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Human retina development involves multiple well-studied signaling pathways that promote the genesis of a wide arrange of
different cell types in a complex architectural structure. Human embryonic stem cells (hESCs)-derived retinal organoids could
recapitulate the human retinal development. We performed single-cell RNA-seq of retinal organoids from 5 time points (D36,
D66, D96, D126, D186) and identified 9 distinct populations of cells. In addition, we analyzed the molecular characteristics of
each main population and followed them from genesis to maturity by pseudotime analysis and characterized the cell-cell
interactions between different cell types. Interestingly, we identified insulin receptor (INSR) as a specifically expressed receptor
involved in the genesis of photoreceptors, and pleiothropin (PTN)-protein tyrosine phosphatase receptor type Z1 (PTPRZ1) as a
mediator of a previously unknown interaction between Müller and retinal progenitor cells. Taken together, these findings provide
a rich transcriptome-based lineage map for studying human retinal development and modeling developmental disorders in retinal
organoids.
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INTRODUCTION

The human retina is a highly-evolved complex and unique
structure. Stem cell-based models of human retina develop-
ment have been designed to elucidate and treat retinal de-
generated disease (da Cruz et al., 2018; Schwartz et al., 2015;
Shen et al., 2020). In particular, great efforts have been made
to generate transplantable photoreceptors and retinal pigment
epithelial (RPE) cells from human embryonic stem cell
(hESCs) line (Zhu et al., 2018). It is essential to fully illus-
trate the developmental character of these cells.

The molecular networks that drive fate decisions and the
development of retinal cells, especially photoreceptor and
RPE cells, are not fully understood. Single-cell tran-
scriptomics could reveal these gene networks with high-di-
mensional molecular characterization at single-cell scale
(Han et al., 2018; Klein et al., 2015; Liu et al., 2018; Ma-
cosko et al., 2015), as shown in hESCs-derived brain orga-
noid (Yao et al., 2017; Zhong et al., 2018). Many studies
have been performed describing the rodent organ develop-
ment (Dulken et al., 2017; Farrell et al., 2018; La Manno et
al., 2016; Tasic et al., 2016; Treutlein et al., 2014; Wagner et
al., 2018; Wu et al., 2017; Zeisel et al., 2018; Zeisel et al.,
2015) and organ cell component (Han et al., 2018; Paul et al.,
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2015; Zhou et al., 2016). Single-cell RNA sequencing
(scRNA-seq) has major effect on the biological field (Camp
et al., 2018), including the study of retina. Comprehensive
classification of retinal bipolar cells has been performed at
the single-cell scale (Shekhar et al., 2016). Recently, scRNA-
seq was used to classify the components of the macular retina
cell population of macaques (Peng et al., 2019). In parallel,
recent progress in modeling human retinal development from
pluripotent stem cells (Kuwahara et al., 2015; Nakano et al.,
2012) has allowed the supply of human retinal tissue at de-
velopmental stages that are typically unavailable. These
retinal organoids from hESCs efficiently recapitulate re-
tinogenesis (Völkner et al., 2016), and have been applied to
generate photoreceptor cells (Gonzalez-Cordero et al., 2017)
and investigate the gene regulatory networks of human ret-
inal development (Kaewkhaw et al., 2015). Recent efforts to
characterize the retina at the single-cell level have been
published (Collin et al., 2019; Mao et al., 2019; Phillips et al.,
2018). However, the genesis of each cell type, the dynamic
maturation process and cell interactions in the retinal orga-
noid have not been fully determined.

Here, we present a study of the scRNA-seq characteriza-
tion of the early human retina cell development of a retinal
organoid model. We computationally identified cell types,
predicted their lineage relationships, explored cellular in-
teractions and experimentally confirmed predictions using
multiplex immunofluorescence analysis.

RESULTS

In vitro model of human retina cell development

We employed an in vitro model of human retinal develop-
ment based on the differentiation of hESCs, which was
adapted from previous protocols (Kuwahara et al., 2015).
hESCs could form colonies and were positive for OCT4,
SOX2, SSEA-4 and TRA-1-60 (Figure 1A). hESCs could
generate self-organized stratified neural retina (NR) and RPE
cells using a three-dimensional culture technique. We suc-
cessfully applied the self-organization culture approach of
hESCs to recapitulate retinal development in vitro. Using
induction-reversal culture combined with BMP4-triggered

Figure 1 In vitro generation of retinal organoid from hESCs. A, Bright field view hESCs colony; Immunostaining of OCT4 (green), SOX2 (green), SSEA4
(red) and Tra-1-60 (red); DIC image of retinal organoid from D36, D66, D96, D126 and D186 after differentiation. B, Multiple immunostaining of RAX
(green), PAX6 (red), MITF (gray) and DAPI (blue) in retinal organoids at D18. C, Multiple immunostaining of GAP43 (green), SOX2 (red), MITF (gray) and
DAPI (blue) of retinal organoid at D36, D66, D96, and D126. D, Multiple immunostaining of CRX (red), GFAP (gray) and DAPI (blue) of retinal organoid at
D36, D66, D96 and D126.
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highly selective retinal differentiation, we observed retinal
self-organization in 3D hESCs culture (Figure 1A). Most of
the BMP4-induced epithelium was positive for RAX and
PAX6, moreover, MITF could be detected in the margin at
day 18 (Figure 1B). Next, we observed the expression of
SOX2, GAP43, MITF, CRX and GFAP at D36, D66, D96,
and D126 (Figure 1C and D). We found that the SOX2 po-
sitive cells gradually migrated in the inner layer of the retinal
layer, especially at D126. CRX- or GFAP-positive cells ap-
peared at D36 and gradually increased during the differ-
entiation process. Furthermore, we profiled five different
stages (D36, D66, D96, D126 and D186) of our in vitro
differentiation protocol and established its reproducibility
across replicate differentiations by analyzing populations of
cells from each time point using scRNA-seq analysis.

Single-cell profiling and identification of cell types in the
retinal organoid

ScRNA-seq data were harvested from 80,199 individual cells
from 5 independent time points (D36, D66, D96, D126 and
D186) of the differentiation process (Figure 2A). A total of
89% of the transcripts was mapped to a single locus and the
median number of genes per cell was 4,378. To classify the
major cell types in the retinal organoids, we analyzed cells
through a standard pipeline using Seurat R package, version
2 (Butler et al., 2018). A total of 9 cell populations were
identified: RPE cells, retinal progenitor cells (RPCs), retinal
ganglion cells (RGCs), including a subset labeled mature
RGCs, photoreceptor precursor cells (PCs), Müller cells
(MCs), cone photoreceptor cells, rod photoreceptor cells,
fibroblast cells, and blood vessel cells (Figure 2A). Cano-
nical markers used to distinguish the cell clusters wereMITF
and PMEL as markers for RPE cells, RCVRN, NRL, PDE6H
and NR2E3 for photoreceptor cells, SOX2, SFRBP2 for
RPCs, GFAP, S100B, APOE for MCs, GAP43, SNCG for
RGCs (Figure 2B). The proportion of progenitor cells
dropped as cells differentiate, while the proportion of pho-
toreceptor increased, and photoreceptor precursors emerged
at day 36 and gradually increased. The ganglion cells ap-
peared early at D36, and their abundance declined over time.
Cone photoreceptor cells were predominantly derived from
D186, and rod photoreceptor cells from both D126 and D186
(Figure S1 in Supporting Information). Different markers of
each population are shown in the expression heatmap in
Figure 2C. Combination analysis of the human fetal retina
(Hu et al., 2019) and retinal organoid showed that the main
neural retinal populations share similar cluster characteristics
(Figure 2D).

Identification of lineage trajectories and cell interactions

To analyze the global connectivity and the trajectory topol-

ogy of the dataset, we implemented partition-based graph
abstraction (PAGA) and obtained the connectivity map of the
clusters, enabling the identification of highly connected
nodes that may represent differentiation status (Figure 3A).
We identified four different groups of neighboring nodes
through diffusion propagation network analyses that re-
present differentiation trajectories with specific lineage
commitment (Figure 3B). To better identify the molecular
changes that occur during the developmental transition and
to establish a diffusion pseudotime (DPT), we applied dif-
fusion mapping and reanalyzed uniform manifold approx-
imation and projection (UMAP) coordinates with positions
initialized from PAGA (Figure 3C and D). We identified
different clusters with terminal phenotypes that corre-
sponded to terminal nodes of the lineage trajectory subnet-
works (Figure 3A) and assessed the expression as a function
of pseudotime of canonical markers, confirming the mole-
cular development of four different cell types (Figure 3E).
By using iTALK R package (Wang et al., 2019), we cal-

culated the cell-cell ligand receptor interactions, which are
shown in Figure 4A. We found robust cell interactions be-
tween RPE cells and PCs and identified pleiothropin (PTN)-
protein tyrosine phosphatase receptor type Z1 (PTPRZ1) as a
previously described interaction between MCs and RPCs
(Hu et al., 2019) (Figure 4A). The top interactions by groups
(cytokines, growth factors, checkpoints and others) were
shown in Figure 4B. Insulin receptor (INSR) is a tyrosine
kinase receptor predominantly expressed in cluster 30 (PC),
and it establishes interactions with ligand calmodulin 2
(CALM2) in clusters 11 and 21 (PC), and 7 (RPC) and 3
(RGC) (Figure 4C).

Subclustering RPCs to identify retinal stem cells

We performed a subcluster analysis of RPCs (Figure 5A) and
identified a cluster of RPCs (Figure 5B) with increased ex-
pression of SOX2, SRFBP2, RAX, PAX6 and NESTIN,
which are markers previously shown to be associated with
retinal stem cells. To characterize this population, we per-
formed differential expression (DE) analysis against all other
RPC clusters, which showed multiple genes related to
stemness, such as the ones mentioned before and others like
SIX6, FGF19, IGFBP2. Interestingly, multiple genes related
to endocrine hormones, such as PTH2, CCK, MDK, AR-
GLU1, were upregulated in this population, suggesting a role
of these hormones in the signaling involved in retinal dif-
ferentiation. MTRN, previously shown to regulate glial cell
differentiation, was also upregulated in this population.
Furthermore, we identified multiple surface molecule-coding
genes such as FLRT2, FLRT3, PCDH9, PCDH7 and DLK1
that have not been previously described. This may help to
identify and isolate these retinal stem cells (Figure 5C). By
using SCORPIUS, we identified gene expression changes as
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a function of the pseudotime trajectory and cluster them in
modules based on their expression patterns across pseudo-
time. Two modules of genes were more highly expressed at
pseudotime 0, the first module included genes mostly related
to the cell cycle and genes in the second were associated with
the Wnt signaling pathway (consistent with literatures de-
scribing the role of this pathway in retinogenesis) or the
Apelin signaling pathway (previously described as a critical

pathway for angiogenesis because knockout of apelin gene
resulted in a delay in the development of retinal vasculature).
Two more modules were associated with increased expres-
sion at pseudotime 1 and related to ferroptosis, Parkin-
mediated proteasomal systems, lipid metabolism, PPAR al-
pha, statin, and prostaglandin synthesis pathways. These
modules were also associated with ERK and spinal cord
injury ontologies (Figure 5D).

Figure 2 Single-cell RNA-seq analysis of human retinal organoid. A, UMAP plots of the single-cell retinal organoid dataset, labeled by clusters and sample
timepoints. B, Multiple feature plots showing the expression of hallmark genes for each specific cell subpopulation. C, Heatmap of top genes for each of the
mature cell populations. D, UMAP plots of the single cell organoid dataset compared with the human retinal dataset by Hu et al. (2019).
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RPE cell genesis and maturation

After subclustering cells corresponding to the RPE linear
trajectory were identified by the PAGA network analysis
(Figure 6A), we performed DE analysis on the most im-
mature cluster (cluster 18) that originated exclusively from
D36, and the most mature cluster (cluster 0) that comprised
samples from D96 and D126. Furthermore, the expression of

canonical markers, such as MITF, PMEL, TYRP1, indicated
a gradient of expression from D36 to D126, once again
showing that these cells are part of the same lineage trajec-
tory and that these canonical markers were upregulated
across the maturation process (Figure 6A). For samples from
cluster 18, DE analysis revealed genes related to cell cycle,
such as CDK1, CCNB1, CCNB2, MKI67, UBE2S, TOP2A.
When we filtered for surface molecules, GPC3 gene that

Figure 3 Pseudotime analysis of human retinal organoid cells. A, PAGA network plot of the retinal organoid dataset, labeled by cell subpopulations. Each
node represents a cluster shown in Figure 2A. B, Trajectory path of specific cell types. Highlighted, the nodes (cell clusters) represented in each differ-
entiation trajectory pathway. C, UMAP of retinal organoid dataset following diffusion map implementation, labeled by cell clusters and sample timepoints. D,
Heatmap of the organoid dataset sorted by diffusion pseudotime distance across the UMAP representation. E, Heatmaps of genes subsetted by clusters in each
trajectory pathway, which was sorted by pseudo time distance.
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encodes a small glycoprotein has been shown to have a role
in the regulation of cell survival during embryo development
through modulation of the Wnt pathway (De Cat et al.,
2003). PTPRZ1, a receptor that was previously shown to be
involved in the early stages of RPE development, interacts
with retinal cells through PTN and MDK (Hu et al., 2019),
CNTNAP2, TTYH1, THY1, NCAM1, and GPM6B, were
the top molecules differentially expressed in these immature
RPE, compared to more mature RPE cells. These genes are
previously undescribed molecules of RPE cell progenitors
(Figure 6B). The DE analysis of Cluster 0, or more mature
cells, showed overexpression of CST3, TIMP3, PTGDS,
COL8A1, TTR, and GPNMB (Figure 6B). The pseudotime
analyses demonstrated an enrichment of expected processes
in more mature cells, such as phototransduction, tyrosine

metabolism, regulation of lipid metabolism, and unexpected
processes such as necroptosis, nitrogen metabolism, arginine
biosynthesis and Il-1 signaling pathway (Butler et al., 2015;
Hu et al., 2019; Zurdel et al., 2002) (Figure 6C).

Molecular characterization of mature and immature
PCs

To reveal the diversity of PCs in human retinal organoid, we
performed subcluster analyses of cells that were part of the
PC differentiation path and identified two different clusters
of cells with gene expression suggestive of mature cones (21)
and rods (11). We also identified a cluster of cells that form
the most immature cluster, deriving exclusively from D66
(cluster 30) and having a unique set of overexpressed surface

Figure 4 Ligand-receptor-mediated cell interaction in the retinal organoid. A, Top L-R interactions between all subgroups. B, L-R interactions between
subgroups. C, Violin plots of the expression of the top differentially expressed L-R pairs by cell type.
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Figure 5 Subset analysis of RPCs from human retinal organoids. A, UMAP plot of the RPC cluster subset labeled by cluster. B, Violin plot of gene
expression of the TF associated with RSCs: SOX2, SFRP2, RAX, PAX6 and NES. C, Volcano plot showing differentially expressed genes from cluster 19,
the cluster with the highest expression of the previously mentioned TFs. D, Expression heatmap sorted by diffusion pseudotime distances calculated by
SCORPIUS, showing that top genes (P value<0.05) grouped by modules were differentially expressed as a function of pseudotime. Gene ontologies were
determined for each of the correlated-gene modules.
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markers, such as VEGFA, INSR, and NKTR (Figure 7B).
INSR has been previously shown to be expressed in the re-

tina (Hitchcock et al., 2001; Otteson et al., 2002). By pseu-
dotime analysis, we identified processes associated with

Figure 6 Subset analysis of RPE cells from human retinal organoids. A, UMAP plot of the RPE cluster subset labeled by clusters and time points.
B, Feature plots showing the expression of hallmark genes of RPE cells: PMEL and TYRP1 and MITF. C, Volcano plot showing differentially expressed
genes from cluster 18 and cluster 0, the most extreme clusters of differentiation process of RPE cells (representing most immature and mature cells,
respectively). D, Expression heatmap sorted by diffusion pseudotime distances calculated by SCORPIUS, showing that top genes (P value<0.05) grouped by
modules were differentially expressed as a function of pseudotime. Gene ontologies were determined for each of the correlated-gene modules.
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Figure 7 Subset analysis of PCs from human retinal organoids. A, Expression heatmap of PCs sorted by diffusion pseudotime distances calculated by
SCORPIUS, showing that top genes (P value<0.05) grouped by modules were differentially expressed as a function of pseudotime. Gene ontologies were
determined for each of the correlated-gene modules. B, Expression heatmap of surface molecule-coding genes, which are classified by cell cluster. C, UMAP
plot of the PC cluster subset labeled by cluster and sample time point. D, Feature plot showing the gene expression of the top three surface-molecule coding
genes, showing specificity to certain cell clusters and time point.
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mature cell states, such as retinal metabolism, photo-trans-
duction, dopaminergic neurogenesis and PI3k-Akt signaling
pathway (Figure 7A). Furthermore, we explored the role of
INSR during the PC mature process. We applied the INSR
specific inhibitor BMS-754807 at 1 μmol L−1 from D66 to
D96. The mRNA levels of genes (NRL, CRX, NR2E3,
NEUROD1, BLIMP1, ARRESTIN3, AIPL1, RECOVERIN,
RXRG, PDC and ROM1) involved in the development of
retinal photoreceptor cells in the BMS-754807 group were
higher (P value<0.01) than those in the control group at D96
(Figure 8A). To confirm these findings, we explored protein
expression by immunofluorescence staining of CRX and
found that these proteins were significantly overexpressed
compared with those in the controls (Figure 8B). To further
validate the findings, we assessed RHODOPSIN and
OPNSW in the BMS-754807 group and found that they were
also overexpressed compared to those in the controls, in-
dicating that the development of both cones and rods is en-
hanced by the blocking of INSR (Figure 8C).

Retinal ganglion cells: the intrinsically photosentive
RGCs

To study the heterogeneity of ganglion cells, we followed
the same approach in the previously mentioned populations.
We subclustered cells with gene expression signatures that
were associated with known ganglion cell hallmark genes,
such as GAP43 and SNCG (Figure 9A). We identified two
different subsets of cells, the first arising predominantly
from D36 or more immature cells and the second arising
from D66 or more mature cells. Interestingly, SNCG is a
marker of mature and more differentiated ganglion cells.
We performed DE analysis on the two populations and
found significant expression of an orphan RAR nuclear
receptor (RORB), which is associated with retinoid meta-
bolism and implicated in the maturation of neuron cells.
Specifically, RORB is related to maturation of photo-
receptor cells, with known downstream effects such as ac-
tivation of the NRL transcription factor-mediated pathway.
Furthermore, in the trajectory inference analysis, the mature
RGC subpopulation was a part of the photoreceptor dif-
ferentiation pathway, being an intermediate cell type in the
emergence of cones and rods. These cell subsets may re-
present the ganglion circadian photosensitive cell, mela-
nopsin producers, which share some photosensitivity
functions with classic photoreceptor cell types (Berson,
2003). This result may be further supported by the ex-
pression of PRPH gene by these cells, an intermediate fi-
lament associated with long projections to distant
structures, as ganglion cells axons are closely related to
CNS deep structures and is a marker of intrinsically pho-
tosensitive RGCs, as described before in the mouse single
cell RNA seq (Laboissonniere et al., 2019).

DISCUSSION

We demonstrated a comprehensive characterization of hu-
man retinal cell types generated from hESCs and defined
multiple different cell types consisting of progenitors, neu-
ronal and glial cell types. We determined the transcriptomic
signature of RPCs, PCs and RPE cells from emergence to
maturity. We also demonstrate that retinal organoid could be
used to assess the key development process of the human
retina at the single-cell scale. These findings will be bene-
ficial for regenerative medicine.
The recently developed hESCs-derived retinal organoid

enhanced the study of human retinal development (Gonza-
lez-Cordero et al., 2017; Kuwahara et al., 2015; Nakano et
al., 2012). However, the similarity between the retinal or-
ganoid and the human fetal retina is not well explored. By
combining our analysis with Tang’s fetal retina dataset, we
found a high correlation of the RPCs, RGCs, PCs, MCs
between retinal organoid and human fetal retina (Hu et al.,
2019). Moreover, in our study, we fully analyzed the dif-
ferentiation process of retinal cells from hESCs at the single-
cell scale. We found no unwanted hESCs residues by
scRNA-seq and immunofluorescence; moreover, the 3D or-
ganoid cells from D36, D66, D96, D126 and D186 did not
form tumors when injected subcutaneously into NOD SCID
mice (Figure S2 in Supporting Informaion). The results de-
monstrate the complete differentiation of hESCs in the 3D
organoid model.
Several pioneer studies have investigated the differentia-

tion process of retinal cells from hESCs by using bulk RNA
sequencing and provided important knowledge for the field
(Kaewkhaw et al., 2015). By using scRNA-seq, we dissected
the cell type constitution at different differentiation stage of
retinal organoids, from D36 to D186. The cell types we
identified conform with those identified by other groups
(Collin et al., 2019; Kim et al., 2019; Mao et al., 2019;
Phillips et al., 2018). In addition, we identified the tran-
scriptional signature of RSCs, RPE cells, RPCs, RGCs,
cone-photoreceptor cells, rod-photoreceptor cells and MCs.
We also traced the RPE cells, RPCs and PCs from emergence
to maturity and depicted the key regulation signal pathways.
All this information will be beneficial for generating seed
cells for transplant; for example, from this information, we
could determine the time point to isolate RPE cells or PCs as
seed cells.
We have classified the genesis process of photoreceptor

cells and identified genes that regulate the development of
cones and rods. Our work will contribute to the under-
standing of human retinal development and is a framework
for hypothesis generation. RPE and photoreceptor cells are
promising in the treatment of retinal disease, however, sev-
eral fundamental questions should be solved, such as the
source of the cells, cell isolation, maturation and implanta-
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tion into the host (Stern et al., 2018). As the RPE cells have
pigments, it is very easy to distinguish these cells from the
cells in the retinal organoid, and they are widely used to treat
retinal disease. However, the research on the cell signaling
regulation of RPE genesis and maturation has not been fully
explored. In our work, we traced the genesis and maturation
of RPE cells. This information will be beneficial for
choosing which stage of RPE cells as seeds.
Regarding photoreceptors, researchers have unsuccess-

fully tried many methods to isolate photoreceptor precursors
(Carter et al., 2009; Krzyzanowski and Andrade-Navarro,
2007; Lakowski et al., 2015; Lakowski et al., 2011; Sun et
al., 2009; Zhou et al., 2015). The main limitation is the lack
of an appropriate model to characterize this transitioning cell

type. We were able to identify immature photoreceptor po-
pulations that start to arise from D66 in the human retinal
organoids. We also identified specific markers, such as CD24
and the previously predicted KCVN2 (Kaewkhaw et al.,
2015). Moreover, we identified the genes implicated in the
differentiation of photoreceptor progenitors into rods and
cones.
Interestingly, we identified the specific expression of

INSR in this PC population. A previous study has identified
the expression of INSR in the retina (Hitchcock et al., 2001;
Otteson et al., 2002), and INSR is involved in the neuro-
genesis and neural differentiation in retinal development.
After blocking the INSR with a specific antagonist, we de-
monstrated that INSR has robust effects on the development

Figure 9 Subset analysis of RGCs from human retinal organoids. A, UMAP plot of the subset of RGC cluster labeled by clusters and sample timepoints. B,
Feature plots showing the expression of GAP43 and SNCG, highlighting two different populations with the more mature one preferentially expressing SNCG.
C, Feature plots of DE genes from DE analysis (D, volcano plot) of the Late RGC cluster versus all the other RGC clusters showing preferential expression of
MEST, MAB21AL1, PAX6, and PRPH.
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of photoreceptor cells based on gene expression data.
Blocking INSR from D66 could enhance the development of
photoreceptor cells, this finding will be beneficial for the
improvement of the PC conditional culture medium. A pre-
vious study found that the overexpression of NEUROD1 is
important for retinal progenitor cells to exit cell cycle and
enter the photoreceptor lineage (Ochocinska and Hitchcock,
2009). In our work, we found the upregulation of NEUROD1
after blocking INSR. However, the molecular signaling
pathway requires further study.
Single-cell atlases are optimal references for engineering.

scRNA-seq could unbiasedly analyzed cellular heterogeneity
at different time points during differentiation. scRNAseq
technologies have greatly boosted the generating of cell at-
lases of both mouse and human (Han et al., 2020; Rosenberg
et al., 2018; Rozenblatt-Rosen et al., 2017; Sun et al., 2019).
These reference maps may serve as a basis for understanding
human physiology and pathology. Atlas efforts can also be
applied in cell and tissue engineering. In our work, we have
shown the dynamic maturation of RPE, photoreceptor,
ganglion cells, and these results will help select the cell types
at various time points. For instance, we may need to isolate
the photoreceptor precursor cells at a day between 66 and 96
since the majority of precursors for the populations are in
that specific period. Taken together, scRNA-seq will con-
tribute to the understanding of the development of human
retina.

MATERIALS AND METHODS

Maintenance of hESCs

Human embryonic stem cell line (H9) was gifted by Stem
Cell Bank, Chinese Academy of Sciences (Beijing, China).
The hESC line was maintained in mTeSR1 (Stem Cell
Technologies, Canada) under feeder free conditions con-
taining 5% CO2. For passaging, hESCs colonies were wa-
shed twice with DPBS (Life Technology, USA) and treated
with Versene (Life Technology) at 37°C for 5 min, then
broken into smaller pieces by gentle pipetting, and re-
suspended with mTeSR1 culture medium and 10 mmol L−1

ROCK inhibitor Y27632 (R&D, USA). 24 h later, culture
medium was replaced with the one without Y27632. The
passages were performed at a 1:6 split ratio every 3rd day.

Retinal organoid differentiation from hESCs

The protocol we used was previously reported (Kuwahara et
al., 2015) with minor modifications. From day 24, aggregates
were cultured in suspension under the following 40% O2/5%
CO2 conditions (30 aggregates/10-cm dish) the NR-differ-
entiation medium contains DMEM/F12-Glutamax medium
(Gibco, USA), 1% N2 supplement (Gibco), 10% KSR,

0.5 mmol L−1 retinoic acid (Sigma, USA), and 0.1 m mol L−1

taurine (Sigma). Retinal organoid continuously grew under
these conditions for the next several weeks.

Immunofluorescence of hESCs

H9 hESCs were plated on a Germany glass cover slip, cul-
tured for 2 days, fixed by paraformaldehyde for 30 min, and
washed three times with PBS at 5 min interval. Then im-
munocytofluorescense was performed as described pre-
viously (Wang et al., 2014). Primary antibodies from Abcam
(USA) include: Rabbit anti-OCT4, Mouse anti-Tra-1-60,
Rabbit anti-SOX2, Mouse anti-SSEA4, first antibodies were
all diluted at 1:250. The secondary antibodies were Alexa
Fluor 488-conjugated goat anti-rabbit or mouse IgG (Mole-
cular Probes, USA). Counter nuclear staining was performed
with 4,6-diamidino-2-phenylindole (Sigma). Stained sec-
tions were analyzed with an FV3000 confocal microscope
(Olympus, Japan).

Multiplex immunofluorescence of retinal organoids

The retinal organoids were fixed at day 18, 36, 66, 96 and
126 by paraformaldehyde for 30 min and embedded in par-
affin, and cut for 5 μm sections. Dewaxed slices were im-
mersed in 10 mmol L−1 citric acid buffer (pH 6.0, 100°C) for
25 min. Multiplex immunofluorescence with PANO 4-plex
IHC kit (Panovue, Beijing, China) was performed according
to the manufacture’s instruction. Primary antibodies used in
this study were all from Abcam: Rabbit anti-RAX, Rabbit
anti-PAX6, Mouse anti-MITF, Rabbit anti-GAP43, Rabbit
anti-SOX2, Rabbit anti-CRX, Rabbit anti-GFAP. Images
were acquired using an FV3000 confocal microscope
(Olympus).

Blocking the INSR and real time PCR

The INSR antagonist BMS-754807 (Selleck, USA) was ap-
plied at 0.1 μmol L−1 at D66 od retinal organoid and changed
every 3 days for fresh medium with the 1 μmol L−1 BMS-
754807. Samples were collected at D96, one part was fixed
with 4% paraformaldehyde and the other part was used for
mRNA extracting. cDNA reverse synthesis and Real time
PCR were performed according to the manufacture’s manual
(Bio-Rad, USA). The primers are listed in Table S1 in
Supporting Information.

Single cell cDNA library preparation and sequencing

Twenty retinal organoid at different time points (D36, D66,
D96, D126, D186) post differentiation process were har-
vested, pooled, digested and resuspended at 1×106 cells per
milliliter in PBS. Then the process were performed as pre-
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viously reported (Qiu et al., 2017).

Quantification and statistical analysis

Single cell data preprocess
We assessed the quality of raw sequencing data by FastQC
software. Trimmed fastq sequence was processed by Cell
Ranger count pipeline 2.0.1 and single cell matrix was
generated for each sample. All the matrixes were merged
together by Seurat R package (Butler et al., 2018).

Clustering analysis
Feature selection was performed by calculating the top genes
ranked by dispersion across 15 bins of gene expression dis-
tribution. These features were then adjusted for the percen-
tage of mitochondrial genes per cell and total number of
unique molecular identifier (UMI). Principal component
analysis (PCA) was performed using the 2,000 most variable
genes, with their scaled values. The number of principal
components was determined by an Elbow plot. The gene
loadings of these top principal components were analyzed,
and those with genes with high variance between cells were
removed. Then, a nearest neighbor network was created with
the Euclidean distances between all nodes (cells) with a
designated number of neighbors. Gene expression data were
adjusted for total UMI counts per cell and percentage of
mitochondrial genes per cell. UMAP for dimension reduc-
tion were then performed on the top principal components
with default parameters to visualize cells in a two-dimen-
sional space. Clustering analysis was then performed with
Louvain algorithm incorporated into Seurat R package
(Butler et al., 2018). Cell type markers were generated with
Find Markers function from Seurat, and each cluster was
then assessed for unique gene markers associated with
known retinal cell types.

Cell subcluster analysis
To identify subpopulations within a cell type, we im-
plemented Scanpy python package (Wolf et al., 2018). Data
were subsetted for the population of interested, and cells
were reclustered using the UMAP algorithm. We then per-
formed a partitioned approximate graph abstraction (PAGA)
to estimate the connectivity between the subclusters based on
similarity of gene expression. Then, for graph denoising, we
represented the data in a diffusion map space. After this step,
embeddings were recomputed by UMAP using the PAGA-
initializations.
The PAGA network was secondary analyzed with a Cy-

toscape Network Analyzer (Carlin et al., 2017). Through
network propagation analysis, the nodes closer to the mature
cell cluster of interest were selected and linked together to
create groups of clusters with known differentiation lineage
trajectories.

Single cell trajectory analysis
Single cell trajectory was analyzed using a subset matrix of
cells and gene expressions in SCORPIUS R package (Wolf et
al., 2018). Dimensionality reduction was done by using
Pearson’s correlation. Candidate gene markers (P va-
lue<0.05) were selected and grouped into modules based on
dynamic gene expression similarity for visualization in the
trajectory heatmap.

Gene enrichment analysis
Enrichments were performed by using Gene Ontology Cel-
lular Processes and ARCHS4 Kinases databases. The online
tool Enricher was used to perform these analyses (Chen et
al., 2013).

Cell-cell interaction map
Ligand receptor interaction map was performed with Cell-
phoneDB 2.0 R Package (Vento-Tormo et al., 2018), and top
ligand receptor pairs were selected by P value and plotted
into chord plots using the ITALK R Package (Wang et al.,
2019).

Statistical analysis
All data are presented as the means±SD. Student’s t-test was
performed to compare the differences between groups.
P<0.05 was considered statistically significant.
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