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SUMMARY

To study the development of the human retina, we
use single-cell RNA sequencing (RNA-seq) at key
fetal stages and follow the development of the major
cell types as well as populations of transitional cells.
We also analyze stem cell (hPSC)-derived retinal
organoids; although organoids have a very similar
cellular composition at equivalent ages as the fetal
retina, there are some differences in gene expres-
sion of particular cell types. Moreover, the inner
retinal lamination is disrupted at more advanced
stages of organoids compared with fetal retina. To
determine whether the disorganization in the inner
retina is due to the culture conditions, we analyze
retinal development in fetal retina maintained under
similar conditions. These retinospheres develop
for at least 6 months, displaying better inner retinal
lamination than retinal organoids. Our single-cell
RNA sequencing (scRNA-seq) comparisons of fetal
retina, retinal organoids, and retinospheres provide
a resource for developing better in vitro models for
retinal disease.

INTRODUCTION

The vertebrate retina is one of the most well-characterized re-
gions of the central nervous system (Field and Chichilnisky,
2007; Hoon et al., 2014). Similarly, many of the basic mecha-
nisms underlying the generation and differentiation of neurons
and glia in the retina of model organisms are known (Kolb
et al.,, 2001; Livesey and Cepko, 2001; Brzezinski and Reh,
2015); however, much less is known about the human fetal retina
and its development (for a review, see Hendrickson et al, 2012).
Over the last several years, we (and others) have provided a
comprehensive molecular atlas of the human fetal retina using
RNA sequencing (RNA-seq) (Hoshino et al., 2017; Mellough
et al., 2019; Whitmore et al., 2014; Hu et al., 2019; Quinn et al.,
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2019; Voigt et al., 2019; Kaya et al., 2019). This analysis demon-
strated unique characteristics of human retina across major
epochs of fetal development; however, assignment of the
changes in gene expression to specific cell types was not
possible without immunolabeling or in situ hybridization. With
the advent of single-cell RNA sequencing (scRNA-seq), genes
can now be assigned to specific cells directly (Hu et al., 2019;
Quinn et al., 2019; Voigt et al., 2019; Collin et al., 2019; Kim
et al., 2019).

Inthis report, we used scRNA-seq to assess the development of
the human retina. At the sampled ages, we identified clusters of
progenitor cells and differentiated neurons. Using recently devel-
oped computational tools, we focused on three postmitotic transi-
tional cell populations. These transitional cell populations express
previously described, developmentally important cell fate determi-
nation genes (e.g., ATOH7 and PTF1A) (Fujitani et al., 2006; Jusuf
and Harris, 2009; Mu et al., 2005; Yang et al., 2003; Brown et al.,
1998); the scRNA-seq data allowed us to find additional
co-expressed genes in these clusters that can serve as markers
that may be important for these transitional states.

We also assessed how well human pluripotent stem cell
(hPSC)-derived retinal organoids compare with fetal retina.
hPSC-derived retinal organoids have emerged as potential
models for retinal degeneration (Parfitt et al., 2016; Capowski
etal., 2014; Phillips et al., 2014; Deng et al., 2018; Gonzalez-Cor-
dero et al., 2017; Saengwimol et al., 2018; Sharma et al., 2017).
Organoids are particularly successful in generating photorecep-
tors; however, inner retinal development is less well character-
ized (Volkner et al., 2016; Phillips et al., 2012; Zhong et al.,
2014; Meyer et al., 2011; Nakano et al., 2012; Wahlin et al.,
2017; Fligor et al., 2018; Reichman et al., 2017; Capowski
etal., 2019). Our analysis shows that organoids faithfully recapit-
ulate the timing of retinogenesis of the fetal retina, with cellular
composition and gene expression comparable across a wide
range of developmental stages, despite the relative disorganiza-
tion of the inner retina.

To determine whether the defects in inner retinal lamination in
organoids are due to the tissue culture conditions, we developed
a method for fetal retinal culture that mimics aspects of current
organoid protocols. Small pieces of fetal retina cultured similarly
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Figure 1. scRNAseq of FD59 Retina

(A) IF of FD59 retina comparing temporal central
retina versus periphery, showing RGCs (ganglion
cell layer [GCL], HUC/D+ and PAX6+) and pro-
genitors (neuroblast layer [NBL], SOX2+) and some
ACs, HCs (AP2A+/ONECUT2+), and PRs (OTX2+)
in the ONL. Progenitor cells predominate in pe-
ripheral retina.

(B) UMAP plot of FD59 retina, recolored and
showing major cell types: progenitors (Progs),
transition zone 1 (T1), RGCs, amacrine/horizontal
cells (ACs/HCs) and cones (PRs). Right panels:
feature plots show expression of some of the
genes used to define clusters.

(C) In situ hybridization for ATOH7 at low (left)
and high (right) magnification (top panel) and
IF for ATOH7 (red), VSX2 (blue), and SCNG
(green). Arrows indicate ATOH7+ and VSX2/
SNCG-— cells.

(D) Pseudotime trajectory with Progs at the root
(dark blue loop) and differentiated cells (yellow).
(E) Trajectory analysis from Slingshot, with ATOH7
expression plotted along the individual lineages
using UMAP coordinates. T1 cluster cells are
plotted in blue, and ATOH7 expression is marked
as a solid black line.

(F) Heatmap highlighting genes present in the T1
cluster.

Scale bars, 50 pm. ONL, outer nuclear layer.
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as retinal organoids form spheres and display more appropriate
inner retinal lamination and synaptogenesis than retinal
organoids. We postulate that further comparisons of these two
related tissue systems will lead to improvements in organoid
technology.

RESULTS

scRNA-Seq of Fetal Human Retina Highlights
Postmitotic Transitional Cell Populations

The first age we analyzed in human fetal development was fetal
day 59 (FD59). At this age, the presumptive foveal region can
already be identified in central temporal retina (Hoshino et al,,
2017). Figure 1A shows sections of both central (presumptive
foveal region) and peripheral retina at this age. The two predomi-
nant cell types in the retina at this stage are retinal progenitors in
the neuroblast layer (NBL; SOX2+/PAX6+) and retinal ganglion
cells (RGCs; HUC/D+). Smaller numbers of amacrine cells and hor-
izontal cells (TFAP2A+ and ONECUT2+, respectively) and some
photoreceptors (OTX2+) are also present at this stage.

Pseudotime ——

o 03 Lo tive numbers closely reflecting the immu-
nofluorescence (IF) analysis (Figure 1B;
Tables S1 and S2). The progenitors
(blue, SOX2 expression) make up approx-
imately one-third of the total cells. Cell cy-
cle genes are not uniformly distributed in this cluster, but, rather,
the G2/M-phase cells fall into a specific region of the progenitor
population (as indicated by MKI67 expression and other M-
phase markers; Figures S1A and S1B). The differentiated neuron
populations show similar ratios as the IF results; ganglion cells
are the most abundant, making up approximately one-third of to-
tal cells, whereas amacrine cells and horizontal cells are the next
most abundant, and OTX2+ photoreceptors were the least abun-
dant of the differentiated neurons (Figure 1B; Figure S1A). Along
with progenitor cells and differentiated neurons, the UMAP clus-
tering also revealed a cluster of cells located between the pro-
genitor cells and the differentiated retina cell types. The cells in
this cluster do not express high levels of progenitor markers
(e.g., SOX2) but are also not yet expressing definitive markers
of specific neuronal types (e.g., ONECUT2, NEFL; see also Fig-
ure S1). We named the cells in this cluster transition cell popula-
tion 1 (T1).
The T1 population is characterized by expression of a high
level of ATOH?7, so we used the expression of this gene to better
define this population of cells. Previous studies in mice have
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Figure 2. scRNAseq Analysis of FD82 Retina
Highlights Three Transition Zones

(A) IF of central and peripheral FD78 fetal retina
(top panels), showing PRs/BCs (OTX2+ cells in the
ONL and INL and RCVRN+ cells in the ONL) RGCs
(HUC/D+ cells in the GCL), ACs (TFAP2A+), and
HCs; the IPL is labeled with VGLUT1. Peripheral
1 g retina shows a rudimentary PR layer (OTX2+/
j RCVRN+) but no BCs and no defined INL or plex-

PRDM13 iform layers. Scale bars, 50 pm.
(B) UMAP plot of FD82 central retina. Right panels:
Y feature plots showing the expression of genes char-
. . acteristic of Progs and transition populations in blue.
FABP7 (C) Heatmap showing markers of the three transi-

tion states.

(D and D’) Monocle pseudotime plot with Progs at
the root state and lineages drawn across clusters.
Cells shown in gray (RGCs and HCs) were
excluded from the trajectory by Monocle.

(E) Slingshot analysis plotting T2-specific PRDM13
expression along the amacrine lineage and
T3-specific FABP7 and DLL3 along the PR lineage.
(F) Summary of the transition populations and
d trajectories seen in central retina at FD82.
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shown that this gene is expressed in cells primarily after the final
mitotic cell division but has lower expression in the differentiated
ganglion cell layer (Brzezinski et al., 2012). Figure 1C (top) shows
in situ hybridization for ATOH7 in human retina at FD59, with a
similar distribution of labeled cells as reported in mice.
ATOH7-expressing cells are located in the NBL but not the gan-
glion cell layer (Figure 1C, top right). IF analysis shows that most
of the ATOH7+ cells (red) are not positive for VSX2 (blue, white
arrows), a progenitor marker, but occasionally overlap with the
ganglion cell marker SNCG (green).

The T1 population appears to represent an intermediate devel-
opmental state. To further explore this possibility, we used
Monocle 2.99 software to reorder the cells based on their
stage-specific gene expression patterns and reconstructed their
developmental timelines (Figure 1D; Cao et al., 2019; Trapnell
et al., 2014). This algorithm arranges cells based on pseudotime,
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100 ated clusters were ranked in a similar
temporal manner, and developmental
lineages were estimated. Our analysis
showed two main lineages that linked
the FD59 UMAP clusters; a progenitor-
to-RGC fate or a progenitor-to-ama-
crine/horizontal fate. Interestingly, a tra-
jectory analysis of individual lineages
positioned the T1 cells between progeni-
tor cells and the differentiated neuronal
populations (Figure 1D). This is most clear
for RGCs and is consistent with lineage
studies in mice that have shown that Math5/Atoh7-cre express-
ing cells can differentiate as any type of retinal neuron (Brzezinski
et al., 2012; Le et al., 2006). We also tracked the developmental
trajectories in FD59 scRNA-seq data using Slingshot software,
which employs a different algorithm, to characterize develop-
mental lineages (Street et al., 2018). ATOH7 expression was
analyzed across lineages, from progenitor cells to either RGCs
or amacrine/horizontal cells, and Slingshot analysis similarly in-
dicates that ATOH7+ T1 cells contribute to both lineages (Fig-
ure 1E). Examination of genes expressed in these populations
allowed us to further refine our characterization of the transition
states. In addition to high ATOH7 expression, cells in the T1 pop-
ulation have high levels of the Notch pathway components HES6
and DLL3 (Figure 1F; Table S2).

Inthe next phase of development of the human retina (Figure 2,
FD82), the progenitor cells in the central retina have started to
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generate later-born retinal cell types, including cells that express
markers of bipolar cells (OTX2/RCVRN in the inner nuclear layer
[INL]), photoreceptors (OTX2/RCVRN in the outer nuclear layer
[ONL]), and Miiller glia (SOX2 in the INL) (Hoshino et al., 2017);
however, the peripheral retina is still dominated by progenitors
(SOX2) and RGC, amacrine, or horizontal cells (AP2A/HUC/D)
(Figure 2A). We carried out scRNA-seq at FD82 for the central
temporal (FD82C) retina (a region that contains the presumptive
fovea); the cells form several distinct clusters (Figure 2B). The cell
clusters can be identified by their characteristic pattern of gene
expression, and the relative numbers of cells of each type
approximately match the expected proportions from the IF re-
sults (Figure 2B, feature plots). Progenitors and RGCs still
make up the largest clusters, but now amacrine cells (ACs) and
horizontal cells (HCs) form distinct clusters (TFAP2A, ONECUT2;
feature plots in Figure S2A). There is a large increase in the per-
centage of photoreceptors (PRs), and a distinct population of
bipolar cells (BCs) can now be identified. We compared the cen-
tral retina with peripheral retina at the same stage, and FD82
peripheral (FD82P) retina is more similar to the FD59 retina in
cellular composition (Figures S2B and S2B').

In addition to the clusters of differentiated neurons and pro-
genitors, UMAP clustering of the FD82 cells also highlighted
transitional cell populations (Figures 2B and S2A). The T1 state,
characterized by ATOH7 expression, is similar to the T1 cell clus-
ter found at FD59. At this stage, T1 cells seem to form a root for
two additional transition states, T2 and T3, as shown by UMAP
clustering. The T2 cells lead to ACs; the cells in this cluster ex-
press PRDM13, a gene that promotes AC identity (Bessodes
et al.,, 2017; Goodson et al., 2018; Watanabe et al., 2015). In
contrast, T3 cells lie between T1 cells and PR cells or BCs; T3
cells express high levels of FABP7 (Su et al., 2016). Further anal-
ysis of these 3 transition states allows for the identification of
additional genes co-expressed by transition cells (Figure 2C;
Table S3). For example, in addition to ATOH7, T1 cells express
HES6, whereas PRDM13+ cells express PTF1A and HSPBT,
and T3 cells express high levels of FABP7, OTX2, and DLL3
(Figure S2A).

We further characterized the developmental trajectories of the
various cells in these clusters with Monocle and Slingshot, as we
did for FD59. Figures 2D and 2D’ show that the transition cell
clusters are located between the progenitors and the differenti-
ated neurons in their pseudotime values, with T1 cells having
slightly earlier pseudotime values than T2 and T3 cells. Interest-
ingly, the UMAP plot also shows that the RGCs and HCs (gray,
Figure 2D) are separate from the other cell transition populations,
presumably because they are no longer being generated in the
central retina. The results of the Slingshot analysis are shown
in Figure 2E; the transition states are again ordered between
the progenitor cells and the differentiated neurons, with T1 cells
less mature than T2 or T3 cells. For example, the plots in Fig-
ure 2E show cells positive for specific genes, like PRDM13,
FABP7, and DLL3, as a function of pseudotime for the major
cell types being generated at this stage. ACs appear to go
through both a T1 and T2 transition state; however, PR cells
appear to go through both the T1 and T3 states. Although these
putative lineages would need to be validated by more traditional
means of lineage tracing, IF analysis of PRDM13 and FABP7

(Figures S3E-S3H) show cells that are neither positive for pro-
genitor markers (e.g., SOX2) or markers of differentiating neu-
rons (AP2A, OTX2), consistent with the pseudotime analysis.
Our overall results at this age are summarized in Figure 2F.

We next carried out scRNA-seq on a third age of fetal human
retina, FD125. At this age, the central-most regions of the retina
have only a low level of neurogenesis, and all major retinal cell
types are present: PRs (OTX2/RCVRN) in the ONL, BCs (OTX2/
VSX2/RCVRN) in the INL, and HCs and ACs (AP2A/CALB1; see
also Hoshino et al., 2017). The UMAP clustering at FD125 for
the central temporal (FD125C) retina shows that PR cells predom-
inate at this age, along with BCs, whereas ACs, HCs, and ganglion
cells are much less abundant as a percentage of total cells (Fig-
ures 3A and 3B; Table S4). Another striking feature is that there
are very few ATOH7+ T1 transition cells present in the central
retina at this age (Figure 3B, feature plot of ATOH?). In contrast,
there are still substantial numbers of ATOH7 T1 cells in the periph-
ery (Figure S3B), although these are gone by FD163, except at the
far peripheral retina (Figures S3C-S3E). The T2 and T3 cell clus-
ters are still apparent in both FD125C and FD125 peripheral
(FD125P) retina (Figure 3B; Figures S3A and S3B). T3 cells ex-
press FABP7 and are positioned between the progenitors, the
BCs, and the PRs, whereas T2 cells still express PRDM13 and
are positioned between the progenitor cells and the ACs. Other
genes characteristic of these two transition cell populations that
were present at FD82 are still among the top genes that discrim-
inate these cell clusters; for example, DLL3 and FABP7 are more
highly expressed in T3 cell clusters, whereas PRDM13 is more
highly expressed in T2 cells (Figure 3C).

The transitional populations we identified in the fetal human
retina are also present in the developing mouse retina. We
analyzed mouse scRNA-seq data for the presence of these pop-
ulations using a similar UMAP analysis (Clark et al., 2019; Fig-
ure S4). We focused our analysis on embryonic day 16 (E16)
(Figures S4A and S4B) and E18 (Figures S4C and S4D) mouse
retinal cells because their cellular composition resembles the hu-
man FD50 and FD82 central retina, respectively. Although Atoh7
is only detected in very few cells in the mouse (presumably
because the sequencing depth is not sufficient), we found a
T1-like cluster with cells that express SOX77, GAL, and ELAVLS3,
genes that are also highly expressed in the human fetal T1 clus-
ter, primarily at FD59 (Figure S4E). Similar to the mouse data,
expression of RGS16 and GADD45G increases with time in the
human retina, along with NF/ genes (Figure S4F).

The change in relative cell composition of the retina, along with
changes in the transition cell populations, can be more easily visu-
alized when the three ages are combined using canonical correla-
tion analysis (CCA) (Figures 3D and 3D’). RGCs are more highly
represented at FD59; the many yellow dots in Figure 3D show
that FD59 cells overlap well with RGCs (orange dots in Fig-
ure 3D'). In contrast, PRs predominate at FD125C, as shown by
the magenta PR cluster (Figure 3D') overlapping largely with
FD125C cells (Figure 3D, blue). The transition populations
change over this period of development (Figures 3E and 3F); the
T1 population predominates at FD59, with only a relatively small
number of T3 cells. However, by FD125, ATOH7+ cells are not de-
tected in the central retina (Figure 3E; Figure S3D), whereas
FABP7-expressing T3 cells now account for the majority of the
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Figure 3. scRNAseq of FD125 Retina

(A) IF of FD125 near the fovea shows that neuro-
genesis is complete: a single layer of PRs (ONL,
OTX2+/RCVRN+), BCs (INL, OTX2+/VSX2+), and
HCs and ACs (CALBINDIN+/TFAP2A+). The pe-
riphery at this stage still has a NBL (VSX2+). Scale
bars, 50 pm.

(B) UMAP clusters of FD125 central retina
(FD125C). Right panels: feature plots showing the
lack of ATOH?7 (T1 cells); PRDM13 marks T2 cells,
and FABP7 marks the T3 population.

(C) Heatmap showing genes characteristic of
transition clusters in FD59, FD82, and FD125 ret-
inas; T2 and T3 genes are still expressed at later
ages.

(D) CCA plot of fetal ages combined; clusters are
plotted by age (left) or retinal cell type (right). RGCs
are over-represented in the FD59 sample (yellow),
whereas BCs are over-represented in the FD125
sample (blue).

(E) Feature plots showing changes in transition
markers across the ages.

(F) The ages that contribute to specific retinal cell
types were plotted as percent cells per cluster,
colored by age.

In this protocol, the timing of major retinal
events approximates that of fetal retina
(Figures 4B and 4C); for example, on dif-
ferentiation day 40 (D40), the first OTX2+
PR cells arise on one side of the organoid
(Figure 4B, middle panel), whereas on
D70, it is possible to visualize the three-
layered structure with BRN3+ RGCs,
PAX6+ progenitors, and RCVRN+ PRs

FABP7

UMAP2

UMAP1

transition cells in the retina. Interestingly, T2 cells make up
approximately the same percentage across the three ages; this
suggests that about the same number of inhibitory interneurons
(i.e., HCs or ACs) are generated throughout this period of fetal
human development. Calculation of percent cells per cluster
provided an overall synopsis of the major events of human retino-
genesis across these three ages (Figure 3F); progenitors and
early-born retinal cells dominate at FD59-FD82C, whereas later-
born retinal cells are more highly represented at FD82C-FD125C.

How Well Do Stem Cell-Derived Retinal Organoids
Resemble Equivalent Staged Fetal Retina?

To evaluate how human stem cell-derived retinal organoids
compare with the fetal retina, we carried out scRNA-seq of cor-
responding ages of retinal organoids. We generated retinal orga-
noids with a well-established protocol (Figure 4A) up to approx-
imately 200 days of culture (Fligor et al., 2018; Meyer et al., 2009;
Ohlemacher et al., 2015; Zhong et al., 2014; Phillips et al., 2018).
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R To determine how well the organoids
’ develop, we first carried out scRNA-seq
analysis of early stages of retinal organo-
ids (Figure 4D). We found that the UMAP
clustering on organoid D60 gave clusters
similar to the FD59 fetal retina (see above). The major cell types
at this age are progenitor cells, RGCs, PRs, and ACs/HCs (Fig-
ure 4D). In addition, ATOH7+ T1 population cells were also pre-
sent in the organoids (Figure 4D, feature plot) and expressed
high levels of HES6, similar to the FD59 retina (Figures S5A
and S5B). We further characterized the developmental trajec-
tories of the various cells in organoids as for fetal retinal cells.
In the organoids, T1 cells are positioned in pseudotime between
progenitors and differentiated neurons (e.g., RGCs and ama-
crine/horizontal clusters) similar to what we find in the FD59
retina (Figure 4E, Monocle; Figure 4E’, Slingshot; Figures S5G-
S5l'); however, there are some differences between the FD59
and organoid T1 populations. DLL3, a gene that is highly ex-
pressed in the FD59 T1 cell cluster, is not enriched in organoid
T1 cells (Figures S5A and S5B).
To more closely compare the organoids with FD59 retinal
cells, we combined the data from organoids and fetal retina (Fig-
ure 4F). We used two samples of organoids, D45 and D60,
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Figure 4. scRNAeq of Early Retinal Organoids

(A) Differentiation protocol highlighting the order and timing of retinal organoid development.

(B and C) Retinal organoids at 30 days primarily express Prog markers (VSX2/SOX2; C). By 40 days, whole-mount staining shows OTX2+ cells migrating in the
neuroepithelial layer, and a small patch of RPE also expresses OTX2 (B, middle panel). RGCs appear (BRN3/PAX6) at 3040 days (C, middle panel). By 70 days,
RCVRN+ PRs are seen in the apical layers, and BRN3+ RGCs occupy the basal layers, as seen in the whole mount (B, right panel) and sections (C, right panel).
(D) UMAP plot showing 5 major clusters at day 60: Progs, T1, retinal ganglion cells (RGCs), transition cells 2/ACs/HCs (T2ACs/HCs), and transition cells 3 (T3) and
early cone PRs. Inset: the feature plots used to identify clusters.

(E) Pseudotime analysis by Monocle2.99, showing cell ordering with Prog cells at the root.

(E) Slingshot analysis showing similar ordering of cells. Trajectory analysis shows that ATOH7 expression (y axis) is highest in T1 cells (bump inred line) as cells go
from Progs to differentiated cell types.

(F) Integration of organoid (D45, D60) scRNA datasets with the FD59 dataset (Seurat3); cells were reclustered and replotted.

(legend continued on next page)
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because it is not clear which organoid age provides the most
appropriate comparison with the FD59 sample, given the large
central-to-peripheral gradient in development in fetal retina.
The datasets largely overlap, and the contributions from each
age of organoid and the FD59 fetal sample are shown in Fig-
ure 4F. Although all cell types present in the fetal sample at
this age are also present in the organoids, there are some differ-
ences in gene expression. Figure 4G shows a heatmap directly
comparing the average gene expression among the samples;
progenitor genes (e.g., SOX2 and LHX2) are expressed at nearly
identical levels in organoids and fetal retina, but several RGC
genes show differences (e.g., POU4F1 and NEFL; Figures S5C
and S5D). In addition to these differences in gene expression
in the identified populations of retinal cells, we also noted that
the ratios of retinal cells are not precisely the same in organoids
and fetal retina. For example, there are relatively more progenitor
cells and fewer RGCs in organoids than in fetal retina at the same
stage (Figure 4H).

We next compared later stages of retinal development be-
tween organoids and fetal retina. At later stages of development
(Figures 5A and 5B, D80 and D90), PR layers continue to expand,
and the first NRL-GFP+ rod PRs (Figures 5B and 5C) are seen
around D90 (Phillips et al., 2018). We observed that the inner
layers of organoids become somewhat disorganized at approx-
imately D70-D90. HUC/D+ ACs do not form a continuous and
intact layer like the PRs (Figure 5A). Nevertheless, PR develop-
ment continues quite normally, and SW-OPSIN+ cone PRs
emerge in a mosaic-like arrangement in the developing ONL
(Figure 5D).

scRNA-seq analysis of these older organoids shows that they
are progressing in their development much like fetal retina, with
all main retinal cells present in the organoids (Figure 5E).
There are fewer RGCs (gold) and progenitors (cornflower blue,
SOX2+) than in the earlier samples (Figure 4) and relatively
more PRs (Figure 5E, magenta). At these later ages in organoids,
there are fewer ATOH7+ T1 cells but abundant FABP7+ T3 (Fig-
ure 5E”) cells.

To directly compare organoid cells with the fetal retina at a
similar stage of development, we combined the data from
D90-D110 organoid samples with that of FD82 central and pe-
ripheral retina (Figures 5F and 5F). Like the earlier stages of or-
ganoids, the cellular composition at this stage is very similar to
the corresponding fetal retina stage (Figure 5G); all major cell
types can be identified (Figure 5F), including the transition cell
populations. We also compared the average gene expression
levels of organoid and fetal retinal cells for genes that define
specific cell populations, and these are shown as heatmaps in
Figure 5H. As for the early stages of organoids, progenitor
gene expression is very similar across samples; however, there
are some differences between fetal retina and organoids. For
example, ATOH?7 is more highly expressed in fetal retinal cells

than in organoids, whereas GADD45A is more highly expressed
in organoids (Figure S5B).

The above analyses indicate that organoids closely model
fetal retinal development through FD110. This trend continues
even in more mature organoids; we compared scRNA-seq re-
sults from FD125 retina with those from D205 organoids (Fig-
ure 6), and the cells largely overlap (Figure 6A’). More mature
organoids have a higher representation of later-born retinal sub-
types; e.g., BCs, rods, and Mdller g