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Fig. S1. Qualification of ATAC-seq data. (A) Quality control of transcription starting site (TSS)
enrichment score of all samples in ATAC-seq data. Red curve indicates the average score for all
data. (B) Quality control of fragment length distribution of all mapped reads in ATAC-seq data.
Red curve indicates the average distribution for all data. (C) Scatter plots comparing the ATAC-
seq signal between replicate samples in human retinae and ROs. The Pearson correlation
coefficients are shown. (D and E) Immunostaining of NR2E3 (red) in human retinae (D) and

ROs (E). Nuclei were stained with DAPI. NBL, neuroblastic layer; ONL, outer nuclear layer;
INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar, 20 um. (F) Chromatin accessibility
analysis of human retinal and RO development visualized by UMAP with all the ATAC-seq data.
Relevant developmental stages are labeled with distinct colors as Fig. 1A. (G and H) Normalized
epigenetic and expression profiles at NR2E3 loci during human retinal development (G) and RO

differentiation (H). All signals were obtained from the UCSC genome browser.
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Fig. S2. Analysis of differential chromatin elements and RNA-seq data in developing
human retina and ROs. (A) Significant GO terms enriched in C1 cluster peaks using GREAT
v3.0.0. The number of genes enriched in GO terms is shown in the parenthesis. (B) Significant
GO terms enriched in C2 cluster peaks using GREAT v3.0.0. The number of genes enriched in
GO terms is shown in the parenthesis. (C) Heatmap of 8,311 differentially expressed genes
during human retinal development and RO differentiation. Each column is a sample and each
row is a gene. Color scale shows relative gene expression levels. GO terms of each cluster are
shown on the right with the number of enriched genes and p values (Number of genes/p value).
(D to G) Violin plot representing expression level of genes closest to the top 1,000 peaks in C1
(D), C2 (E), C4 (F) and C5 (G) during RO differentiation showing a variable but positive
correlation between chromatin accessibility and gene expression. GREAT was used to annotate
peaks to genes. Statistical significance was analyzed with one-way ANOVA, ***p < 0.001,

w3k < 0.0001.
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Fig. S3. Epigenetic and expression profiles of retinal cell type markers during retinal
development stages. (A to G) Normalized epigenetic and expression profiles of different retinal
cell type markers including PAXG6 for retinal progenitor cells (A), GNAT1 for rods (B), GNGT2
for cones (C), GLUL for maller cells (D), PROX1 for horizontal cells (E), TFAP2A for amacrine
cells (F) and VSX1 for bipolar cells (G) were shown. All signals were obtained from the UCSC
genome browser. Here we chose human GW6, GW10 and GW24 to represent the early, middle
and late stages in epigenetic profiles and human GW7, GW10 and GW20 to represent the early,
middle and late stages in expression profiles. In RO samples, we chose w6, w15 and w23 to
represent the early, middle and late stages in both epigenetic and expression profiles. HR, human

retinae; RO, retinal organoids.
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Fig. S4. Identification of putative TFs involved in retinal differentiation. (A and B) Top ten
TF motifs enriched in C1 (A) and C2 (B) cluster peaks, with enrichment p values estimated from
HOMER v4.8. (C) Heatmaps of expression profiles of genes predicted to be regulated by ASCL1,
CRX, NFIB, and THRA. Unsupervised hierarchical clustering was performed. Significant GO
terms enriched in up- and down-regulated genes are shown on the right with the number of
enriched genes and p values (Number of genes/p value). (D) Visualization of ATAC-seq
footprint for motifs ASCL1, CRX, NFIB, and THRA in ROs at five developmental stages.
ATAC-seq signals across all motif binding sites in the C4 and C5 genome regions were aligned

on the motif and averaged.
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Fig. S5. Functional assay of THRA and NFIB using RO electroporation. (A) gRT-PCR
analysis of the target gene expression level after CRX knockdown (n = 4). Data are means +
SEM. (B) Normalized expression profiles at CRX loci between Control and CRX_OE groups.
All signals were obtained from the UCSC genome browser. (C) Plot representing differentially
expressed genes between Control and CRX_OE groups. Significantly up- and down-regulated
genes (fold-change > 1.5) are highlighted in red and blue, respectively. (D and E) Significant GO
terms enriched in down- (D) and up- (E) regulated genes, respectively, in CRX_OE experiment.
The number of genes enriched in GO terms is shown in the parenthesis. (F) Normalized
expression profiles at NFIB loci between Control and NFIB_KD groups. All signals were
obtained from the UCSC genome browser.

(G) gRT-PCR analysis of expression levels of genes after knockdown of THRA (n =5). Data are
means = SEM. All statistics by two-tailed Student’s t-test; ns, not significant; *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.
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Fig. S6. NFIB-regulated signaling pathways in retinal development. (A) Significant
pathways and functions enriched in down- and up-regulated genes respectively, in NFIB_KD
experiment. The result was analyzed with IPA analysis. (B) Dot plot showing the potential of
genes that may be regulated by NFIB. Each dot represents a different gene. (C and D)
Normalized epigenetic profiles at PROM1 (C) and NR2E3 (D) loci during RO differentiation.
NFIB motif occupying at PROM1 (C) and NR2E3 (D) loci, respectively. All signals were

obtained from the UCSC genome browser.
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Fig. S7. Transcriptional regulatory network during human retinal and RO development.
(A to D) Cis-regulatory networks of TFs in GW6 (A), GW10 (B), w6 (C), and w10 (D). Circle
groups from inner to outer represent different time points. Arrow on edge from node X to node Y
indicates that TF-X regulates TF-Y by binding to the promoter site of the latter. Size of each node
indicates TF enrichment and color of each node indicates TF expression levels in that stage.
Connection types indicate Pearson correlation between gene expression profiles of connected
TFs. (E to H) Ranking of the connection score in human GW6 (E), GW10 (G) and RO w6 (F),
w10 (H) networks. The connection score of each node in the network is calculated as its edge

counts multiplied by the standard deviation of its expression.
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Fig. S8. Comparative analyses of human and murine epigenetic data during retinal
development. (A) Heatmap of differentially regulatory elements during murine retinal
development from DHS-seq data. Each column is a sample and each row is a peak region. Color
scale shows relative peak intensity levels. GO terms of each cluster are shown on the right with
the number of enriched genes and p values (Number of genes/p value). (B) The ratio of
overlapped gene between human and murine retinal development in distinct clusters. We chose
the top 500 peaks in each cluster, and applied GREAT to obtain a list of genes regulated by the
ATAC-seq peaks. Ratio is calculated by the number of overlapped genes divided by the gene
number of corresponding cluster in mouse. (C) ChromHMM states and human ATAC-seq or
mouse DHS-seq signals of retinal markers during human retinal development, including RAX
(retinal progenitors), NR2E3 (rods), RXRG (cones) and GLUL (mdiller cells). Each state is color
coded and is used to represent the ChromHMM states (rectangle on the right). (D and E)
Normalized H3K4me3 and H3K27me3 profiles at PKD2 (D) and BMP8B (E) gene loci during

human retinal development. All signals were obtained from the UCSC genome browser.



human ATAC-seq signals

mouse DHS-seq signals

Supplementary Figure 9
D

mouse DHS-seq signals

C

human ATAC-seq signals

-Log10 (P-value) 3 7 -Log10 (P-value) 3 9
| | Genes involved in Neuronal System Genes involved in Neuronal System
Genes involved in Heparan PY Genes invalved in Signaling by NOTCH | @ |1 5@ 05 g
sulfate/heparin metabolism . Visual signal transduction: Rods § Visual signal transduction: Rods 3
Genss involved in HS-GAG_biosynthess { @) Ephrin B reverse signaling | @ Bl o5~ 08N
i Colorectal cancer { @ E £ Gnb3
FGF signaling pathway Ganes invlved in NOTCH Inracelluar | o 2 . 2 Rrﬁ;
Genes invalved in A tetrasaccharice linker G:“"T‘a!“ ’9‘9”?!55;3“5"3:_"“"0; @ & gﬁ(bapl1
nes involved in Regulation = =
sequence is required for GAG synthesis el deslopment @ g E Crmakk1
Genes involved in Neuranal System L] EPHB forward signaling { @ 5 ] gahéa
rel
z z °
Genes involved in Signalling by NGF . Control of sk:'em mycgenesis = c Gnai2
y HDAC & CaMK £ £ Hspas
Genes related to Wnt-mediated ° B 3 it
Genes involved in Axon guidance ® signal transduction H = cn o
E-cadherin signaling in the ° H E E::'[" ;
‘Genes involved in DAG and IP3 signaling [ ] nascent adherens junction 2 2 Py
Presenilin action in Notch P 2 @ s
Genes involved in Phospholipase - and Wt signaling o @ Chrnb2
C-mediated cast Map Kinase Inactivation o o Hen3
Genes involved in Adenylate cyclase of SMRT Corepressor Pde6g
activating pathway E-cadherin signaling in keratinocytes 8 a RgsSbp
] & Gnat1
Visual signa transduction: Rods [ ] WNT Signaling Pathway © o Grk1
Genes involved in Thromein signaling . Stabiization and expansion of the g § Gnb5
through proteinase activated receptors E-cadherin adherens junction s E] Sag
i i Genes involved in Neuronal System . B 3 Cngail
PAR1-mediated thrombin signaling events 5 g Pde6b
" . 5 B
Genes involved in Na+/Cl- dependent Visual signal transduetion: Rods ° ® ® ;;295
neurotransmitter ransporters Sphingolipid metabolism é ;-: Gnb1
PAR4-medialed thrombin signaling events Plasma membrane estrogen E = Gucalb
receptor signaling H GNGT1 2 Gngt1
Activation of Kainate receptors i . s PDEBA = Pdeba
upon glutamate binding e e e ROH12 Rah12
C1/C2 C4 C5 MC2 MC3 MC4 MC5 GWe& 10 14 15 20 24 E145 P1 P7
e 0 o - -
02 04 08 02 04 06 -12 12 12 12
Gene Ratio Gene Ratio Z-score Z-score
Early Middle Late
k] 20 Genes involved in HS- 20 Genes involved in Neuronal System 15 Visual signal transduction: Rods.
> biosynthesis ~#- Genes involved in Signalling by ~#- Na+/Cl- neurotransmitter transporters
GAG_biosyn G involved in Signalling by NGF Na+/Cl t itter tre rie
L 15 ~o- Genes involved in Heparan | 151 —#— Genes involved in Axon guidance 104 —# Thrombin signalling
g 10 sulfate/heparin metabolism 10
c g —a— GAG synthesis 05
E o os 05
5 &
i oo 0.0 0.0
k) -05
D -os -05
e
g e "
< -15 o
-15
ew 7 B 10 11 13 15 18 18 20 GW 7 8 10 11 13 15 18 18 20 GW 7 8 10 11 13 15 18 18 20
— 15 —a— Genes involved in Signaling —e— Neuronal_System.Express_Human.txt —e— Visual signal transduction: Rods
(4 by NOTCH 1.0 104 —# Sphingolipid metabolism
K] 10 —a— WNT Signaling Pathway "| -~ Plasma membrane estrogen rece
S —e— EPHB forward signaling 05 o5
@ @ 05
n B 0o 00
8 a8 oo
= -05
= w -05
@ 05
2 e -10
5 e
z . 18 -15
-1
E145 E175 PO P3 P7 P10 P14 P21 E145 E175 PO P3 P7 P10 P14 P21 E145 E175 PO P3 P7 P10 P14 P21




Fig. S9. Signaling pathways in different stages of retinal development in mouse and human.
(A and B) Significant pathways enriched in human (A) and murine (B) retinal development using
GREAT v3.0.0. Color of each circle represents the enrichment of the pathway, and the size of the
circle represents the ratio of the number of genes in the pathway contained in the cluster to the
number of all genes in the corresponding pathway. (C and D) ATAC-seq signals of pathways

and related genes during human (C) and murine (D) retinal development. The ATAC-seq signal
of a gene is calculated by average of the signal value of 10 kb upstream and 1 kb downstream for
this gene. ATAC-seq signal of a pathway is the average of the signal values of all genes in this
pathway. (E) The average expression level of genes enriched in each pathway in fig. S9, A and B.

during human and murine retinal development.



Table S1. Primers in all experiments.

Name shRNA Primer sequence

CRX shRNA-F GATCCCCGGTCTCCGAGCTCCTATTTCATTCAAGAGAT
GAAATAGGAGCTCGGAGACCTTTTTG

CRX shRNA-R AATTCAAAAAGGTCTCCGAGCTCCTATTTCATCTCTTG
AATGAAATAGGAGCTCGGAGACCGGG

NFIB shRNA-F GATCCCCAAGCCACAATGATCCTGCCAAGAATTTCAA
GAGAATTCTTGGCAGGATCATTGTGGCTTTTTTTG

NFIB shRNA-R AATTCAAAAAAAGCCACAATGATCCTGCCAAGAATTC

TCTTGAAATTCTTGGCAGGATCATTGTGGCTTGGG

THRA shRNA-F

GATCCCCGGACAAGGCAACTGGTTATCATTCAAGAGA
TGATAACCAGTTGCCTTGTCCTTTTTG

THRA shRNA-R

AATTCAAAAAGGACAAGGCAACTGGTTATCATCTCTT
GAATGATAACCAGTTGCCTTGTCCGGG

Name

Primers for CRX overexpression

CRX cDNA F (BamH 1)

GCGCGGATCCATGATGGCGTATATGAACCC

CRX cDNA R (Spe 1)

GCGCACTAGTCTACAAGATCTGAAACTTCCAGG

Name qRT-PCR Primer sequence
beta-ACTIN F CATGTACGTTGCTATCCAGGC
beta-ACTIN R CTCCTTAATGTCACGCACGAT
RCVRN F CCTCTACGACGTGGACGGTAA
RCVRN R GTGTTTTCATCGTCTGGAAGGA
CRXF TATTCTGTCAACGCCTTGGCCCTA
CRXR TGCATTTAGCCCTCCGGTTCTTGA
NRL F GGCTCCACACCTTACAGCTC

NRL R GGCCCATCAACAGGGACTG

RAX2 F GCTCCCACCTTCGCAGATG

RAX2 R AGCCTGTGCATGTTCCTTGG

NFIB F AAAAAGCATGAGAAGCGAATGTC
NFIB R ACTCCTGGCGAATATCTTTGC
EZH2 F AATCAGAGTACATGCGACTGAGA
EZH2 R GCTGTATCCTTCGCTGTTTCC
THRAF AGGTCACCAGATGGAAAGCG
THRAR AGTGATAACCAGTTGCCTTGTC
ARNTL F CATTAAGAGGTGCCACCAATCC
ARNTL R TCATTCTGGCTGTAGTTGAGGA
GNATLF CACGATGCCCAAGGAGATGT
GNATLR GGTGGTTGCAGATGCTGTTG

RHO F ACAGGATGCAATTTGGAGGGC
RHO R GCTCATGGGCTTACACACCA
OPNI1SW F CCTGGCTACCTGGACCATTG

OPN1SW R

TAGGACTCGCTGCGGTATTTG
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