 15q13.3del n = 39 neurons 292 
across 10 assembloids. g-k, Patch clamp electrophysiology of adult control and Df(h15q13)/+ medial prefrontal cortex (mPFC). h-i, 293 
Representative action potential traces and firing properties in layer II/III mPFC inhibitory neurons generated by current injection (–294 
200 pA - +220 pA pA, 100 ms). n = 13 cells from 6 control mice (2 females, 3 males), n = 10 cells from 4 Df(h15q13)/+ mice (2 295 
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females, 2 males). j, Representative spontaneous IPSCs (sIPSCs) traces recorded from layer V pyramidal excitatory neurons from 296 
control and Df(h15q13)/+ mice. k, Cumulative distribution and quantification of frequency and amplitude of sIPSCs. n = 20 cells from 297 
6 control mice (2 females, 4 males), n = 23 cells from 6 Df(h15q13)/+ mice (2 females, 4 males). Error bars represent mean ±SEM in 298 
assembloids; *p<0.05, **p<0.01, ***p<0.001. 299 
 300 

15q13.3del forebrain assembloids display hyperactive neuronal calcium dynamics and syn-301 

aptic hyperconnectivity 302 

 303 
Given the developmental and functional deficits amongst inhibitory neurons in our mouse and human 304 

15q13.3del models, we asked whether this led to global neural circuit disruptions in assembloid tissue. We infected 305 

excitatory neurons in dosal organoids using pENN.AAV.CamKII.GCaMP6f.WPRE.SV40, followed by fusion with ventral 306 

organoid to make assembloids. This allowed us to examine calcium activity (as a proxy for neuronal activity) across 307 

excitatory neurons in forebrain assembloids at 3 months of development (Fig. 5a). We observed increases in the 308 

frequency and amplitude of calcium events in single excitatory neurons (Fig. 5b,c), as well as in the frequency and 309 

amplitude of synchronous network events (Fig. 5d) amongst excitatory neural populations, suggestive of a hyperactive 310 

phenotype.  311 

 312 

Calcium signals provide information about neuronal depolarizations93 but do not provide insight to synapse 313 

formation, which is required for neural circuit formation and function94. To assess the synaptic connectome in maturing 314 

forebrain assembloids, we performed monosynaptic rabies tracing69 in 5-month forebrain assembloids using RABV-315 

EnvA-deltaG-GFP-F2 and a non-cell type-specific helper virus (AAV-CMV-TVA-mCherry-2A-oG) (Fig. 5e). We quantified 316 

the connectivity ratio as the proportion of presynaptic/postsynaptic neurons and found a total increase throughout the 317 

assembloid tissue (Fig. 5f)70. Together, these results suggest that in the 15q13.3del condition, inhibitory neurons have 318 

reduced connectivity and function, which may drive elevated calcium activity and overall hyperconnectivity in excitatory 319 

neurons. 320 

 321 

 322 
 323 
 324 

 325 
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 326 

Fig. 5: 15q13.3del forebrain assembloids display neural hyperactivity and hyperconnectivity. 327 

a, Calcium imaging labeling strategy for dorsally-derived CAMKII+ excitatory neuron recordings within assembloids. b, Representa-328 
tive calcium traces from pENN.AAV.CamKII.GCaMP6f.WPRE.SV40. live calcium imaging protocol of 3-month-old forebrain assem-329 
bloids. c, Average frequency and amplitude of calcium events in single neurons and d, network synchronous events frequency and 330 
amplitude in N = 3 families, control n = 18 FOV recordings, 15q13.3del n = 27 FOVs, across 11 assembloids per genotype. e, Ra-331 
bies monosynaptic tracing strategy for unbiased labelling of pan-neuronal synaptic connectomes in 5-month old forebrain 332 
assembloids. f, Representative 4x IMARIS images of 5-month assembloid infected with AAV-CMV-TVA-mCherry and quantified 333 
connectivity ratio of synaptically connected neurons. N = 3 families, n = 21 assembloids per genotype. Scale bars represent 400 334 
µm. Error bars represent mean ±SEM in assembloids; *p<0.05, **p<0.01, ***p<0.001. 335 
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 336 

 Elevated FAN1-related DNA damage is present in 15q13.3del MGE inhibitory neurons 337 

To study the potential mechanisms underlying the functional and spatial deficits observed in 15q13.3del assem-338 

bloids, we probed our spatial transcriptomics data for possible mediators of these deficits. We considered that amongst 339 

the differentially expressed genes in our bulk, single cell- and spatial transcriptomics datasets, FAN1 and KLF13 were 340 

consistently the highest of those within the 15q13.3 locus, both within single organoids and in assembloid tissue (Fig. 341 

6a). We focused on FAN1 since this gene has been previously associated with schizophrenia90 and our initial bulk 342 

RNAseq data indicated DNA-related mechanisms (Fig. 1b). FAN1 encodes a DNA repair nuclease that is highly associ-343 

ated with DNA damage and neurodegeneration87–89, but its role in neurodevelopment is unexplored. We screened the 344 

Visium HD dataset for DNA damage-associated pathways and identified signatures enriched across different neural cell 345 

populations (Fig. 6b). These GO terms were broad (including DNA- and double-stranded break repair amongst multiple 346 

cell types) and also more specific to FAN1, including an enrichment for interstrand crosslink repair (ICR) amongst MGE-347 

InhibNs (2.24– fold enrichment, Fig. 6b) for which FAN1 is a key regulator91,92. Given the impaired inhibitory neuron 348 

migration and different spatial transcriptomic profiles of migrated and stationary MGE-InhibNs, we further examined the 349 

DNA damage-associated gene modules in migrated and stationary MGE-InhibNs and found that the ICR signature was 350 

disrupted in both neuron populations, although a higher proportion of stationary neurons expressed the ICR damage 351 

signature (Fig. 6c). 352 

Likewise, we identified more generalized enrichment for DNA damage amongst the MGE-InhibNs within both 353 

migratory groups (Fig. 6d). To validate the enrichment of DNA damage at the protein level, we used age-matched 354 

assembloids and probed for the canonical DNA damage marker phospho-γ-H2AX foci (Fig. 6e). We identified an in-355 

crease in the total phospho-γ-H2AX foci in 15q13.3del nuclei, which we further probed in Dlx5+ inhibitory neurons and 356 

showed that inhibitory neurons specifically produced DNA damage signatures (Fig. 6f). We next profiled DNA breaks in 357 

individual cells within ventral forebrain organoid tissue using the neutral COMET assay, which uses electrophoresis to 358 

detect DNA damage at the single cell level (Fig. 6g). We found increased tail moment and length in 15q13.3del cells, 359 

demonstrating primarily double-strand DNA breaks. Together, these data suggest that inhibitory neuron deficits begin 360 

at early stages and include alterations to DNA damage/repair mechanisms, which may cause subsequent functional 361 

deficits observed in these subpopulations. 362 



 

 
15 

 

15  Kilpatrick and Nie et al., 2025 preprint 

 363 
Fig. 6: 15q13.3del assembloids display inhibitory neuron-specific DNA Damage that is captured at the sin-364 

gle cell level. 365 

a, 15q13.3 gene expression and spatial localization in day 55 forebrain assembloid tissue. b, Select DNA Damage GO terms amongst 366 
forebrain assembloid cell types (FDR < 0.05). c, Proportion of cells expressing and total module scores for interstrand crosslink 367 
signatures amongst MGE-InhibNs stratified by migration status (migratory MGE-InhibN pAdj = 2.2e-03, stationary MGE-InhibN pAdj 368 
= 3.4e-259). d, Proportion of cells expressing and total module scores for DNA damage signal transduction signatures amongst MGE-369 
InhibNs stratified by migration status (migratory MGE-InhibN pAdj = 0.00043, stationary MGE-InhibN pAdj = 0.00018). Control vs 370 
15q13.3del module expression comparisons were performed within each subset using Wilcoxon rank-sum tests, and p-values were 371 
adjusted for multiple testing with the Benjamini–Hochberg method. e, Phospho-γ-H2AX immunocytochemistry in day 55 assembloid 372 
tissue quantifying the proportion of cells with three or more foci. N = 3 families, control n = 6 organoids, 15q13.3del n = 7 organoids. 373 
f, Phospho-γ-H2AX signal enrichment in day 55 Dlx5+ inhibitory neurons. N = 3 families, control n = 8 organoids, 15q13.3del n = 9 374 
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organoids. g, COMET assay of 3-month-old ventral tissue and quantified DNA fragmentation. N = 3 families, control n = 169 cells 375 
across 6 organoids, 15q13.3del n = 150 cells across 6 organoids. Error bars represent mean ±SEM in assembloids; *p<0.05, **p<0.01, 376 
***p<0.001, ***p<0.0001. 377 

 378 

Discussion 379 

 380 

Human brain assembloids are powerful models for uncovering early disease mechanisms for neurodevelop-381 

mental and neuropsychiatric disorders. Moreover, because these conditions arise from the interplay of diverse and 382 

developmentally-sensitive cell types, it is critical to understand disease processes in a cell type–specific and regional-383 

ized manner. Here we leveraged patient-derived forebrain assembloids to model the recurrent 15q13.3 microdeletion 384 

disorder, utilizing single cell and spatial transcriptomic approaches in combination with functional assays to identify 385 

pathogenic mechanisms in excitatory and inhibitory neuron lineages. Our study revealed that early impairments in mi-386 

gration and synapse formation within specific subpopulations of human inhibitory neurons were linked to FAN1-associ-387 

ated DNA damage repair, which likely contributed to later hyperconnectivity phenotypes in assembloids. These findings 388 

point to early disruption of inhibitory neuron genomic integrity and DNA repair capacity as an early pathogenic driver, 389 

which together with excitatory neuron dysfunction, may drive circuit-level hyperconnectivity and hyperactivity charac-390 

teristic of the 15q13.3 microdeletion–associated neurodevelopmental disorder. 391 

 392 

The 15q13.3 microdeletion, like other CNVs at 16p11.2, 22q11, and 3q29, are common CNVs for which organ-393 

oid and assembloid models are beginning to reveal new insight into human neurodevelopmental disease pathology3,5,95,96. 394 

We and others have previously shown in 15q13.3del mouse models and patient iPSC-derived neurons that CHRNA7 395 

and OTUD7A mediate pathogenic defects in excitatory neurons in the postnatal brain 30–32,50–55. However, CNVs involve 396 

multiple genes expressed across distinct developmental windows, underscoring the importance of assembloids for 397 

modeling prenatal mechanisms. We found that CHRNA7 and OTUD7A are weakly expressed at multiple timepoints, 398 

whereas FAN1 and KLF13 are robustly expressed. KLF13 is a transcription factor that is best known for its role in early 399 

cardiac development97 and regulates mouse interneuron progenitor proliferation in an isogenic model79; therefore, 400 

KLF13 could also contribute to human inhibitory neuron development given its expression98. 401 

 402 

Our multi-omic analysis uncovered enriched DNA damage and repair signatures in migrating MGE-like inhibi-403 

tory neurons within 15q13.3del assembloids (Fig. 6c,d). Elevated γ-H2AX levels were detected in both dorsal forebrain 404 

tissue and Dlx5+ ventral inhibitory neurons derived from 15q1313.del assembloids (Fig. 6e,f), while mature ventral or-405 

ganoids showed increased global DNA damage (Fig. 6g). These findings are consistent with FAN1 haploinsufficiency 406 

and its established role in interstrand crosslink repair127-128. We propose that FAN1 haploinsufficiency-mediated DNA 407 

repair defects shape early, cell type-specific vulnerabilities during fetal brain development, prior to the postnatal disease 408 

mechanisms. Impaired DNA repair may disrupt the ability to elicit downstream transcriptional programs necessary for 409 

the early stages of neural circuit formation, including activity dependent signaling pathways that coordinate neuronal 410 

maturation and synapse function103–105. Given the role of FAN1 in expansion repeats, it will be important to examine 411 

whether haploinsufficiency drives triplet repeat expansion in the 15q13.3del genome, potentially adding transcriptional 412 

complexity during brain development106.  413 

 414 

Assembloids have emerged as a promising tool to model complex cell-cell interactions and circuit biology in 415 

the context of both typical development and disease pathology. 10, 129-132. In this study, we paired assembloid neural 416 

circuits phenotyping with unbiased spatial transcriptomics at single cell resolution to identify spatially restricted, cell 417 

type-specific disease mechanisms. This integrative platform enabled the direct visualization of migrating, transcription-418 

ally perturbed inhibitory neurons and progenitors in situ, revealing a DNA damage signature disrupting the early stages 419 

of neural circuit development90–93. While previous human organoid studies using spatial transcriptomic technologies 420 

such as the 10x Genomics Xenium have advanced our understanding of the cellular composition of these model sys-421 

tems107–110, their reliance of biased, pre-determined probes can limit the identification of unanticipated cell types and 422 

signaling networks within the heterogeneous tissue. We anticipate further use of unbiased, whole-transcriptome spatial 423 
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platforms in assembloids to explore previously unknown aberrant signaling networks that disrupt human tissue devel-424 

opment and cause disease. 425 

 426 

In summary, our study demonstrates how human brain assembloids, spatial transcriptomics, and functional 427 

analyses can uncover early cell type–specific mechanisms of neural circuit disruption. By uncovering a role for FAN1-428 

associated DNA repair in early inhibitory neuron lineages, our findings provide new biological insight into inhibitory 429 

neuron development and highlight the potential for this platform to be applied across diverse NDD models to identify 430 

early biomarkers and therapeutic opportunities.  431 

 432 

 433 

Limitations of the study 434 

 435 
While unbiased spatial biology approaches combined with functional neural assays offer powerful tools to ex-436 

plore NDD pathophysiology, there are limitations to our study. First, the optimization of the HD platform for assembloids 437 

requires 10 µm tissue sections, which captures a fraction of the inherently complex assembloid system and is therefore 438 

influenced by the tissue heterogeneity. We also encountered lower UMI counts in the center of the assembloids which 439 

may be a biological artifact caused by limited access of cells in the core to nutrients during assembloid growth, adding 440 

to variability111–113. Although our spatial transcriptomic findings were generated across 3 independent 15q13.3del fami-441 

lies, future studies may need to analyze multiple tissue sections per assembloid to reduce variability. In addition, future 442 

studies on the 15q13.3del CNV should address the molecular mechanisms by which FAN1-mediated DNA repair/dam-443 

age contribute to transcriptional abnormalities in developing neural circuits, as well as whether inhibition of these path-444 

ways will rescue E/I neural circuit deficits. Taken together, our findings show that combining neural functional assays 445 

with spatial transcriptomics in assembloids offers a powerful platform to uncover previously unrecognized cell types 446 

and early signaling pathways of NDD states.  447 

 448 
 449 

  450 



 

 
18 

 

18  Kilpatrick and Nie et al., 2025 preprint 

Methods 451 

 452 

hiPSC Reprogramming and maintenance. 453 

 454 

Patient sample collection and Cell Oversight Committees. 455 

All pluripotent stem cell work was approved by the Stem cell oversight committee (SCOC) from the Canadian 456 
Institutes of Health Research. Blood samples were collected from individuals with the approval from SickKids Research 457 
Ethics Board after informed consent was obtained (REB approval file #1000050639). Additionally, this study was ap-458 
proved by the University Health network REB #21-5860 the Hamilton Integrated Research Ethics Board, (REB approval 459 
file #2707). Fibroblast and blood samples were acquired from locations globally and are outlined per family/sample 460 
(Table 1).  461 

 462 
Table 1: Clinical presentations and background of patients heterozygous for the 15q13.3 microdeletion.  463 
 464 

Patient ID Sex Proband relation Clinical presentations Deletion size (kbp) 

Family 1 control Female Mother Neurotypical No 15q breakpoints 

15q13.3del Patient 1 Female 
 

ASD  1530.69 

Family 2 control Male Brother Neurotypical No 15q breakpoints 

15q13.3del Patient 2 Female 
 

Epilepsy (absence seizures), DD, ID 2000.669 

Family 3 control Male Father Neurotypical No 15q breakpoints 

15q13.3del Patient 3 Female 
 

Severe epilepsy (absence seizures), 

ADHD, ASD 

1348.142 

Family 4 control Female Mother Neurotypical No 15q breakpoints 

15q13.3del Patient 4 Female 
 

Epilepsy (myoclonic absence sei-

zures), abnormal EEG and MRI, thick 

corpus callosum 

1533.257  

Family 5 control Female Mother Neurotypical No 15q breakpoints 

15q13.3del Patient 5 Female 
 

DD, Thick corpus callosum, T2 hy-

perintensity in tegmental tracks, lan-

guage and motor delay 

2060.432 

15q13.3del Patient 6 Female No familial control Global DD and ID 3063.946 

 465 
ADHD - attention deficit hyperactivity disorder, ASD - Autism spectrum disorder, DD - developmental delay, EEG – 466 
Electroencephalography, ID - Intellectual disability, kbp - kilobase pairs. 467 
 468 
  469 
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Table 2: hiPSC line allocation per experiment  470 

 471 

Experiment Family lines used Batch replicates Timepoint(s) 

Forebrain organoid bulk tran-

scriptomics 

1-5 3 technical replicates per 

timepoint  

Day 50 and 100 

Forebrain organoid scRNA Seq 2, 3, 5 2 batch families 3 and 5, 3 

batches family 2 

Day 100 

Ventral organoid SST/NKX2-1 IF 2, 3, 5 

 

1 batch Day 50 

Forebrain assembloid DLX5+ 

γH2AX IF 

2, 3, 5 1 batch Day 55 

Forebrain assembloid dorsal side 

γH2AX IF 

2, 3, 5 1 batch  Day 55 

Ventral organoid neutral comet as-

say 

2, 3, 5 1 batch Day 100 

Forebrain assembloids migration 

assay 

2, 3, 5 1 batch 

 

Day 55 

Forebrain assembloid CMV rabies  2, 3, 5 

 

1 batch 5-month 

Forebrain assembloid Dlx5/6 rabies 

 

2, 3, 5 

 

1 batch 

 

5-month 

 

Forebrain assembloid Dlx5/6 cal-

cium imaging 

2, 3, 5 2 batches for family 3 5-month 

Forebrain assembloid MGE calcium 

imaging 

2, 3, 5 1 batch 

 

Day 90 

Forebrain assembloid CAMKII cal-

cium imaging 

2, 3, 5 1 batch Day 90 

Forebrain assembloid 10x Visium 

HD spatial transcriptomics 

2, 3, 5 1 batch Day 55 

 472 

Patient cohort 473 

Patients heterozygous for the 15q13.3 microdeletion were consented and collected at sites across Canada, the 474 
United States, and Italy. Microarray data determined that the deletions ranged from 1.5-2Mb in size. Clinical assess-475 
ments were provided upon request and revealed a heterogeneous population of individuals with ASD, intellectual disa-476 
bility, and epilepsy, most often presenting with absence seizures. Information on clinical background and deletion size 477 
for our cohort can be found in Table 1.  478 

 479 

Reprogramming and hiPSC culturing. 480 

CD34+ blood cells were assessed via flow cytometry and collected for iPSC reprogramming. iPSCs from Family 1 481 
and 2 were reprogrammed by the Centre for Commercialization of Regenerative Medicine (CCRM, MaRS Centre, To-482 
ronto, ON, Canada) and iPSCs from families 3-6 were generated in-house. iPSCs were generated by Sendai viral re-483 
programming and clonal expansion using the CytoTune – iPSC 2.0 kit (Thermo Fisher) according to manufacturer in-484 
structions. In brief, colonies were expanded for 2-3 weeks, and once large enough were transferred to a single well of 485 
a 12-well plate coated with irradiated mouse embryonic fibroblasts. iPSC media consisted of DMEM/F12 supplemented 486 
with 10% KO serum, 1× non-essential amino acids, 1× GlutaMAX, 1 mM β-mercaptoethanol, and 16 ng/mL basic fibro-487 
blast growth factor. After expansion, iPSCs were grown on Matrigel-coated 6-well plates in mTeSR1 (STEMCELL Tech-488 
nologies), where all subsequence passaging was performed with ReLeSR (STEMCELL Technologies). Line validation 489 
was performed with flow cytometry and immunocytochemistry of pluripotency markers (Extended Data Fig. 1f and Fig. 490 
1f)., and cytogenomic karyotyping was assessed via G-Banding analysis at The Centre for Applied Genomics (TCAG, 491 
SickKids, Toronto, ON, Canada). CNV microarray calling was performed using the CytoScan HD array using standard 492 
settings of ChAS, which looks for copy number differences of at least 50 markers and 400 kbp (TCAG, SickKids, Toronto, 493 
Canada). Data for hiPSC validations can be found in Extended Data Fig. 1. Routine mycoplasma screens were performed 494 
using the EZ-PCR™ Mycoplasma Detection kit (Froggabio) under manufacturer’s guidelines (Extended Data Fig. 1e). 495 
Images were taken on a BioRad ChemiDoc imaging system. 496 
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 497 

Organoid and assembloid generation 498 

Forebrain neural organoids were generated with the STEMdiff ™ Dorsal/Ventral Forebrain Organoid kits from 499 

STEMCELL Technologies™ using low-passage (P20-P30) hiPSCs under the manufacturer instructions. Assembloids 500 

were generated from dorsal and ventral forebrain organoids on day 25 or day 55 of differentiation; using a wide-bore 501 

P1000 pipette tip, individual organoids from dorsal and ventral lineage were placed into one ultra-low attachment U-502 

bottom 96 well plate (Corning) in 200 μL of media. Plates were then centrifuged for 15 seconds on a “quick spin” setting. 503 

A half media change was performed the following day, and on day 4 assembloids were moved into a 6 well ultra-low 504 

attachment plate (Corning) using a wide-bore P1000 tip.  505 

 506 

Organoid fixation and immunocytochemistry 507 

Organoids were washed 3x in Phosphate Buffered Saline (PBS) for 10 minutes prior to a 48-hour fixation in 4% 508 
paraformaldehyde (PFA). Samples were dried in 30% and then 50% sucrose in PBS overnight and then embedded in 509 
either Optimal Cutting Temperature (OCT) (1-month unguided neural organoids) or gelatin (all other samples) and 510 
stored at -80℃. Sections were made on the Leica CM3050S at 20 µm on SuperFrost™ Plus microscopy slides and 511 
stored at -30℃. The slides were washed 3x in 1x Phosphate Buffered Saline supplemented with Tween-20 (PBS-T) and 512 
incubated in a blocking/permeabilization solution comprised of 10% Donkey serum (Millipore) and 0.03% Triton X-100 513 
(Fisher Scientific) in PBS for 1 hour at room temperature. Samples were incubated in this solution with primary antibod-514 
ies overnight at 4℃. Samples were washed 3x with 1x PBS-T, followed by a 2-hour incubation at room temperature with 515 
secondary antibodies. Samples were washed 2x with 1x PBS-T, incubated with DAPI nuclear dye for 15 minutes, fol-516 
lowed by a final wash with 1x PBS-T. Samples were mounted on Vista Vision glass microscope slides (VWR) using 517 
Prolong Gold antifade reagent (Life Technologies).  518 

 519 

Confocal microscopy and ICC cell population analyses 520 

Confocal Z-stack images were taken on a Zeiss LSM 800 with a 2048x2048 resolution. Images were processed 521 
with ImageJ 1.44 Software (Fiji) and analyzed using CellProfiler 4 (BMC Bioinformatics). For population analyses, manual 522 
regions of interest (ROIs) were drawn, and maximum intensity projections of each channel were processed and a thresh-523 
old applied to report cell populations normalized to DAPI+ nuclei (unless otherwise stated).  524 

 525 

Lentiviral labeling of iPSCs for neuronal migration assay in assembloids 526 

iPSCs were seeded at a density of 250 000 cells/6 well and supplemented with Y-27632 ROCK Inhibitor (1: 1 527 
000 STEMCELL TechnologiesTM). The following day lentivirus harboring FUW-hSYN-M2rTTA was added at 1: 24 000 528 
dilution in addition to 1: 5 000 of either pTET-O-CMV- mCherry (for lines intended for dorsal differentiation) or pTET-O-529 
CMV-eGFP (ventral differentiation) to conditioned media supplemented with polybrene (1: 20 000, of 10 mg/mL stock, 530 
Sigma) and Y-27632 ROCK Inhibitor (1: 1 000) (Extended Data Fig. 4a,b). To profile ventral inhibitory neuron migration 531 
into dorsal organoids, the iPSCs labelled with mCherry and eGFP were used to generate dorsal and ventral organoids 532 
respectively. Next, eGFP+ ventral organoids were fused with mCherry+ dorsal organoids at day 25, and four types of 533 
assembloids were generated by fusing organoids of each genotype to study cell-autonomous and non-cell-autonomous 534 
effects (Fig. 2b). 25 days post-assembly (day 55 of differentiation), maturation media was supplemented with 1 μg/mL 535 
of doxycycline to induce expression of fluorophore constructs. Induction proceeded for five days, after which the as-536 
sembloids were fixed in 4% PFA and processed for immunocytochemistry or tissue clearing and light sheet microscopy. 537 

 538 

Tissue clearing (CUBIC Protocol) and light sheet microscopy 539 
Fixed samples were processed using the CUBIC protocol114 with minor modifications based on organoid and as-540 

sembloid size. Briefly, fixed assembloid samples were incubated overnight at room temperature with the nuclear stain 541 
RedDot 647 (Biotrend, 1:100, shaking at 350 RPM), followed by three 1x PBS washes. Samples were incubated in 50% 542 
CUBIC-1 in H2O for 2 hours at 37℃, followed by a 48-hour incubation with 100% CUBIC-1 at 37℃. Samples were 543 
washed 3x with 1x PBS for 30 minutes and then incubated in 50% CUBIC-2 for 3 hours, followed by an overnight 544 
incubation in 100% CUBIC-2 at 37℃. Samples were washed in type FF immersion oil (16212, Cargille Laboratories Inc. 545 
Cedar Grove, NJ, USA) for 10 minutes at room temperature prior to imaging.  546 

Light sheet imaging was performed using the Ultramicroscope II light sheet microscope (LaVision BioTec GmbH, 547 
Bielefeld, Germany) at 4× magnification to capture the entire assembloid using 2× artificial zoom, 40% sheet width, 5 548 
μm thickness, 1 μm z stack size. Images were exported into 16-bit IMS files on IMSpector and analyzed with IMARIS 549 
software (V10.0.0, Bitplane Inc. Zurich, Switzerland) and the proportion of hSYN-eGFP+ ventral neurons was quantified 550 
using the Spots tool and Chi sum of squares statistical test for cell nuclei identification. We chose to report the proportion 551 
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of cells migrating rather than raw values to mitigate confounding variables caused by differences in labeling efficiencies 552 
between cell lines. 553 

Patch clamp electrophysiology  554 

Slice preparation 555 

Mice were anesthetized with isoflurane and the brain was quickly removed and placed in ice-cold cutting solu-556 
tion, consisting of the following (in mM) 92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 557 
thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2·2H2O, and 10 MgSO4·7H2O. Titrate pH to 7.3–7.4 and osmolarity 558 
of 295–300 mOsmol/L. Coronal mPFC slices were cut to a thickness of 300 µm using a vibratome (Leica VT 1200). The 559 
slices were transferred to HEPES holding aCSF (in mM): 92 NaCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 560 
glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 2 CaCl2·2H2O, and 2 MgSO4·7H2O. Titrate pH to 7.3–7.4 at 32C 561 
for 15 minutes, and then transferred to artificial cerebrospinal fluid (aCSF) for a minimum of 45 minutes, containing the 562 
following (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1.5 MgCl2, 2.5 CaCl2, 26 NaHCO3, and 10 glucose, with pH 7.3–563 
7.4 and osmolarity of 295–300 mOsmol/L. All the solutions were saturated with 95% O2 and 5% CO2. 564 

Whole-cell patch clamp recordings 565 

During recordings, individual slices were placed in a submersion chamber and perfused with aCSF at a rate of 566 
1.5-2 ml/min at 30-32°C. mPFC slices were observed using an upright microscope (Olympus U-TV1XC) equipped with 567 
a water-immersion long-working distance objective (40x; differential interference contrast, DIC) and an infrared CCD 568 
camera (DAGE-MTI IR-2000). In accordance with the known morphology of interneurons and their firing properties, cells 569 
with small and round soma shapes were selected for recording. Pyramidal neurons were selected for recording based 570 
on their relative pyramidal shape and smooth, low-contrast appearance. To perform whole-cell patch clamp recordings, 571 
borosilicate glass pipettes (3–5 MΩ) were filled with intracellular solution (ICS) consisting of following (in mM): 110 K-572 
gluconate, 10 KCl, 0.2 EGTA, 10 HEPES, 4 MgATP, 0.3 NaGTP, and 10 Na2-phosphocreatine (pH 7.3, 290–295 mOs-573 
mol/L) for current-clamp recordings and ICS containing of following (in mM) 120 CsCl, 5 NaCl, 1 MgCl2, 10 HEPES, 10 574 
EGTA, 3 MgATP, 0.3 NaGTP (pH 7.3, 290–295 mOsmol/L) was used for sIPSC recordings. Data were collected using a 575 
Multiclamp 700B amplifier (Molecular Devices) and digitized at 10 kHz using Digidata 1550B and pClamp 11.1 software 576 
(Molecular Devices). The recordings were low pass filtered at 1 kHz. The access resistance was continuously monitored 577 
throughout the experiment, and data were included only if the holding current and series resistance remained stable 578 
(with less than a 25% change in the initial series resistance). 579 

For the current-induced action potential analysis in interneurons, the resting membrane potential was recorded 580 
(in current-clamp mode) immediately after break-in and a series of 500 msec currents at increasing steps (–200 pA to 581 
+220 pA) were injected to neurons. Current-Clamp recordings were performed in aCSF. For sIPSC recording, 5 minutes 582 
after break-in, the recordings were initiated, and a total 2 minutes of recording was collected from each cell. IPSCs were 583 
pharmacologically isolated by adding blockers against the AMPA receptor (CNQX, 10 μM), NMDA receptor (APV, 50 μM) 584 
throughout the recordings. Data were extracted using threshold-based detection and analyzed for frequency and am-585 
plitude of events using Clampfit 11.1.   586 

Transcriptomics 587 
 588 

Bulk RNA Sequencing processing  589 

Organoid tissue was processed for bulk RNA sequencing on day 50 and 100 of differentiation. 8-10 organoids 590 
were combined per sample, and RNA was extracted from 3 samples/patient line using the RNeasy mini kit and RNase-591 
Free DNase set (Qiagen). RNA integrity was assessed with the 2100 Bioanalyzer to calculate the RNA integrity number 592 
(RIN), which we applied a cutoff of 8 before proceeding (Extended Data Fig. 3b). Library preparations were performed 593 
at TCAG (SickKids, Toronto, Canada) using the NEBNext Ultra II Direction RNA Library Prep kit from Illumina (New 594 
England Biolabs). mRNA was captured with purification beads and fragmented to 150 base pairs (bp) for cDNA synthesis. 595 
Stranded RNA was chosen for amplification given the increase in accuracy for transcript expression estimation115. The 596 
samples were run through a single lane on the Illumina NovaSeq 6000 S4 flow cell and a target capture of 30 million 597 
reads/sample was performed. Raw data was processed using the CutAdapt package to trim residual adapter content, 598 
and the STAR package (v2.7.11) using 2 Pass mode to align each read using the human GRCh38 reference genome. 599 
Quality control was performed using the FastQC platform, which enables high-throughput assessment of read quality 600 
using metrics such as read length, depth, Phred scores 116, and adapter contamination.  601 

 602 



 

 
22 

 

22  Kilpatrick and Nie et al., 2025 preprint 

Bulk RNA Sequencing Analysis 603 

Read integrity was assessed on raw RNA-seq data using FastQC (V0.11.5), followed by adapter trimming and 604 
filtering of low-quality reads via CutAdapt. Reads were mapped to hg38 using STAR (2-pass mode, V2.7.0A - out-605 
SAMtype BAM SortedByCoordinate) using default settings and the aligned read content was log2 normalized and as-606 
sessed for differential gene expression (DGE) through the RStudio package, DESeq2 (V1.38.3). Briefly, low read counts 607 
(<10 reads in ≥50% of the samples) were removed to reduce technical noise and improve DEG detection sensitivity. 608 
Normalization and differential gene expression (DGE) analysis was performed using DESeq2. Covariate regression was 609 
used to regress batch effects, sex, and ancestry to minimize unnecessary variability in the dataset. Genes with an FDR 610 
<0.05 were deemed differentially expressed. Data was plotted using BioConductor and ggPlot2 packages in RStudio. 611 
Gene ontology (GO) term analysis was performed using ShinyGO (V0.8)117 using default settings, and our filtered matrix 612 
gene set was used as a background to yield more accurate results. We selected enriched pathways within the range of 613 
2-2 000 genes and FDR< 0.05 (based on the nominal p-value from the hypergeometric test). The default parameters 614 
used were 1 000 permutations, a minimal set size of 30, and a maximum set size of 500 to account for the large DEG 615 
datasets. Gene sets with FDR< 0.05 were considered significant.  616 

 617 

Cell dissociation and processing for single cell RNA sequencing (scRNA Seq) 618 

Neural organoids beyond 3 months of differentiation were cut first and washed 1x with PBS without Ca2+/Mg2+ 619 
to remove potential necrotic tissue. All organoids were dissociated in live culture using a Papain dissociation kit 620 
(Worthington), using a modified protocol from Dr. Paola Arlotta’s laboratory 118,119. Cells with viability > 80% were resus-621 
pended in 0.01% BSA (diluted in 1x PBS) at a concentration of 1 200 cells/µL and shipped on ice for gel bead in emulsion 622 
(GEM) generation and downstream processing (SickKids). Cells used for fixed flexed assays were processed as per 623 
10x Genomics Chromium Next GEM Single Cell Fixed RNA Sample Preparation Kit guidelines using a 24-hour PFA 624 
fixation protocol (10X Genomics, 1000414). Batch allocation was as follows: two batches of 15q13.3del families 1 and 3 625 

forebrain organoids and three batches of 15q13.3del family 2 forebrain organoids were differentiated for the scRNA 626 
Seq experiment in Fig. 1.  627 

 628 

Single cell RNA sequencing analysis 629 

Raw FASTQ files were first aligned to the human genome GRCh38 using Cell Ranger’s default alignment pa-630 
rameters 7.0.1 (10x Genomics). The Seurat R Package V.5.2.1 was then used for downstream processing120. First, low 631 
quality cells were removed through identification of high mitochondrial content (>15%) and abnormal read counts (<200 632 
for poor read depth and >1 200 for doublets or multiplets)120. The matrix was then log-normalized, and regression was 633 
performed on the poor-quality cells and ancestral covariant as these are known contributors to variation121. Individual 634 
samples were aggregated into a single Seurat object, and the aggregate gene expression was scaled and normalized 635 
for each gene using a linear model that accounts for and normalizes by the sequence depth of each cell120. We used 636 
the FindVariableFeatures function to identify genes (“features”) that are highly variable in the dataset, which were used 637 
to perform principal component analysis (PCA). The top 30 PCs were selected for clustering using Seurat’s FindNeigh-638 
bors function, followed by FindClusters with a resolution range of 0.4.  639 

 640 
Cell variation was visualized by a Uniform Manifold Approximation and Projection (UMAP) plot and later anno-641 

tated with cluster identities. Using a longitudinal unguided neural organoid (UNO) 122and a human mid-gestation fetal 642 
cortex atlas as training material98 as training data to identify the three most likely cell types within each predefined 643 
cluster. Frequency scores from scClassify were then used alongside manual annotations based on canonical cell type 644 
markers (Extended Data Fig. 3g). Reference datasets were imported as feature-barcode matrices or Seurat objects and 645 
preprocessed according to their source references. Frequency scores from scClassify were used to guide cell type 646 
annotation in combination with canonical marker expression. To focus on neural cell types and neurodevelopmental 647 
processes, mesenchymal-like cells, Choroid plexus (CP), and non-forebrain contaminant cell clusters labeled as 'un-648 
known' (Unk) were excluded from downstream analysis.  649 

 650 
Once cell populations were identified, DGE analysis was performed between genotypes for each cell type using 651 

the FindMarkers function, employing non-parametric Wilcoxon rank sum test with an adjusted p value based on the 652 

Bonferroni correction using all features in the dataset. Gene lists were filtered for FDR< 0.05 and an average log2fold 653 

change > log2(1.2) was applied for downstream gene ontology (GO) pathway analysis (g:Profiler2, V0.2.3). GO pathway 654 

analysis included enrichment terms for biological pathway, cellular compartment, and KEGG using ShinyGO (V0.8). 655 

Highly enriched genes were selected by filtering for DEGs with FDR < 0.0001 and a log2(0.8) < average log2FC > 656 

log2(1.2). DEG lists were screened for synaptic enrichment using the SynGO synaptic gene ontology enrichment anal-657 

ysis60 tool (https://www.syngoportal.org) to obtain sunburst plots showing cellular compartment (CC) enrichment with 658 

second level terms displayed. We used the Monocle3 package (v1.4.26) for trajectory inference and pseudotime 659 
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analysis through Louvain clustering and assigned radial glia as the root node for downstream pseudotemporal order-660 

ing57,123. The resulting pseudotime distributions for all cells and each cell type between genotypes were compared using 661 

the Kolmogorov-Smirnov test. Module enrichment analysis was performed using Seurat’s AddModuleScore function 662 

using default settings. ggplot2 was used for module score visualization, including percentile-based y-axis limits (1st–663 

99th percentile) and coord_cartesian() to reduce the influence of extreme outliers visually. Statistical significance was 664 

assessed using a two-sided Wilcoxon rank-sum test with Benjamini–Hochberg adjustment. 665 

 666 

Spatial RNA sequencing sample preparation (10x Genomics Visium HD) 667 
Three hiPSC patient families (proband and familial control) were used to generate forebrain assembloids, of 668 

which a minimum of 3-5 replicates per line were used for the 10x Genomics Visium HD platform. Assembloids were 669 
processed using the 10x Genomics CytAssist Visium protocol for fixed frozen tissue. Briefly, samples were embedded 670 
in prechilled optimal cutting temperature (OCT) solution and submerged in isopentane over dry ice until frozen and 671 
stored at -80°C. 10 µm thick cryosections were adhered onto VWR SuperFrost Plus Slides, and following hematoxylin 672 
and eosin staining, sections were transferred onto the CytAssist Expression Slide Capture Area of the Visium Gene 673 
Expression slide. Samples were permeabilized and spot areas (8 µm) were captured for downstream reverse transcrip-674 
tion and cDNA synthesis. Visium spatial gene expression libraries were then constructed and sequenced on the Illumina 675 
NovaSeq 6000 following sequencing recommendations. Duplicate sections were taken to assess RNA quality using the 676 
RNA Nano BioAnalyzer (Agilent). Only samples with a percentage of total RNA fragments > 200 nucleotides (DV200) 677 
scored to ≥70% and an RNA integrity number (RIN) > 4 were used for downstream sequencing and analysis (Extended 678 
Data Fig. 5a). 679 

  680 

Spatial RNA sequencing data preprocessing and analysis  681 
Spatial RNA sequencing reads were aligned using Space Ranger (10x Genomics) to the GRCh38 human reference 682 

genome. Spots not covering tissue were discarded manually in Loupe Browser (V8.0 10x Genomics) and additional 683 

filtering parameters (<10% mitochondrial content) were applied to ensure consistent sequencing quality throughout the 684 

tissue. Spatial data was then log-normalized and dimensionality reduction and clustering (Leiden) of the RNA expression 685 

data was performed using the Seurat V5 RStudio package. Spots were annotated using the scClassify function and 686 

inputting three training datasets, including our in-house day 100 forebrain organoid scRNA Seq (Fig. 1c, 10x Genomics 687 

fixed flex, down-sampled to one batch to reduce computational need) and the two datasets previously used for scRNA 688 

Seq annotation. The frequence scores were then used alongside manual annotations based on canonical cell type 689 

markers124. Region and cell type-specific differentially expressed genes (DEGs) were determined using the FindMarkers 690 

function using the Wilcoxon Rank Sum test with post-hoc test set to FDR (Extended Data Fig. 5d-e). 691 

 692 
Gene Ontology (GO) enrichment analysis was performed on upregulated and downregulated genes separately for 693 

each cell type with the clusterProfiler (v.4.12.0) package, using the org.Hs.eg.db (v.3.20.0) database for human gene 694 

annotation. Enrichment was restricted to the Biological Process (BP) ontology, with significance defined as Benjamini–695 

Hochberg (BH) adjusted p-value and q-value < 0.05. DNA Damage enrichment analysis was performed using the fol-696 

lowing filter terms: "signal transduction in response to DNA damage", "positive regulation of DNA repair", "[positive]/reg-697 

ulation of DNA repair", "[positive]/regulation of double-strand break repair", "double-strand break”, “interstrand cross-698 

link", "positive regulation of DNA break repair". Enrichment of selected terms was visualized through each cell type’s 699 

respective gene counts and p values associated with each GO term.  700 

Module enrichment analysis was performed using Seurat’s AddModuleScore function using default settings. Gene 701 
sets were derived from significant (adjusted p-value and q-value < 0.05) GO terms from the following populations: In-702 
terneuron migration module (migratory MGE-InhibN, biological process), GABA-ergic synapse (migratory MGE-InhibN, 703 
biological process), Interstrand crosslink repair (ICR, total MGE-InhibNs, biological process), Signal transduction in re-704 
sponse to DNA damage (migratory MGE-InhibN, biological process). Control vs 15q13.3del comparisons were per-705 
formed separately within each subset (migrated and stationary) using Wilcoxon rank-sum tests, and p-values were ad-706 
justed for multiple testing with the Benjamini–Hochberg method.  707 

Migration borders for spatially constrained DEG analysis (Visium HD) were constructed using the SPATA2 pack-708 
age83 (3.1.0) using the getSpatAnnIds function and a combination of MGE lineage markers (SST and NKX2-1) in addition 709 
to the location of annotated cell types (Extended Data Fig. 5g). A migration border was defined as a region that had low 710 
NKX2-1 expression and sparse (> 5 adjacent spots) localized MGEhttps://bioinfogp.cnb.csic.es/tools/venny/. Slices lack-711 
ing both dorsal and ventral markers—likely due to tilted sectioning that captured only one region—were excluded, as 712 
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they would not allow accurate quantification of migration across regions. Spatial annotations were added to the SPATA2 713 
object and annotated spatial barcodes were used to subset each tissue domain125125.   714 

 715 

Data and code availability 716 

scRNA and spatial transcriptomics data from organoid tissue will be made available through GEO upon 717 

publication. Second trimester fetal cortex data is available from the CoDex viewer 718 

(http://solo.bmap.ucla.edu/shiny/webapp/). This paper does not report original code, however, primary software 719 

packages used for analysis are listed in the reporting summary. Any additional information required to reanalyze 720 

the data reported in this paper is available from the lead contact upon reasonable request. 721 
 722 

Calcium imaging 723 
Different viral labelling strategies were used for each calcium imaging experiment. For studying pan-inhibitory 724 

neuronal activity, dorsal-ventral assembloids of 5-month-old were infected with pAAV-mDlx-GCaMP6f-Fishell-2 725 
(Addgene, 83899) at 1:100 dilution (Fig. 4a); for studying MGE neuronal activity, ventral organoids at d50 were infected 726 
with pAAV-mDlx-GCaMP6f-Fishell-2 (Addgene, 83899) at 1:500 dilution and fused with uninfected dorsal organoids (Fig. 727 
4d); for measuring excitatory neuronal activity, dorsal organoids were infected with 728 
pENN.AAV.CamKII.GCaMP6f.WPRE.SV40 (Addgene, 100834) at 1: 500 dilution and fused with uninfected ventral or-729 
ganoids (Fig. 6a). In the latter two scenarios, fusion of organoids was made after 5 days of viral infection. Viral infection 730 
was performed in low-attachment 24-well plates containing 1 organoid/assembloid per well for 24 hours. They were 731 
maintained in forebrain maintenance media for one week followed by Brainphys media (STEMCELL Technologies, 732 
08605) for 2-3 weeks. On the day of imaging, the infected organoids or assembloids were transferred to a 24-well glass 733 
bottom plate (Cellvis, P24-1.5H-N) containing Brainphys media and kept at 37 ℃, 5% CO2. Imaging pan-inhibitory neu-734 

ronal activity was performed using a confocal microscope with Airyscan (Zeiss, LSM 880) under 10 × objective with a 735 
field of view (FOVs) 425 μm x 425 μm at an acquisition rate of 5 frame per second. Imaging MGE and excitatory neuronal 736 
activity was performed using a Leica STELLARIS confocal microscope under 10 × objective at an image size of 582 μm 737 
x 582 μm and 7.55 frame per second. Spontaneous calcium activity was recorded for 5 minutes. 3 – 5 FOVs were 738 
recorded in every sample. Bath application of a calcium chelator BAPTA (Thermo Fisher Scientific, B1205) at 30 μM 739 
and of a voltage-gated sodium-channel antagonist TTX (Tocris, 1078) at 0.5 μM for 20 minutes was performed sepa-740 
rately followed by recording of calcium activity for 5 minutes. 741 

Calcium imaging analysis 742 
The analysis of calcium imaging videos was carried out using Matlab as described previously74. ImageJ was first 743 

used to convert time-lapse images of each FOV per sample to binary images (tiff format), which were then processed 744 
by the Matlab script to produce a Maximum Intensity Projection (MIP). Within the MIP, active neurons were selected as 745 
regions of interest (ROI), and raw calcium traces were plotted by quantifying changes in fluorescence intensity within 746 
ROIs over the recording duration. To determine the network activity of each organoid/assembloid, the level of synchro-747 
nicity of the active neurons within one FOV was measured and represented by the frequency and amplitude of synchro-748 
nous peaks. By calculating the average intensity of all ROIs in one FOV for spike detection and deconvolution, synchro-749 
nous peaks were identified based on a threshold determined by predefined percentile (mean + 1.5 standard deviation). 750 
Synchronized frequency was calculated as the number of detected synchronized peaks in one minute. Synchronized 751 
amplitude was calculated as the ratio of the increase in fluorescence (ΔF) normalized to the baseline (F0), ΔF/F0, of the 752 
synchronized peaks. Single-neuron dynamics was defined as single-neuron frequency (the total number of detected 753 
peaks in one minute) and amplitude (the mean value of ΔF/F0 from all detected peaks) in individual calcium traces.  754 

Monosynaptic Retrograde Viral Tracing 755 
Monosynaptic retrograde viral tracing was achieved by using glycoprotein (G)-deleted rabies virus (RABV-756 

EnvA-∆G-GFP-F2, Neurophotonics Centre, University of Laval) and a helper AAV (AAV-CMV-TVA-mCherry-2A-oG or 757 
AAV-hDLx-TVA-mcherry-2A-oG, Neurophotonics Centre, University of Laval) that carries the G protein and TVA recep-758 
tor which are required for transsynaptic retrograde labeling with the rabies virus. This is a two-part system where the 759 
first helper AAV infection delivers the EnVA receptor (TVA) and G protein into cells (“starter cells”), and only TVA-760 
expressing starter cells can be infected by the second EnvA-pseudotyped, G-deleted rabies virus, producing live rabies 761 
virus coated with G protein which retrogradely crosses at synapses via G protein/G protein receptor signaling126 and 762 
labels neurons forming synapses (presynaptic) onto the starter cells (postsynaptic)69. Once in the first order neurons, 763 
the G-deleted rabies virus cannot infect any subsequent neurons due to lack of G protein supply in the first order 764 
neurons, thus making it is mono-synaptically restricted69. Each assembloid was infected with the CMV helper AAV at 765 
1:1000 dilution or the hDLx helper AAV at 1:500 dilution in low-attachment 24-well plates for 24 hours. After 3 weeks, 766 
the assembloids pre-infected with the helper AAV were infected with the rabies virus at the same viral dilution of the 767 
respective helper AAV overnight and were maintained for 1 more week. To show the rabies virus infection is dependent 768 
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on the helper AAV, a subset of assembloids were infected with the rabies virus only as a control experiment. The double-769 
infected assembloids were then fixed in 4% PFA and cleared by the CUBIC method as described above. Whole-tissue 770 
light sheet imaging was performed under 4× objective in z-stack. The acquired images were analyzed using IMARIS 771 
10.0, and spot analysis was used to quantify the number of mCherry positive cells, GFP positive cells representing pre-772 
synaptic neurons, and GFP and mCherry double-positive cells representing starter cells/post-synaptic neurons that 773 
receive projection from GFP positive cells. A connectivity ratio between the number of GFP positive cells and the number 774 
of double-positive cells in the whole assembloid was calculated, as described previously70. 775 
 776 

COMET Assay 777 
The neutral comet assay was performed using an adapted protocol from the Abcam comet assay kit (ab238544). 778 

Briefly, day 100 ventral organoid tissue was minced into small pieces using a sterile razor blade in 1 mL of ice-cold PBS 779 
containing 20 mM EDTA. This suspension was transferred to a 15 mL conical tube, where the supernatant was collected 780 
and centrifuged at 300 g for 7 minutes. Cells were resuspended at 1x106 cells/mL in ice-cold PBS, which were then 781 
combined with melted comet agarose at 1/5 ratio (v/v). After triturating, 75 µl cell-agarose solution was immediately 782 
transferred onto the top of the comet agarose base layer on a 3-well slide. The cell-agarose solution was solidified at 783 
4°C for 15 minutes followed by being transferred into lysis buffer for 60 minutes and finally transferred into alkaline 784 
solution for 30 minutes. All incubations were performed at 4°C using pre-chilled solutions. The slides were then placed 785 
inside an electrophoresis chamber filled with TBE solution, and an electric field of 3 volts/cm was applied for 15 minutes. 786 
Slides were washed 3x with chilled distilled water and 1x with chilled 70% ethanol for 5 minutes. Slides were air dried 787 
and then incubated with 100 µl per chamber of Vista Green DNA dye (1:10,000 dilution) for 15 minutes. Once dry, slides 788 
were imaged using a confocal microscope under a 10× objective lens. 789 
 790 

Statistical Analysis  791 
Statistical analyses of bulk and scRNA Seq data were performed by DESeq2, Seurat, CellChat, and Monocle3. 792 

Differential gene expression analysis was performed using the Wilcoxon rank sum test. All statistical analyses were 793 
performed on the R (version 4.4.0) software or GraphPad Prism (Version 8.0.0). For non-transcriptomic analyses in 794 
organoid experiments, a nested (hierarchical) mixed model was performed using the lme4 (v1.1-35.1) and lmerTest 795 
(v3.1-3) R packages. Briefly, the normality of the data was assessed using Shapiro-Wilk test with p > 0.05 considered 796 
normal distribution – a linear mixed model was used for data analysis if the data were normal; a generalized linear mixed 797 
model was used if the data were not normal. In all the analyses, experimental conditions (e.g. genotypes) were deter-798 
mined as fixed effects (independent variables), and families of control and 15q13.3del were determined as random 799 
effects to account for variability between different families. Differences between more than 2 groups were analyzed 800 
using a one-way ANOVA with a post-hoc Tukey correction for multiple comparisons between every two groups. The 801 
only exception was when testing distributions, where we applied a Kolmogorov-Smirnov test instead. For statistical 802 
analysis in mouse experiments, GraphPad Prism (Version 8.0.0) was used, and Shapiro-Wilk test was used for normality 803 
test followed by an unpaired two-tailed Student’s t-test for normally distributed datasets or a Mann-Whitney-U test for 804 
non-normally distributed datasets. p-values below 0.05 were considered statistically significant in this research. All error 805 
bars represent mean ± S.E.M. unless otherwise stated.  806 
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