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Supplementary Figure S1. Additional data from the scRNAseq experiment performed on 6 
week organoids. Related to Figure 2. 
(A) Fraction of UBE3A reads from deleted exons relative to all exons confirming the deletion in 
H9UBE3A m-/p- organoids. Coverage computed for each exon of UBE3A for each genotype and 
replicate for all cells. ***p-value <0.001, one-tailed t-test. n = 3 replicates of 4-5 pooled organoids 
per genotype. Error bars are 95% confidence intervals. (B) UMAP of 6 week H9WT and H9UBE3A m-

/p- organoid cell cluster identities. RG: radial glia; IN: inhibitory-like neuron; EN: excitatory-like 
neuron; ChP: choroid plexus; IP: intermediate progenitor; Mes: Mesenchymal. (C) Cell type 
markers used to identify cell types. There were 15 broad cell types identified consisting of mainly 
radial glia (RG, e.g., PTPRZ1, GLI3, SLC1A31), intermediate progenitors (IP, e.g., ASCL12 
NHLH13,4), mesenchymal cells (e.g., COL3A1, COL1A25), choroid plexus (ChP, e.g., TRPM3, 
TTR6), RSPO+ cells (e.g., RSPO1/2/35) and neurons (e.g., MYT1L, DCX5). Proliferating RG or IP 
clusters contained the cell cycle markers (e.g., MKI67, TOP2A7). The neurons containing excitatory 
(e.g., SLC17A6, GRIA24,8) and inhibitory (e.g., GAD1/28,9) markers were labeled as excitatory-like 
(EN) and inhibitory-like (IN) neurons, respectively. 
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Supplementary Figure S2. Additional data regarding proliferation, apoptosis, senescence 
and corticogenesis. Related to Figure 4. 
Immunostaining of H9WT and H9UBE3A m-/p- organoids with proliferation (Ki-67, A), apoptosis 
(Caspase-3, B) and senescence (p16-Ink4a, C) markers. Scale bars = 500 μm. Flow cytometry plots 
of EdU labeled H9WT, H9UBE3A m-/p+ and H9UBE3A m-/p- embryoid bodies (D) and pluripotent stem cells 
(E). (F) Violin plots of TP53 and TERT expression levels for H9WT and H9UBE3A m-/p- organoids in 
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scRNAseq data. (G) RT-qPCR measurements of mRNA levels of TERT in H9WT, H9UBE3A m-/p+ and 
H9UBE3A m-/p- embryoid bodies normalized to TBP, relative to H9WT embryoid bodies. n.s. (not 
significant, p-value>0.05) via one-way ANOVA with Tukey-Kramer post hoc analysis, n = 3 
replicates of ~110 pooled embryoid bodies per genotype. Full tick mark indicates sample being 
compared to half tick mark samples. Error bars are 95% confidence intervals. (H) Immunostaining 
of H9WT, H9UBE3A m-/p+ and H9UBE3A m-/p- human cortical organoids with EMX1, MAP2 and SOX2. 
Scale bars = 500 μm. (I) GLI3 expression levels in H9WT and H9UBE3A m-/p- organoids in scRNAseq 
data. ***p-value<0.001, ****p-value<0.0001, n.s. (not significant, p-value>0.05). p-values were 
obtained from the DEG list. Please refer to Supplementary Data 1 to see the p-values. RG: radial 
glia; EN: excitatory-like neuron; IN: inhibitory-like neuron; ChP: choroid plexus; IP: intermediate 
progenitor; EN-CL: cortical layer-like neurons; Mes: mesenchymal; HSP: heat shock protein.  
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Supplementary Figure S3. Additional data from the scRNAseq experiment performed on 11 
week organoids. Related to Figure 5. 
UMAP of 11 week H9WT and H9UBE3A m-/p- organoid cell cluster identities. RG: radial glia; EN: 
excitatory-like neuron; IN: inhibitory-like neuron; ChP: choroid plexus; IP: intermediate 
progenitor; EN-CL: cortical layer-like neurons; Mes: mesenchymal; HSP: heat shock protein. (B) 
Cell type markers used to identify cell types. There were 18 cell types identified (excluding 1 
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unknown cell type) consisting of mainly radial glia (RG, e.g., PTPRZ1, GLI3, SLC1A31), 
neuron/intermediate progenitors (neuron/IPs, e.g., NHLH13,4), mesenchymal cells (e.g., COL3A1, 
COL1A25), choroid plexus (ChP, e.g., TRPM3, TTR6), RSPO+ cells (e.g., RSPO1/2/35) and 
neurons (e.g., MYT1L, DCX5). Proliferating RG or IP clusters contained the cell cycle markers 
(e.g., MKI67, TOP2A7). Neurons containing excitatory (e.g., SLC17A6, GRIA24,8) and inhibitory 
(e.g., GAD1/28,9) markers were labeled as excitatory-like (EN) and inhibitory-like (IN) neurons, 
respectively. Neurons with cortical layer neuron markers (e.g., FRMD4B, SATB2, PLXND1, 
TBR14,8,10–12) were labeled as EN-CL. Clusters containing heat shock proteins (e.g., HSP90AA1, 
HSP90AB1) as top cluster markers were labeled as RG-HSP and Neuron-HSP depending on their 
marker gene list. There was one cluster unknown with HSPs being the top gene markers 
(Unknown-HSP). Two small clusters were labeled as epithelial (e.g., KRT813, TJP114) and 
endothelial cells (e.g., FLT1, PECAM15). (C) Heatmap of some of the top differentially expressed 
genes between EN-CL and non EN-CL neurons (EN, IN, Neuron, Neuron/IP, Neuron-HSP). 
Differentially expressed markers were grouped by cellular function: synapse-related (SLC24A215–

19, LRRC720, ANKS1B21, PLXND122, SLC4A1023, LRRTM424, KCNQ525, GRIA316–19,26,27, GRIA128, 
DLGAP129, CACNA1E16–19,30, ABHD631,32, RIMS233–36, LIN7A37, EPHA538,39, SDK116–19,40–42, 
CAP243,44, CTTNBP245,46, FLRT216–19,47–49, DAB150–52, NBEA16–19,53–56), axon/dendrite 
development (LIN7A37, EPHA538,39, SDK116–19,40–42, CAP243,44, CTTNBP245,46, FLRT216–19,47–49, 
NELL257, NFIB58, MYO5B59, ARPP2160, EPHA761,62, NEO163, SHTN164–66, SRGAP167, SOX568, 
DAB150–52), cell migration/cortical layering (LIN7A37, FLRT216–19,47–49, NEO163, SHTN164–66, 
SRGAP167, SOX568, DAB150–52, AFF369, BCL11A70, ZBTB1871,72), golgi-related (ST3GAL116–19,73, 
NBEA16–19,53–56, COPG274), cell signaling (PDE1A16–19,53,75, TG76, GAREM116–19,77,78), cell 
differentiation (CHD779, ZFHX480), and other (PDGFC81,82, ADAMTS383, MLLT384, FRMD4B85, 
DACH186, PBX387). (D) Immunostaining of 11 week H9WT, H9UBE3A m-/p+ and H9UBE3A m-/p- 
organoids with CTIP2 and SATB2. Scale bars = 500 μm. (E) Immunostaining quantification for 
CTIP2 and SATB2 in 11 week H9WT, H9UBE3A m-/p+ and H9UBE3A m-/p- organoids. n.s. (not 
significant, p-value>0.05) via one-way ANOVA with Tukey-Kramer post hoc analysis, n ≥ 3 
organoids per genotype. Full tick mark indicates sample being compared to half tick mark 
samples. Error bars are 95% confidence intervals. 
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Supplementary Figure S4. Summary. Related to Figures 1 to 7. Summary of the main results 
(A), and summary tables for the pathways for (B) 6 week and (C) 11 week scRNAseq data. The 
pathways shown are representative pathways for each category. Please refer to Supplementary Data 
2 and 5 to see all the pathways. CH: Cellular Homeostasis, S: Senescence, T: Telomere-related, C: 
Circadian-related, CS: Cellular Stress, NA: Neuronal Activity. Figure S4A was created in 
https://BioRender.com. 
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Supplementary Figure S5. Pathways identified to be directly or indirectly targeted in 
mechanistic and inhibitor studies. Related Figure 8. (A) 6 week scRNAseq pathway analysis. 
The pathways were organized broadly into groups. Please refer to Supplementary Data 2 to see all 
the pathways. (B) 11 week scRNAseq pathway analysis. The pathways were organized broadly into 
groups. Please refer to Supplementary Data 5 to see all the pathways. (C) Rosette structure scoring 
for the organoids treated with the vehicle control (DMSO) and the selected inhibitors. n≥3 
organoids per condition with Adezmapimod 10µM being an exception with n=2. BAR: Baricitinib, 
ADE: Adezmapimod, Palpha: Pifithrin-α hydrobromide and Rapa: Rapamycin. Error bars are 95% 
confidence intervals. Error bars are not provided for samples with n<3. 
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Supplementary Figure S6. Additional data for the ChP morphology using Angelman 
Syndrome-patient derived cell lines. (A) Total fraction of 3 week old ASdel and ASmut whole brain 
organoids that have ChP morphology (fluid-filled cysts and sinuous). n = 3 independent organoid 
batches each with ≥ 9 organoids per genotype. (B) Total fraction of 5 week old whole brain 
organoids that have ChP morphology (fluid-filled cysts and sinuous). n=2 for ASmut and n=4 for 
ASdel independent organoid batches each with ≥ 12 organoids per genotype. ChP: choroid plexus. 
Error bars are 95% confidence intervals. Error bars are not provided for samples with n<3. 
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Supplementary Table S1. UBE3A expression in human ChP tissue database information. 
Database Developing or Adult Brain 

Allen Brain Atlas88 Adult brain 
Allen Brain Atlas88 Developing brain 

Human Protein Atlas89 Adult brain 
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Supplementary Table S2. Primary antibodies used in immunostaining experiments. 
Antigen Host Supplier Cat. No. RRID Dilution 
SOX2 Goat R&D Systems AF2018 AB_355110 1:20 

UBE3A Rabbit Bethyl 
Laboratories 

A300-351A AB_185563 1:250 

pVimentin Mouse MBL 
International 

D076-3S AB_592962 1:200 

MAP2 Mouse Millipore Sigma M1406 AB_477171 1:250 
MAP2 Chicken Abcam AB92434 AB_2138147 1:300 
TTR Sheep BIO-RAD AHP1837 AB_2212089 1:100 

EMX1 Rabbit Atlas 
Antibodies 

HPA006421 AB_1078739 1:50 

Ki-67 Rabbit Abcam AB15580 AB_443209 1:800 
Caspase-3 Rabbit R&D Systems AF835 AB_2243952 1:20 
p16INK4a Mouse Abcam AB54210 AB_881819 1:1000 

CTIP2 Rat Abcam AB18465 AB_2064130 1:100 
SATB2 Mouse Abcam AB51502 AB_882455 1:100 
GLI3 Goat R&D Systems AF3690 AB_2232499 1:200 
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Supplementary Table S3. Software package information. 
Name Version 

FlowJo Software90 v10.9.0 
Salmon91 v1.7.0 

Alevin-fry92 v0.5.0 
Seurat93 v4.0.4 

SCTransform94 v2 
Speckle95 V1.2.0 
zUMIs96 v2.9.4d 

Samtools97 v1.10 

 

   



 13 

Supplementary Data 1. Raw differential gene expression data related to Figure 3 (separate 
file). 

Supplementary Data 2. Qiagen Ingenuity Pathway Analysis canonical pathways for 6 week 
organoids. Related to Figure 3 (separate file). Differentially expressed genes with false 
discovery rate q < 0.05, log2 (FC) ≥|1| were used in this analysis. 

Supplementary Data 3. Raw differential gene expression data related to Figure 5 and 
Supplemental Figure S3C (separate file). 

Supplementary Data 4. Raw differential gene expression data related to Figure 6 (separate 
file). 

Supplementary Data 5. Qiagen Ingenuity Pathway Analysis canonical pathways for 11 week 
organoids. Related to Figure 6 (separate file). Differentially expressed genes with false 
discovery rate q < 0.05, log2 (FC) ≥|1| were used in this analysis. 

Supplementary Data 6. Raw data related to figures (separate file). 
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