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Figure S1. Generation of NANS-KO iPSC line without GFP expression.

(A) Schematic diagram of Cre recombinase-mediated deletion. Red star indicates an early stop
codon.

(B) Representative sequencing chromatograms of DNA from NANS-KO 1PSC line.

(C) NANS-KO iPSC line without GFP expression after Cre recombinase treatment. Scale bars:
75 pm.

NANS-KO



(D) Confocal imaging of WT and NANS-KO iPSC lines after staining with antibodies against
NANS. Scale bars: 75 pm.
(E) Western blot analyses of NANS expression in WT and NANS-KO iPSC lines.
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Figure S2. Representat

and NANS-KO cerebral organoids. n

22~38& cortical

structures (4~6 cortical structures per organoid) from 2 independent experiments at DIV

25. %P <0.01; ***P <0.001, Student’s ¢-test. Scale bar: 50 um.
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Figure S3. Representative images and quantification of WT and NANS-KO cerebral
organoids stained with Ki67 and TUNEL. n = 12~21 cortical structures (4~7 cortical
structures per organoid) from 1 independent experiment, *P < 0.05, ***P < 0.001,
Student’s ¢-test. Scale bar: 50 pum.
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Figure S4. Generation of HI-NANS-KO hESC line.

(A) Schematic diagram of the NANS knock-out strategy in H1 hESC line, and sanger
sequencing.

(B) Representative sequencing chromatograms of DNA from the H1-WT and H1-NANS-KO
hESC lines.

(C) Western blot analyses of NANS protein in H1-WT and H1-NANS-KO hESC lines.
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Figure S5. Reduced size and expansion of cerebral organoids in H1-NANS-KO cell line.

(A) Bright-field microscopy images of HI1-WT and H1-NANS-KO cerebral organoids at DIV 15,
25, and 35. Scale bar: 500 um.

(B) Quantification of cerebral organoid area. n = 14 organoids from 1 independent experiment.
*axP <0.001, two-way repeated-measure ANOVA followed by Bonferroni’s multiple
comparisons test.



(C) Confocal imaging H1-WT and H1-NANS-KO cerebral organoids at DIV 35 after staining
with antibodies against SOX2. Scale bars: 75 um.

(D) Quantification of the parameters in the neuroepithelial loops of HI-WT and H1-NANS-KO
cerebral organoids at DIV 35. n = 10 neuroepithelial loops (4~5 neuroepithelial loops per
organoid) from 1 independent experiment, *P < 0.05, **P <0.01, ***P <0.001
Student’s #-test.

(E) Representative images of HI-WT and HI-NANS-KO cerebral organoids at DIV 35 were
stained with Ki67" and TUNEL". Scale bar: 50 um.

(F) Quantification of the percentage of Ki67" and TUNEL" positive cells among the total cells in
the examined areas. n = 12 cortical structures (3~5 cortical structures per organoid) from
1 independent experiment, ***P < 0.001, Student’s #-test.



A PCA analysis (DIV 0)
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Figure S6. The PCA, heatmap, GO and KEGG enrichment analysis of DEGs in WT and
NANS-KO iPSCs.
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A PCA analysis (DIV15)
1 D15 NANS-K0_3
12
10
8
fs
2
g, piswia ©® D15NANS-KO
3 DISWT 3 DISWT
&
2 DISWT 2
. D15 NANS-KO_2
0
-6
s D15 NANS-KO_1
i [
-10
<12 -10 8 -6 8 10 12

4 2 0 2 4
PC1(32.36%)

Heatmap (D15 WT vs D15 NANS-KO)

WT NANS-KO

GO enrichment analysis (D15 WT vs D15 NANS-KO)

0.

C
Camera-type eye development 0 Padjust
Regulation of amine transport .
Central nervous system neuron differentiation .
Negative regulation of animal organ morphogenesis . 0000272
Inner ear morphogenesis o
Cell fate commitment ° Number
Peptidyl-tyrosine phosphorylation ) £ 8
Embryonic organ morphogenesis ° 2
Action potential . -2t
Regulation of striated muscle tissue development { @
006 008 0.1 012 014 016 018 02 022 024
Rich factor
GO enrichment analysis (upregulated DEGs on D15)
Animal organ morphogenesis "
Anatomical structure morphogenesis . Fedjust
Regulation of cell differentiation °
Regulation of developmental process [ 0000000121
Regulation of neuron differentiation .
Regulation of localization{ @ Niiibies
Multicellular organismal process { @ .20
Positive regulation of multicellular organismal process ° 28
Positive regulation of developmental process . @36
Regulation of neurogenesis . @4
0.0060.008 0.01 0.0120.0140.0160.018 0.02 0.0220.024 0.026
Rich factor
GO enrichment analysis (downregulated DEGs on D15)
Regulation of multicellular organismal process . P adjust
Regulation of developmental process . 5000130
Developmental process ° 20000100
Negative regulation of multicellular organismal process . 000000600
Anatomical structure development o 298985360
Positive regulation of biolo(?ical process ° Nioober
Regulation of multicellular organismal development . .19
Protein binding Y ®37
Regulation of cell differentiation . ®55
Negative regulation of developmental process o7

03 0.005 0.007 0.009 0.011 0.013

Rich factor
D : :
KEGG enrichment analysis (D15 WT vs D15 NANS-KO)

MAPK signaling pathway ° P adjust
PI3K-Akt 5|?nallng pathway|{ e 00400
Pathways in cancer| @ 00200
Neuroactive IigEand—receptor interaction . 0.0200
CM-receptor interaction . Kl

. Cell adhesion molecules (CAMs) . -
Signaling pathways regulating pluripotency of stem cells . Number

Melanoma . o4

cGMP-PKG signaling pathway o '

Nicotine addiction . @34

002 003 004 005 006 007 008 009 0.1
Rich Factor

KEGG enrichment analysis (upregulated DEGs on D15) P adjust

Regulation of actin cytoskeleton o I ¢
Focal adhesion ° i
N;meer
Axon guidance . =
o
001 0011 0,012 0013 0,014 0,015 0.016 0,017 0.018
Rich Factor

KEGG enrichment analysi

s (downregulated DEGs on D15)

- Ilireast c?]ncer . P ':J:;;S
signaling pathwa o !
AGE-RAGE signaling pathway in giabet?c con?p’ljication); . 8:8%5
Pathways in cancer| ® 0.001
Colorectal cancer . 2095
IL-17 signaling pathway . Number
Endocrine resistance . .6
MAPK signaling pathway ° o 11
ellular senescence . e ls
Basal cell carcinoma . °
0.04 005 006 007 008 009 0.1 011 012 0.13

Rich Factor

Figure S7. The PCA, heatmap, GO and KEGG enrichment analysis of DEGs in WT and
NANS-KO cerebral organoids at DIV 15.



A 3 PCA analysis (DIV25) C GO enrichment analysis (D25 WT vs D25 NANS- KO)
. Skeletal muscle cell differentiation Padjust
D25WT_2 Synaptic signaling .
10 Trans-synaptic signaling ° 0000420
s D25 NANS-KO_2 Response to hypoxia °
. Nervous system development °
g esponse to alcohol .
8.4 Pattern specification process{ e Number
= ¥ © D25 NANS-KO Central nervous system neuron differentiation . °19
N D25WT Second-messenger-mediated S|gnaI|n|g . o2
4 Response to oxygen levels ° @38
3 D25 NANS-K;JJ 0.04 0.05 0.06 0.07 0,0:i:%0é‘ggr 0.11 012 0.13 0.14
41 4 D25WT_1
© D GO enrichment analysis (upregulated DEGs on D25)
8 D25WT_3 - Regulation of postsynaptic membrane potential
o 8 6 4 2 0 5 4 & 8 10 12 Potassium ion transport . Padjust
PC1(32.14%) Response to alcohol .
Synaptic signaling .
B Trans-synaptic signaling . 0000310
Heatmap (D25 WT vs D25 NANS-KO) ell-cell signaling )
Monovalent inorganic cation transport{ e Number
Signaling{ e .9
Modulation of chemical synaptic transmission{ e o4
Inorganic cation transmembrane transport{ @ &
002 003 004 005 006 007 008 009 0.1
Rich factor
GO enrichment analysis (downregulated DEGs on D25)
Skeletal muscle cell differentiation
Dopaminergic neuron differentiation Padjust
Response to hypoxia .
System development . [Rp——
Response to decreased o; felgen levels . -
Neuron differentiation .
Pattern specification process . Number
Response to steroid hormone . oS
Animal organ development { @ : 32
Positive regulation of cell differentiation °
002 0,04 0,06 008 0.1 0.120.14 0,16 0.18 0.2 022024
Rich factor
D KEGG enrichment analy5|s (D25 WT vs D25 NANS-KO)
Neuroactive ligand- rece%tor interaction P adjust
enin secretion . o
b sianap coholism | o Igg;gg
C signaling pathway | o -
N%otme addiction o o500
Circadian entrainment .
Long-term depression . Number
Vascular smooth muscle contraction . o2
Morphine addiction . e17
Insulin secretion o o2
0.04 005 0.06 0.07 0,08 009 0.1 011 0.12 0.13 0.14 0.15
Rich Factor
KEGG enrichment analysis (upregulated DEGs on D25)
Neuroactive ligand-receptor interaction
Renin secretion . P adjust
Morphine addiction . 000500
Nicotine addiction 006300
Long-term depression . 090200
Clrcadl?n entrainment . oo
Salivary secretion .
Vascular smooth muscle contraction . -l
Glutamatergic synapse . (&4
cAMP signaling pathway | o 45
0.02 003 004 005 006 007 008 009 0.1 011 0.12
ich Factor
KEGG enrichment analysis (downregulated DEGs on D25)
WT NANS-KO Alcoholism o | Padjust
g,OO&OO
Systemic lupus erythematosus . Ig;gg%
0.00
MAPK signaling pathway{ e Nlﬂnher

0.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04 0.042 0.044
Rich Factor

Figure S8. The PCA, heatmap, GO and KEGG enrichment analysis of DEGs in WT and
NANS-KO cerebral organoids at DIV 25.



A PCA analysis (DIV 35)
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Figure S9. The PCA, heatmap, GO and KEGG enrichment analysis of DEGs in WT and
NANS-KO cerebral organoids at DIV 35.



DIVO DIV15 DIV25 DIV35 DIVO DIV15 DIV25 DIV35
— —

DCN l; CD44 l2
CD44 p ACTN2 1
COL23AT 0 COL5A3 0
COL5A3 l-‘ COL16A1 I-1
COL16AT 2 ICAM1 2
MMP2 SEMAS5A
ICAM1 FN1
MMP9 SPP1
CRISPLD2 PCDHBS
SERPINE1 TNN
COL1A1 CD93

. FN1 HRC

S SPP1 POSTN

8 MATN4 CLDN10

£ KDR GPNMB

) MATN3 THBS1

° POSTN EMILINT

£ THBS1 SIGLEC10

g . EMILINT ESAM

= ADAMTS14 CNTN5

E LUM g SLC7A11

S MMP14 g MERTK

£ ACAN £ ROBO4

X ITGAS5 L PGMS5
OLFML2B g ACAN
SPINT1 ITGAS
COL3A1 S100A11
COL24A1 IGFBP7
COL8A2 COL3A1
BGN ALCAM
MMP23B COL8A2
MMP1 CD34
ENSG00000235615 CDH5
PECAM1 CTNNA3

CNTN2

oL © o (8]

et et beant
Na Q N Q Ny Q N PEAR1

S o P P RELN

AJAP1

PCDHA1
ENSG00000235615
SCARF2
SIGLEC10-AS1
PECAM1

PCDH20
ENSG00000285608

S OL O 0L O
NSO RS RS
T T T

5
¥ QP

Figure S10. Gene expression heatmap of extracellular matrix organization and cell
adhesion at DIV 0, 15, 25, and 35

Q
S



A Profile #48(0.0,1.0,2.0,1.0,2.0,2.0,2.0,1.0) GO enrichment analysis (Cluster 1)
Calcium-dependent cell-cell adhesion via plasma membrane cell adhesion molecules .
ynapse organization .
Ciliary basal body-plasma membrane docking .
Membrane docking .
Synapse assembly .
Cilium assembly °
Organelle localization by membrane tethering . 000102
Pattern specification process .
Homophilic cell adhesion via plasma membrane adhesion molecules .
ilium organization °
Microtubule-based movement .
Emb?mnic morphogenesis °
Cell projection assembly °
Axon guidance .
Growth

Padjust

Number
.13

Cluster 1

ro .
Regulation of GTPase activity °
Organelle assembly | @
Neuron projection guidance .

Regulation of plasma membrane bounded cell projection organization{ ®
Regulation of nervous system

008 01 012014016018 02 022024026 028 03 032
Rich factor

GO enrichment analysis (Cluster 4)
Pattern specification process .
Limb h

Animal organ development 3
" . Padjust
Positive regulation of developmental process . 000217

Embryonic limb i . 000215
Embryonic a?penda e morphogenesis . 000214
Cellular developmental process
Regulation of developmental process
Multicellular organismal process
Positive regulation of macromolecule metabolic process
Positive Fegula_tion of cellular metlanolic process
o mal
Anatomical structure morphogenesis-{ . @ 130
Positive regulation of cellular process|{ ®
Developmental process|{ ®
°
°

S o o e Anatomical structure development-
f gﬁ’ fg f 5@: f fé g Positive ion of nitrogen c i pocess
&

pre
Positive regulation of biological process
001

Cluster 4

003004005006007008009 0.1 0.110.12
Rich factor

GO enrichment analysis (Cluster 7)

Extracellular matrix organization .
E,xtr%ellullar s(,ra:cture organization .
Dicarboxylic acid metabolic process .
) , nflammatory response . Padjust
Cellular divalent inorganic cation homeostasis .
B . Regulated exocytosis .
Cytoklne-medla‘ed slgn‘gjlng pathwa .
Regulation of ion transpor .
N ion homeostasis | @
Regulation of transmembrane transport .
rh]ﬁnlc.anlﬁn transport . .
Cellular g)n of{n?ff asis . o2
Re$ulatlon_of ody fluid levels . 3
egulation of cell adhesion . o pd
Metal ion transl.?o_rt . L
. Response to lipid
Iporgamc ion homeostasis
Carboxylic acid metabolic process
0sis

0000357

Cluster 7

Cellular chemical

°
0035 0045 0055 0065 0075 0085 0.095 0.105
Rich factor

Figure S11. GO enrichment analysis of genes in cluster 1, 4 and 7.
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Figure S12. Characterization of cerebral organoids from WT and NANS-KO.
Immunostaining of SOX2 (green), TUJ1 (red), CTIP2 (purple), and GFAP (green) in
cerebral organoids at DIV 63. The cell nuclei were stained with DAPI (blue). Scale bar: 50
pm.
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Figure S13. GO enrichment of glia (A), neuron (B), and oRGs (C) in cerebral organoids at
DIV 63.
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Figure S14. Violin plot and feature plots of BCL11B (CTIP2), TBR1, MAP2, FOXG1,
RPL13A, RPL12, RPS12, RPS11, and RPS20 in WT and NANS-KO cerebral organoids.
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Figure S15. Immunostaining of TBR2/NANS (A) and SOX2/NANS/CTIP2 (B) in cerebral
organoids at DIV 63. Cell nuclei were stained with DAPI (blue). Scale bar: 25 pm.
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Figure S16. Additional functional characterizations of NANS mutation impairs synapse
formation and neuronal network activity, related to Figure 6.

(A and B) NANS mutation impairs synapse formation in NANS-KO organoids. Representative
images (A) and quantification (B) of SYN17/PSD95" puncta density in WT and NANS-
KO cerebral organoids at DIV 63. n = 14~15 cortical structures (3~5 cortical structures
per organoid) from 2 independent experiments, **P < 0.01, Student’s t-test. Scale bar: 10
pm.

(C) Representative spike raster plots of WT and NANS-KO-derived cortical neurons.

(D) MEA analysis reveals a reduction in the mean firing rate and the total number of spikes and
bursts in NANS-KO neurons. n = 12 MEA wells per genotype from 1 independent
experiment, *P < 0.05, Student’s t-test.
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Figure S17. Generation and characterization of the Nans*" mice.

(A) Schematic diagram of the Nans"~ targeting strategy in mice.

(B) PCR screening of Nans in mice.

(C) Representative sequencing chromatograms of DNA from the Nans*~ mice, showing the
13745bp deletion in Nans*" mice.



Other Supplementary Materials for this manuscript include the following:

Supplementary Table S1. Biomarkers for neuronal cells.

Supplementary Table S2. RNA-seq - Differentially expressed genes in WT and NANS-KO
cerebral organoids at DIV 0, 15, 25, and 35. Related to Figure 3.

Supplementary Table S3. Time-series clustering of the genes based on gene expression
profile changes was conducted using the STEM software. Related to Figure 3

Supplementary Movie S1. Live imaging of WT migrating cortical neurons.
Supplementary Movie S2. Live imaging of NANK-KO migrating cortical neurons.
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