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Supplementary Fig. 1. Establishment of RFX4KO hESC line. (A) Schematic illustration of the procedures for establishment of RFX4KO hESC line. hESCs were transduced with lentiviral particles encoding U6-driven RFX4 gRNA and CAG-driven Cas9-P2A-GFP (RFX4-Cas9). Single-cell suspensions were plated onto feeder layer. After expansion, individual GFP+ colonies were manually selected, and further expanded to establish the RFX4KO hESC line. U6, human U6 small nuclear RNA promoter; CAG, CMV early enhancer/chicken β-actin. (B) Representative bright-field and fluorescence images of WT and RFX4KO hESCs. Scale bar, 200 μm. (C) RT-qPCR analysis of pluripotency markers OCT4, SOX2, and NANOG in WT and RFX4KO hESCs. Data are presented as mean ± S.D. (n=6). N.S., not significant. (D) Representative immunofluorescence images showing the expression of pluripotency markers OCT4, NANOG, TRA1-60, and SSEA4 in WT and RFX4KO hESCs. Scale bar, 200 μm. 
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Supplementary Fig. 2. Differentiation of WT and RFX4KO hESCs into cortical neurons. (A) Schematic illustration of the procedures for differentiation of WT and RFX4KO hESCs into cortical neurons. (B) Representative immunofluorescence images showing the expression of the neuronal markers TUJ1, MAP2, and DCX in WT and RFX4KO hESC-derived neurons. Scale bar, 200 μm. (C) RT-qPCR analysis of RFX4 expression in WT and RFX4KO hESC-derived neurons. (n=3). ****p< 0.0001.  
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Supplementary Fig. 3. Generation of hESC-derived cortical organoids (COs). (A) Schematic illustration of the procedures for COs generation and the timing of CHIR99021 treatment. (B) Representative bright-field images showing the temporal changes in the morphology and size of WT COs (top), RFX4KO COs (middle), and CHIR99021-treated RFX4KO COs (bottom) at days 7, 10, 15, and 30. Scale bar, 500 μm.
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Supplementary Fig. 4. Single-cell RNA sequencing annotation of hESC-derived COs. (A) UMAP visualization of integrated scRNA-seq data from WT and RFX4KO COs at day 15, colored by unsupervised clustering. (B) Feature plots showing module scores for the annotated cell type signatures. (C) Stacked violin plot showing the expression of canonical marker genes across the five annotated cell populations. (D) Feature plots showing the expression of representative marker genes for each cell population. MKI67 and TOP2A (Cycling Progenitor); SOX2 and PAX6 (Neural Progenitor); DCX and MAP2 (Early Neuron); SLC17A6 and NEUROD1 (Excitatory Neuron); GAD1 and GAD2 (Inhibitory Neuron).

[image: ]
Supplementary Fig. 5. Expression of dorsal telencephalic markers in WT and RFX4KO COs. Immunohistochemistry for PAX6, EMX1, TBR2, VGLUT2, CTIP2, and SATB2 in WT and RFX4KO COs at different time points (day 30 and 70). Scale bar, 100 μm. (K) RT-qPCR analysis of dorsal telencephalic markers EMX1, TBR2, SLC17S6, and SATB2 in WT and RFX4KO COs. Data are represented as mean ± S.D. (n=6). ****p< 0.0001.
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Supplementary Fig. 6. Representative extracellular recordings from WT and RFX4KO COs. Representative neural recordings obtained from three independent WT COs and three independent RFX4KO COs across six recording channels (E1–E6).



[image: ]
Supplementary Fig. 7. Expression of WNT family genes in WT and RFX4 KO neural progenitor cells (NPCs). TPM expression values of WNT1, WNT2B, WNT3, WNT3A, WNT4, WNT5A, WNT7A, WNT7B, and WNT8B in WT (NPC_control) and RFX4KO (NPC_RFX4KO) NPCs. n = 3 biological replicates per group. The table below shows the TPM values for each biological replicate.
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Supplementary Fig. 8. RFX4 ChIP-seq signal at WNT family gene loci. Genome browser tracks showing RFX4 ChIP-seq signal at the WNT1, WNT2B, WNT3, WNT5A, WNT7A, WNT7B, and WNT8B loci in RFX4-overexpressing hESCs. Arrows indicate the transcription start site (TSSs).
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Supplementary Fig. 9. Effect of WAY316606, a SFRP1 inhibitor, on RFX4KO COs. (A) Immunohistochemistry for DLX1 and GAD1/2 in RFX4KO COs treated with DMSO (left) or WAY316606 (right) at day 30. Scale bar, 100 μm. (B) RT-qPCR analysis of ventral telencephlic markers (DLX1, DLX2, GAD1, GAD2, and GAT1) in RFX4KO COs treated with DMSO or WAY316606. Data are presented as mean ± S.D. (n=6). ****p< 0.0001. (C) Representative bright-field images showing the morphology and size of RFX4KO COs treated with DMSO or WAY316606. Scale bar, 500 μm. (D) Quantification of CO diameter at day 30 Diameters of RFX4KO COs treated with DMSO or WAY316606 were measured. Data are presented as mean ± S.D. (n=10).

Supplementary Table 1: List of Primary Antibodies
	Antibody
	Dilution
	Source
	Vendor, Cat. Number

	Anti-SOX2
	1:400
	Rabbit
	Cell Signaling Technology, #3579S

	Anti-SOX2
	1:1000
	Mouse
	Proteintech, #66411-1-Ig

	Anti-RFX4
	1:100
	Rabbit
	NOVUS, #NBP2-48967

	Anti-TUJ1
	1:200
	Rabbit
	Cell Signaling Technology, #5666S

	Anti-TUJ1
	1:200
	Mouse
	R&D systems, #MAB1195

	Anti-DCX
	1:200
	Rabbit
	Cell Signaling Technology, #4604S

	Anti-MAP2
	1:400
	Rabbit
	Biolegend, #840601

	Anti-Nestin
	1:200
	Mouse
	Biolegend, #656802

	Anti-NKX2-1
	1:200
	Rabbit
	ABclonal, #A22248

	Anti-DLX1
	1:200
	Rabbit
	Cell Signaling Technology, #96585T

	Anti-GAD1/2
	1:100
	Mouse
	Santa Cruz, #sc-365180

	Anti-GABA
	1:500
	Rabbit
	GeneTex, #GTX125988

	Anti-TBR2
	1:200
	Rabbit
	Abcam, #ab23345

	Anti-EMX1
	1:200
	Rabbit
	NOVUS, #NBP1-86500

	Anti-PAX6
	1:500
	Rabbit
	Biolegend, #901301

	Anti-VGluT2
	1:200
	Rabbit
	Cell Signaling Technology, #16066T

	Anti-SATB2
	1:100
	Mouse
	Santa Cruz, #sc-81376

	Anti-CTIP2
	1:400
	Rabbit
	MedChemExpress, #HY-P80095

	Anti-FOXG1
	1:200
	Rabbit
	Cell Signaling Technology, #29642T

	Anti-Ki67
	1:200
	Rabbit
	ABclonal, #A20018

	Anti-OCT4
	1:200
	Mouse
	Santa Cruz, #sc-5279

	Anti-NANOG
	1:200
	Rabbit
	Cell Signaling Technology, #3580S

	Anti-TRA1-60
	1:200
	Mouse
	Santa Cruz, #sc-21705

	Anti-SSEA4
	1:200
	Mouse
	Santa Cruz, #sc-21704





Supplementary Table 2: List of Secondary Antibodies
	Antibody
	Dilution
	Vendor, Cat. Number

	Goat anti-mouse IgG, FSD™ 488
	1:500
	BioActs, # RSA1145

	Goat anti-rabbit IgG, FSD™ 488
	1:500
	BioActs, # RSA1245

	Goat anti-mouse IgG, FSD™ 594
	1:500
	BioActs, # RSA1195

	Goat anti-rabbit IgG, FSD™ 594
	1:500
	BioActs, # RSA1295






Supplementary Table 3: List of RT-qPCR Primers
	Target
	Sequence

	RFX4 Fw
	CGAGTCCTACATTGAGTGGCTG

	RFX4 Rv
	GTGCCGAAACAGGACCACATCA

	OCT4 Fw
	CCTGAAGCAGAAGAGGATCACC

	OCT4 Rv
	AAAGCGGCAGATGGTCGTTTGG

	NANOG Fw
	CTCCAACATCCTGAACCTCAGC

	NANOG Rv
	CGTCACACCATTGCTATTCTTCG

	SOX2 Fw
	GCTACAGCATGATGCAGGACCA

	SOX2 Rv
	TCTGCGAGCTGGTCATGGAGTT

	TUJ1 Fw
	TCAGCGTCTACTACAACGAGGC

	TUJ1 Rv
	GCCTGAAGAGATGTCCAAAGGC

	MAP2 Fw
	AGGCTGTAGCAGTCCTGAAAGG

	MAP2 Rv
	CTTCCTCCACTGTGACAGTCTG

	DCX Fw
	TATGCGCCGAAGCAAGTCTCCA

	DCX Rv
	CATCCAAGGACAGAGGCAGGTA

	DLX1 Fw
	CATCAGTTCGGTGCAGTCCTAC

	DLX1 Rv
	CCTTGCCATTGAAGCGCACTTC

	DLX2 Fw
	TACTCCGCCAAGAGCAGCTATG

	DLX2 Rv
	CGAATTTCAGGCTCAAGGTCCTC

	GAD1 Fw
	GCGGACCCCAATACCACTAAC

	GAD1 Rv
	CACAAGGCGACTCTTCTCTTC

	GAD2 Fw
	CTACGCGTTTCTCCATGCAA

	GAD2 Rv
	GCCAAAGTGGGCCTTTCTC

	GAT1 Fw
	TGCCGTGGAAACAGTGCGACAACCC

	GAT1 Rv
	TGCATGTTGCGCTCCCAGAACTCCACC

	WNT2B Fw
	TGGATGCCAAGGAGAAGAGGCT

	WNT2B Rv
	GTACAGGAACCACTCACGCCAT

	WNT3A Fw
	ATGAACCGCCACAACAACGAGG

	WNT3A Rv
	GTCCTTGAGGAAGTCACCGATG

	WNT4 Fw
	GCTGGAGAAGTGCGGCTGTGA

	WNT4 Rv
	CCACAAACGACTGTGAGAAGGC

	WNT7B Fw
	AGAAGACCGTCTTCGGGCAAGA

	WNT7B Rv
	AGTTGCTCAGGTTCCCTTGGCT

	FOXG1 Fw
	AGAAGAACGGCAAGTACGAGA

	FOXG1 Rv
	TGTTGAGGGACAGATTGTGGC

	TBR2 Fw
	AAATGGGTGACCTGTGGCAAAGC

	TBR2 Rv
	CTCCTGTCTCATCCAGTGGGAA

	VGluT2 Fw
	GAGAGGAGTAGACTGGCAACCA

	VGluT2 Rv
	CTGAAGACCAGCCAGTGTACTG

	EMX1 Fw
	GCCTTCGAGAAGAACCACTACG

	EMX1 Rv
	CGGTTCTGGAACCACACCTTCA

	SATB2 Fw
	GCAGTTGGACGGCTCTCTT

	SATB2 Rv
	CACCTTCCCAGCTTGATTATTCC

	GAPDH Fw
	CTCCACGACGTACTCAGCG

	GAPDH Rv
	TGTTGCCATCAATGACCCCTT
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Expression pattern comparing WT NPCs and RFX4KO NPCs [PMID: 38386071]

180
160
140
120
100
80
60
40
20

TPM

oM

WNT1 WNT2B WNT3
-
" 10 ==
e : . .
:
i i
-
30 “
:
n n
NPC_control NPC_RFX4KO NPC_control NPC_RFX4KO NPC_control NPC_RFX4KO
WNT3A WNT4 WNT5A
= 70 ——
= %
:
=
.
s —
)
n D
WNT7A WNT7B WNT8B
120 — 300
D -
H H
T oe " oso
L] =
=
u 0
Symbol NPC_WT_1 NPC_WT_2 NPC_WT_3 NPC_RFX4KO_1 | NPC_RFX4KO_2 | NPC_RFX4KO_3
WNT1 120.4996| 107.5622| 122.7391 172.7599 157.7627| 175.4245|
WNT2B 87.97885| 91.16097| 87.7258| 6.692591) 6.25816| 5.906913|
WNT3 9.10314 7.428286) 9.097856| 10.1623| 9.819506] 10.47432|
WNT3A 14.5506| 13.9957| 13.79666/ 10.51245| 10.28525| 10.76792|
WNT4 70.9985: 64.96702| 67.41841 48.82668| 46.09947| 48.06745|
WNTSA 21.97329| 22.73832 22.17395| 6.501033| 7.129934| 6.960352]
WNT7A 0.382151] 0.347913| 0.053062| 0.24544) 0.078885| 0.085052f
WNT78 124.3139 123.0024 129.4551 27.58939 25.01951 24.71968|
WNT8B 284.9625| 260.5751 286.7234| 18.5785| 21.78786) 21.91916¢|





image8.jpeg
WNT1 (Low signal)

02

RFX4 ChIP-seq of RFX4 overexpressed hESC (GSE216477)

4
HEN B PEEY I Y AR P TR WP AP N N S ST S
[0-20

WNT2B (No distinct signal in TSS)

e

e i e B
WNT3 (No distinct signal in TSS)
=] rg
it st s, u dosnd bl e n VT WPV )
WNTS. B
WNTB5A (No distinct signal in TSS)
=
WIS s b o e Db POV T ¥ PO PN VTN PO F Y ROV PTTIVT WPRPR ATy T A
e s e e aras -
s
WNTT7A (No distinct signal in TSS)
n-l‘l.I e " had il i b1l oy " FFRTPPRNT) Lu-{
e L A o e S
WNT7B (No distinct signal in TSS)
st et n : A P LY Aoy 7
WNT8B 4No distinct signal in TSS)
AT SR e sl wahiiben b st ik N il "





image9.jpeg
JF "%,
2] p

'3
O, T4 g
@ @\0 4 2
3 @ e a2 2 (wrl) sOQ Jo Jajewelqg
2 (sBueyo pjo)
£ 93] UoIssaldXe YNYW £ 1 yD o
9 F< g
JP T %, ﬂ
2 0 = L 37 <
ul bo, S, s Qo, T4, >
o %7 A %7 £ ‘
) Amm.,._m% Emn: ° " (sbueyo plo) |
jons] uoissaidxa YNYW ZXTd [ono| uoisseudxs YNYW /4 a9
L F ﬂ
[ %, J 7 %, 2
L o & Loy Loy, T, g
] F &
%7 1 % K
N Ammﬂ._ms um“_u ° ) amﬂ_ms piod) _
[ons] uoissaidxe YNYW LXT [ens] uoissaudxa YNYW 77409 SO0 OAPX4d





image1.jpeg
RFX4-Cas9
lentiviral transfection

A

RFX4KO hESCs

WT hESC

gRNA

Single GFP+ cell
~derived colony

Single GFP+ cells
on feeder

Cas9

¥100

pm=~£m=m

09-1vdL [AESH

OONVN

(8]

s
L]

=y Reg
—

WT RFXKO

8 . |
(aBueyo pios)
[oA3] uoissaudxa YNYW OONYN

2
1.0
8
&

NS.
—
e Emy
—
WT RFX4KO

(aBueyo pjos)
ons) uoissaidxa YNYHW ZX0S

N.S.

| S
P -
-
WT RFX4KO

2
1.0

@ @ %
s

(aBueyo pios)
ons) uoissaidxa YNYHW £100




image2.jpeg
&

» &\“
& S
oy o
D4 0 1 13 19 25
I 1 1 1 ! 1
I T T T T T
Neural maturation medium

Neural induction medium

Neural induction medium
w/ LDN, SB, XAV

mTesR medium

hESC culture

RFX4 KO

Neuronal differentiation

(@)

o 15
]
2 -
gﬁ
<5
F=
EU? 0.5-
s<
w
o0
& O
S v




image3.jpeg
formation
(9000 cells/ a well of 96 well plate) Culture on the shaker (100 rpm) Culture on the shaker (100 rpm)
D+0 10 15 18
L L L L
T T T T
KSR basal medium Cortical patterning medium Differentiation medium
w/ LDN193189, SB431542, XAV939 ————— w/ BDNF, ascorbic acid
CHIR99021 treatment
on RFX4KO COs
B D+10 D+30

WT

RFX4KO

.
fwe
®

RFX4KO
(CHIR99021 treated)





image4.jpeg
B

Cycling Progenitor Neural Progenitor Early Neuron

P

Excitatory Neuron

3 X
/‘Zj«} =
& o o

000 00

Cc . D Cycling Progenitor Neural Progenitor

P ﬁ (2 ¢ ki
-9

. UBE2C
: —— &
» NES b I:
; 2 W
| HEURODL, Early Neuron Excitatory Neuron

Paxs
w T I ToRL

Expression Level

MKI67 mKis7 Top2a soxz
pex oo
MAP2 -
- | GAPa3 o
GADL stc1zas NEURODL
- GAD2
nl | | sLcazal
= bLx2
: bLX1

@ | |

SN S S e
& S & &
& & & & &
$ ¥ ¥
OGO RO
SR > &
S &

caDL caD2




