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Single cell transcriptomics reveals lineage
trajectory of retinal ganglion cells in wild-type
and Atoh7-null retinas
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Atoh7 has been believed to be essential for establishing the retinal ganglion cell (RGC)
lineage, and Pou4f2 and Isl1 are known to regulate RGC specification and differentiation. Here
we report our further study of the roles of these transcription factors. Using bulk RNA-seq,
we identify genes regulated by the three transcription factors, which expand our under-
standing of the scope of downstream events. Using scRNA-seq on wild-type and mutant
retinal cells, we reveal a transitional cell state of retinal progenitor cells (RPCs) co-marked by
Atoh7 and other genes for different lineages and shared by all early retinal lineages. We
further discover the unexpected emergence of the RGC lineage in the absence of Atoh7. We
conclude that competence of RPCs for different retinal fates is defined by lineage-specific
genes co-expressed in the transitional state and that Atoh7 defines the RGC competence and
collaborates with other factors to shepherd transitional RPCs to the RGC lineage.
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he central nervous system has the most diverse cellular

composition in the animal body. How this complexity is

achieved during development has been one of the central
questions of neuroscience. In the central nervous system, all
neural cell types originate from a common pool of neural pro-
genitor cells; neural progenitor cells take on different develop-
mental trajectories to eventually assume distinct cell fates. The
neural retina is an ideal model for studying neural development.
All retinal cell types arise from a single population of retinal
progenitor cells (RPCs) through a conserved temporal sequence,
but with significant overlaps!~. The competence of RPCs for
different cell fates change over the course of development so that
different cell types are produced at different time windows*~12.
Several factors influencing the temporal change of RPC compe-
tence have been identified!3-1°, However, multiple retinal cell
types are often born in overlapping time windows, yet the nature
of RPC competence for individual cell types remains unknown.
Considerable heterogeneity has been observed within the general
RPC population, which may be related to their competence for
the various retinal cell fates!”-24 In agreement with this idea,
many key regulators, mostly transcription factors, expressed in
subsets of RPCs have been shown to regulate different retinal cell
fates?1,23:25-30 Several RPC subpopulations, including those
expressing Atoh7, Olig2, Neurog2, and Ascll, give rise to or are
biased for certain fates!”>1%:31:32_ However, the cell states in which
these key transcription factors operate in, the actual complexity of
RPC heterogeneity, the relationships between the different RPC
sub-populations, and their relevance to RPC competence for
individual retinal fates, have only begun to be addressed. Con-
ventional experimental approaches have provided much insight
into the genetic pathways and mechanisms underlying the for-
mation of individual retinal cell types!:33-3>. However, the tra-
ditional approach of investigating individual genes and cell types
has been painstakingly slow-paced and inefficient in providing a
comprehensive picture, since the genesis of many cell types often
occurs in overlapping time and space. Understanding the rela-
tionships among different progenitor subtypes and the progres-
sion of individual cell lineages is often limited by the knowledge
of marker genes, the availability of proper reagents, and the
low throughput and resolution and low qualitative nature of
conventional multiplexing assays. Recent development in tran-
scriptomics analysis using next-generation sequencing, particu-
larly at single cell levels, affords powerful means to survey the
complexity of cell composition and progression of cell states for
individual cell lineages.

Single cell expression profiling (single cell RNA-seq,
scRNA-seq) uses microfluidic devices to isolate single cells
and generate barcoded cDNA libraries. The libraries are then
sequenced by next-generation sequencing®37. The sequence
reads can then be decoded and attributed back to specific
genes in individual cells, and expression levels of individual
genes within each cell can then be determined. This approach
enables the expression profiles of thousands of individual cells
to be analyzed, and the cells can then be grouped (clustered)
based on their similarities. The groups of cells thus identified
from a developing tissue can reveal the cellular complexity of
the tissue and the different cell states of individual cell lineages
during development. The technology has been adopted to
study many developing tissues and organs, including the
retinal3-36:38-45 and can thus be used to analyze the hetero-
geneity of RPCs and their relationships to different retinal
lineages. The current study focuses on one of the early retinal
cell types, retinal ganglion cells (RGCs). Three key tran-
scription factors, Atoh7, Pou4f2, and Isl1, function at different
stages along the RGC lineage. Atoh7 functions before the RGC
fate is determined and is believed essential, but not sufficient,

for the RGC fate?2:25-30-32,46 whereas Poudf2 and Isll func-
tion to specify the RGC fate and promote RGC differentia-
tion47->1, Atoh7 has thus been considered a competence
factor. However, how the RGC lineage emerges in the context
of whole retinal development and what specific roles Atoh7
plays in this process is not well understood.

To further understand RGC differentiation, we first performed
conventional RNA-seq on mutant E14.5 retinas of the three key
transcription factors genes, Atoh7, Poudf2, and Isll, to char-
acterize the global downstream events during RGC development.
This allowed us to expand the scope of downstream genes from
previous studies and obtain a global view on the functions of
these key regulators. We then performed scRNA-seq on retinal
cells from E13.5 and E17.5 wild-type and Atoh7-null retinas. At
these stages, particularly at E13.5, four major early retinal cell
types, RGCs, horizontal cells, amacrine cells, and cones, are being
generated®. Our analysis not only identified all these retinal cell
types with unique gene signatures but also revealed their rela-
tionship to the RPC groups. Importantly, we discovered that all
the early cell lineages went through a shared transitional cell state
before the cell fates were specified and that this state was marked
by such genes as Atoh7, Neurog2, Neurodl, and Otx2 that are
involved in the formation of these lineages. Analysis of the Atoh7-
null cells revealed that the RGC trajectory was truncated as
expected, with major changes in gene expression in individual cell
types/states, particularly in RGCs. Unexpectedly, the RGC lineage
still formed and advanced substantially, indicating that other
factors are involved in establishing this lineage. These results
provide novel insights into the mechanisms governing the
emergence of the different retinal lineages and, particularly,
advance our understanding of the cellular process and genetic
pathways underlying the establishment of the RGC lineage.

Results

Changes in gene expression in Atoh7-, Pou4f2-, and IslI-null
retinas. Atoh7, Pou4f2, and Isll are three key regulators in the
gene regulation network controlling RGC development?%->2. They
function at two different stages; Atoh7 is believed to confer
competence to RPCs for the RGC lineage, whereas Pou4f2 and
Isl1 function to specify the RGC fate and promote differentiation.
Previously, downstream genes of Atoh7, Pou4f2, and Isll have
been identified by microarrays224%53:54 However, due to lim-
itations of the technology used, those genes likely only cover small
proportions of those regulated by the three transcription factors.
To gain a more global view of the function of the three tran-
scription factors, we collected total RNA samples from wild-type,
Atoh7-null, Poudf2-null, and IslI-null retinal tissues at E14.5 and
performed RNA-seq. The RNA-seq data from the wild-type
retina provided a comprehensive list of genes expressed in the
E14.5 retina with at least 1.0 average counts per million reads
(CPM, see Supplementary Data 1). We then identified differen-
tially expressed genes (DEGs) by edgeR>” in each of these mutant
retinas as compared to the wild-type retina using a cutoff of at
least 1.5 fold change and FDR of at least 0.05 (Supplementary
Data 2). In the Atoh7-null retina, we identified 670 down-
regulated genes, including Pou4f2 and Isll, and 293 upregulated
genes (Supplementary Data 2); in the Pou4f2-mull retina, we
identified 258 downregulated genes and 169 upregulated genes
(Supplementary Data 2); and in the Is/I-null retina, we identified
129 downregulated genes and 79 upregulated genes (Supple-
mentary Data 2). Although Atoh7 and Pou4f2 were also identified
as DEGs in the respective mutant retinas, Isl1 showed no change
in the IslI-null retina, because in the Is/I-null retina only the
small frame-shifting exon 3 was deleted, which likely did not alter
the mutant mRNA levels significantly*®. These DEGs not only
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Fig. 1 Conventional RNA-seq identifies differentially expressed genes
(DEGS) in E14.5 Atoh7-null, Pou4f2-null, and Isl1-null retinas. a Clustering
of all DEGs across all four genotypes based on Z scores indicates the Atoh7-
null retina is least similar, whereas the Is/T-null retina is most similar to the
wild-type retina. Each genotype has three replicate samples. The genes were
divided into five groups (1-5) based on how they are affected in the three
mutants. The color scale represents cross-sample Z scores for individual
genes (rows). Source data are from Supplementary Data 2. b A Venn-diagram
showing the overlaps of downregulated genes in all three mutant retinas. ¢ A
Venn-diagram showing the overlaps of upregulated genes in the three mutant
retinas. Source data for (b, ¢) are provided.

confirmed previous findings, as essentially all previously identi-
fied DEGs were included, but also provided a more complete
picture by significantly increasing the numbers of DEGs for each
mutant. The different numbers of DEGs in these three mutant
retinas were consistent with their severity of defects in RGC
development?>304950.56 \which was further reflected by a clus-
tering heatmap analysis, showing that the Atoh7-null retina was
least similar, and the Isll-null retina was most similar, to the
wild-type retina (Fig. 1a).

Consistent with RGCs being largely missing in the Atoh7-null
retina, RGC-specific genes were mostly found in the down-
regulated DEG list, whereas RPC-expressed DEGs included both
down- and upregulated genes (Supplementary Data 2). The
downregulated Atoh7 gene list also encompassed the majority of
genes in downregulated Pou4f2 and Isll lists, as would be
expected considering that Pou4f2 and Isll function downstream
of Atoh7 (Fig. 1b). Gene ontology (GO) analysis by DAVID>’
found the downregulated genes in the three mutants were highly
associated with different aspects of neural differentiation and
function, as demonstrated by enriched biological processes and
GO terms, including nervous system development, axonogenesis,
cell adhesion, and neurotransmitter secretion (Supplementary
Data 3). On the other hand, the three upregulated gene lists were
markedly different and much less overlapped (Fig. l1c and
Supplementary Data 2). GO analysis revealed the upregulated
DEGs in the three mutants were broadly involved in neural
development, both negatively and positively (Supplementary
Data 3). Genes negatively regulating proliferation were enriched
in the Atoh7 upregulated list, but not the Pou4f2 or Isll
upregulated list (Supplementary Data 3). These results reflected
that these three factors repress gene expression largely indepen-
dently at two different levels of the gene regulatory hierarchy
either directly or indirectly; Atoh7 represses gene expression in

proliferating RPCs, confirming our previous analysis?2, whereas
Poudf2 and Isl1 repress gene expression in RGCs. Independent
gene repression by these factors was also demonstrated by genes
with changes in different directions in these three mutant retinas
(Supplementary Data 2). For example, Nhlhi did not change in
Atoh7-null, was downregulated in Pou4f2-null (fold change
—2.2), but upregulated in Is/I-null (fold change 1.7), whereas
its related gene Nhlh2 was downregulated (fold change —2.0) in
Atoh7-null, did not change in Pou4f2-null, but was significantly
upregulated in Is/I-null (fold change 1.7). We also confirmed that
some marker genes for amacrine cells (e.g., Chat, Th, fold change
383.0 and 35.1, respectively) were markedly upregulated in
Poudf2-null retina as previously reported®, but they did not
change in either Afoh7-null or IslI-null retinas. DixI and DIx2,
two genes involved in RGC development®®>®, were down-
regulated in the Afoh7-null retina, but upregulated in the Pou4f2-
and Is/I-null retinas, indicating these genes were activated by
Atoh7 in RPCs, but repressed by Pou4f2 and Isll in RGCs
(Supplementary Data 2).

The DEG lists also revealed/confirmed that key pathways were
affected in the three mutant retinas and additional components
with changed expression were found. For example, the Shh
pathway, which is under the control of the gene regulatory
network for RGC genesis, plays a key role in balancing
proliferation and  differentiation through a feedback
mechanism*#°053,60-63 Expanding previous findings, we found
more components in the Shh pathway were affected in all three
mutant retinas (Fig. 2a, Supplementary Data 2). These compo-
nent genes, including Shh, Glil, Ptchl, Ptch2, and Hhip, revealed a
complex feedback loop of the pathway in balancing proliferation
and differentiation via downstream genes such as Glil and CcnD1
(Cyclin D1) (Supplementary Data 2, Fig. 2b)49:50,53,60-66,
Consistent with this model, Glil and CcnD1 expression was both
reduced in all three mutants (Supplementary Data 2). Two
additional signaling pathways from RGCs to RPCs exist in the
developing retina. Two related BMP molecules, Gdfll and
Myostatin/Gdf8 (Mstn), are secreted from RGCs to balance RGC
production and RPC proliferation®367. Vegf is also involved in
the feedback from RGCs to RPCs®8. Mstn was downregulated in
all three mutant retinas, but GdfI11 exhibited no change, which
might be due to Gdfl1 expression not confined to just RGCs.
Unexpectedly, Vegfa expression increased in the Atoh7-null
retina, although the underlying mechanism is not clear, but did
not change in the other two mutants. Multiple component genes
of the Notch pathway, including Hes5, were upregulated in the
Atoh7-null, but not the other two mutant retinas (Supplementary
Data 2). However, as discussed later with our single cell analysis,
the effects of Atoh7 deletion on the Notch pathway is complex
and likely involved the Shh and Vegf pathways, as crosstalk exists
between them via Hes161:63.68.69 These results further demon-
strated that deletion of Atoh7 not only compromised RGC
formation but also altered the properties of RPCs through
multiple interacting pathways.

Single cell RNA-seq of wild-type and Atoh7-null retinas at
E13.5. Whereas the RNA-seq data provided much insight into
gene regulation by Atoh7, Pou4f2, and Isll in the developing
retina, how their absence affected different cell states could not be
attained. In particular, although Atoh7 functions in a subset of
RPCs that gives rise to RGCs, the properties of these RPCs and
their relationships to other cell populations have not been well
characterized. To that end, we first performed single cell RNA-seq
with E13.5 wild-type and Atoh7-null retinal cells. The choice of
E13.5, instead of E14.5, was fortuitous but did not affect our
overall analysis since largely the same cell types are being
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Fig. 2 The Shh pathway is regulated by the RGC gene regulatory cascade at multiple levels. a Multiple component genes of the Shh pathway are
downregulated in the three mutant retinas. Data are presented as mean values + SD. CPM: counts per million. n=3 independent replicates for each
genotype. Two-tailed Student's t test with equal variance was performed between each mutant and the wild-type for each gene. P values between all
mutants and wild-type are provided. Source data are provided. b A diagram showing how the Atoh7-Pou4f2/IsIT gene regulatory cascade regulates the Shh
pathway in the developing retina in a complex manner, with multiple feedback loops.
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Fig. 3 scRNA-seq analysis of E13.5 wild-type (WT) and Atoh7-null (MT) retinas. a, b As indicated, uniform manifold approximation and projection
(UMAP) clustering leads to the same 11 overlapping clusters (CO-C10) with both WT (a) and MT (b) retinal cells. ¢ Expression of known markers genes as
represented by a dot plot enables identity assignment of individual WT and MT clusters (see text for details). As indicated, the sizes of the dots indicate
the percentage of cells expressing the gene in individual clusters and the color intensities denote average expression levels. Color scales represent natural-
log transformed normalized gene expression levels as described in “Methods”. d, e Cell cycle analysis determines the cell cycle status (G1, S, and G2/M) of
individual cells in the clusters. Note that largely the same cell cycle distribution is observed in the WT (d) and MT (e) retinas, and that the cell cycle

statuses correlate with UMAP clustering.

generated in these two time points>. After filtering out blood
cells, doublet cells, and stressed cells, we were able to obtain
expression data of 3521 wild-type cells and 6534 Atoh7-null cells.
The median sequence reads were 68,491 and 54,765 for wild-type
and mutant cells, respectively. The median numbers of genes
captured were 1975 and 2375 for wild-type and mutant cells,
respectively. UMAP clustering was then performed on these cells
using Seurat 3.1.170, which resulted in a total of 11 clusters
(C0-C10) for both wild-type and Atoh7-null cells, and the cor-
responding clusters highly overlapped (Fig. 3a, b). We first used
known marker genes to assign identities to these clusters. These
markers included Cendl, Fgf15, and Sox2 for naive RPCs2460.71,
Sox2, Atoh7, and Otx2 for subpopulations of RPCs!'8:2372, Pou4f2

and Pou6f? for RGCs’374, Ptfla and Tfap2b for amacrine and
horizontal precursor cells?”28, NeuroD4 and Crx for
photoreceptors®>7>76, and OtxI and Gjal for ciliary margin
cells”7>78. At this stage, horizontal cells and amacrine cells seemed
not to have fully diverged yet and thus were grouped together
(Fig. 3a, b). These marker genes were specifically expressed in
distinct clusters as demonstrated by dot plots (Fig. 3c) and feature
plot heatmaps (Supplementary Fig. 1). This allowed us to defi-
nitively designate their identities, including three clusters as naive
RPCs (C0-C2), two as transitional RPCs (C3 and C4) for reasons
further discussed below, two as RGCs (C5 and C6), one as hor-
izontal and amacrine precursors (C7), two as photoreceptors
(cones) (C8 and C9), and one as ciliary margin cells (C10).
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Notably and as expected, Atoh7 was absent and the two RGC
markers Pou4f2 and Pou6f2 were markedly diminished in the
Atoh7-null cells, but the corresponding clusters in which they
were expressed in the wild-type, including the two transitional
RPC clusters (C3, C4) and two RGC clusters (C5, C6), still existed
(Fig. 3b, ¢, Supplementary Fig. 1). Marker genes for the other
mutant clusters did not show overt changes in their expression
(Fig. 3¢, Supplementary Fig. 1). These results were consistent with
previous knowledge that RGCs, horizontal cells, amacrine cells,
and cones are the major cell types being generated at this
developmental stage>*, and that deletion of Atoh7 specifically
affects RGCs?>0.

We also performed cell cycle analysis following a protocol in
Seurat 3 using 70 cell cycle markers”® and found that, for both
wild-type and Atoh7-null cells, the three naive progenitor cell
clusters CO-C2 roughly co-segregated with their positions in the
cell cycle, CO in G1 and early S, C1 in S and G2/M, and C2 in G2/
M (Fig. 3d, e). The transitional RPCs (C3, C4) were also actively
proliferating as they were found in different phases of the cell
cycle, C3 in S and G2/M and C4 in Gl. On the other hand,
clusters composed of differentiating cells (C5, C6, C7, C8, C9)
were all in G1 (GO) phase, confirming that they were indeed
postmitotic neurons. These results demonstrated that our
clustering analysis accurately grouped the cells into different
stages of differentiation and our identity assignments were all
correct.

Relationships between the clusters. To further examine the
characteristics of the individual clusters, we performed gene
enrichment analysis of the wild-type cells by comparing the
expression profile of each cluster with those of all the other
clusters and identified genes that were specifically enriched in
individual clusters (Supplementary Data 4). The numbers of
enriched genes in these clusters ranged from 126 to 686 with
Cluster 6 having the most enriched genes (Supplementary Data 4
and 5). The enriched genes further confirmed our initial cluster
identity assignment, as many additional known marker genes
specific for the cell states/types were enriched in the corre-
sponding clusters (Supplementary Data 4). Examples of such
genes included Sfrp2, Lhx2, Zfp36l1, and Vsx2 for RPCs
(C0-C2)1480-82 [§]1, Nefl, Sncg, Gap43, and Ina for RGCs (C5
and C6)224953, Thrb, Meis2, Prdml, and Gngt2 for photo-
receptors (C8 and C9)83-8, Tfap2a, Prdm13, and Onecut2 for
amacrine and horizontal cell precursors (C7)2%8788, and Ccnd2
and Msx1 for ciliary margin cells (C10)3%90.

Next, we examined the expression of the top ten enriched genes
as ranked by p values from each wild-type cluster across all the
clusters and represented the data by a heatmap (Fig. 4a). This
analysis did not only confirm their enrichment in the corre-
sponding clusters but also revealed that many of these genes were
expressed across several neighboring clusters, suggesting the
relationships and continuity among these clusters along different
developmental lineages. For example, the top ten enriched genes
in CO were also highly expressed in C1 and C2, indicating they
indeed were all RPC clusters. The differences among these three
clusters were likely due to their cell cycle status (Fig. 3d), as many
of the cluster-specific genes are directly involved in cell cycle
regulation (Supplementary Data 4). C3 and C4 were two other
examples of this continuity. They continued to express many of
RPC genes enriched in C0-C2, albeit at lower levels, but began to
express such genes as Atoh7, DIx1, DIx2, Neurodl, and Otx2,
which regulate retinal cell differentiation?>2>30>991 On the
other hand, many of the genes in C3 and C4 trailed into the
further differentiated clusters, including C5 and C6 (RGCs), C7
(horizontal and amacrine cells), and C8 and C9 (photoreceptors),

suggesting that C3 and C4 cells were intermediate transitional
RPCs poised to differentiate (Fig. 4a). Although C5 and C6 were
both assigned as RGC clusters, C5 continued to express many
genes enriched in C3 and C4, but C6 essentially stopped
expressing them (Fig. 4a). On the other hand, although C5 cells
expressed the early RGC marker genes such as Isl1 and Pou4f2 at
high levels, they had not or had just begun to express many of the
RGC-specific genes encoding RGC structure and function
proteins such as Nefl, Sncg, Gap43, Nefm, and Ina, but these
genes were highly expressed C6 cells (Fig. 4a). Thus, C5 cells were
nascent RGCs and C6 were further differentiated RGCs. Similarly,
C8 were nascent photoreceptors and C9 were more differentiated
photoreceptors based on the expression of early and later
photoreceptor marker genes (Fig. 4a). As mentioned above, C7
cells were considered precursors for horizontal and amacrine cells
as they expressed genes required for both lineages, such as Ptfla
but more specific marker genes for the two cell types were not
robustly expressed yet. From these overlaps in expression the
trajectories of the different cell lineages could be postulated,
which all started from the naive RPCs (C0-C2), underwent the
transitional RPC stage (C3, C4), and finally reached the different
terminal cell fates (C5-C9).

The unidirectional trajectories were further validated by
examining the overlaps of all enriched gene lists in different
clusters; there were significant overlaps between the naive RPCs
(C0-C2) and transitional RPCs (C3, C4), between the transitional
RPCs (C3, C4) and the three terminal lineages including the RGC
clusters C5 and C6, horizontal and amacrine cluster C7,
photoreceptors clusters C8 and C9, but little overlaps between
the naive RPCs and fate-committed neurons (Fig. 4b, and
Supplementary Data 4), further confirming that C3 and C4 were
in a transitional state linking naive RPCs and differentiating
neurons. Of note is that C10, which was composed of the ciliary
margin cells with a unique gene signature, also expressed many of
the genes enriched in RPC clusters C0-C2 (Fig. 4a, Suppl
Table 6), highlighting the close developmental relationship of the
ciliary margin and the neural retina.

To further corroborate the relationships between the cells in
these clusters, we also performed trajectory analysis using the
SCANPY tool which is based on diffusion pseudotime (DPT) by
measuring transitions between cells using diffusion-like random
walks®2. As shown in Fig. 4c and consistent with the conclusions
from the heatmap with the cluster-enriched genes, three definitive
trajectories representing photoreceptors, horizontal and amacrine
cells, and RGCs were identified, which all originated from the
transitional RPCs that were downstream of the naive RPC
clusters. Not surprisingly, being the first cell types to form, the
RGC trajectory advanced the furthest (Fig. 4c). All three
trajectories also existed in the Atoh7-null cells (Fig. 4d); whereas
the other two trajectories were not affected, the RGC trajectory
appeared to have progressed through C5 but stalled at Cé,
consistent with the fact that RGCs are specifically affected in the
Atoh7-null retina.

Characteristics of individual cell states during retinal devel-
opment. To better understand the properties of the cell states/
types represented by individual clusters, we further examined the
biological function of the enriched genes in these clusters by GO
analysis of each of these lists®’. For simplicity, we combined
similar clusters, including CO to C2 (naive RPCs), C3 and C4
(transitional RPCs), C5 and C6 (RGCs), and C8 and C9 (pho-
toreceptors) (Table 1). The top five GO biological processes
enriched in naive RPCs were cell cycle, cell division, mitotic
nuclear division, nucleosome assembly, and chromosome segre-
gation, confirming that they were indeed actively dividing RPCs
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advance as far as the WT cells.

at different phases of the cell cycle (Table 1). Two of the top five
GO terms associated with C3 and C4 included cell cycle and cell
division, further implying they were still RPCs. Interestingly, the
other three top GO terms were all associated with RNA proces-
sing (Table 1), indicating that this process plays a critical role in
these transitional RPCs. In contrast, GO terms enriched in RGCs,
horizontal and amacrine cells, and photoreceptors were all related
to the various aspect of neural development and function, further
confirming that their identities were correctly assigned and that
the enriched genes were involved in their formation.

The enriched gene lists also included many genes with
unknown expression patterns and functions in the retina. To
examine how faithful these enriched genes reflected their actual
expression patterns in the developing retina, we chose genes from
the enriched lists whose expression and function have not been
well analyzed and compared their predicted expression patterns
as presented by feature plots with that reported in the Eurexpress
in situ hybridization database® (http://www.eurexpress.org/ee/).
We found that the feature plots almost always correctly predicted
the actual expression patterns in Eurexpress when the data is
available, often with more details than in situ hybridization, as
exemplified by 5 naive RPC enriched genes and 10 RGC-enriched
genes whose expression and function in the retina have not been
characterized (Supplementary Fig. 2, Supplementary Data 4).

Thus, the clustering data based on scRNA-seq analysis can serve
as a very useful resource for identifying novel genes as markers or
candidates for further functional analysis.

The scRNA-seq data also clarified contradicting results on two
genes critical in retinal development. Sox4 and Sox11, which encodes
two transcription factors essential for RGC development®*-%, are
expressed mostly in RGCs, but there have been conflicting reports
regarding whether they are also expressed in RPCs°>%>-%/. In the
Atoh7-null retina, since most RGCs are absent, it was indicated that
Sox4 and SoxI1 were downregulated®>%>. However, we did not
detect significant changes in conventional RNA-seq analysis
(Supplementary Data 2). These contradicting results were resolved
by comparison of their expression in corresponding clusters; both
genes were extensively expressed in all the clusters (Fig. 5a, b), but
were at lowest levels in naive RPCs (C0-2), began to increase in the
transitional RPCs (C3, C4), and reached the highest levels in RGCs
(C5, C6) and amacrine and horizontal precursors (C7) (Fig. 5¢).
These patterns were further confirmed by in situ hybridization with
RNAscope probes®® (Fig. 5d, e). In the Atoh7-null retina, the overall
patterns of Sox4 and Sox11I remained and the levels were comparable
in all clusters, with only moderate upregulation of Sox4 in
differentiated RGCs (C6, Fig. 5c). Therefore, despite the loss of
RGCs, the overall expression levels of these two genes did not
change in the Atoh7-null retina as detected by regular RNA-seq
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Table 1 Enriched GO terms for individual cell states/types.
Term Count % Fold enrichment P Value
Naive RPCs (CO-C3)
Cell cycle 64 18.66 5.84 2.63E-30
Cell division 51 14.87 7.63 213E-29
Mitotic nuclear division 42 12.24 8.49 6.07E—26
Nucleosome assembly 22 6.41 1.84 1.20E-16
Chromosome segregation 16 4.66 10.06 4.83E-11
Transitional RPCs (C3, C4)
RNA splicing 35 10.42 8.42 1.85E—-21
Cell cycle 51 15.18 4.81 2.52E-20
MRNA processing 37 1.01 6.66 3.06E—-19
Cell division 34 10.12 527 1.29E-14
mRNA splicing, via spliceosome 19 5.65 9.83 7.01E-13
RGCs (C5, C6)
Nervous system development 63 7.67 4.07 3.24E-21
Axon guidance 31 3.78 5.07 3.39E-13
Axonogenesis 25 3.05 5.69 7.00E-12
Neuron projection development 24 2.92 4.21 1.07E-08
Substantia nigra development 13 1.58 8.34 2.08E—-08
Horizontal an amacrine cells (C7)
Nervous system development 30 8.17 4.35 713E-1
Axon guidance 16 4.36 5.87 9.73E-08
Cell differentiation 34 9.26 2.38 6.70E—06
Neuron migration 12 3.27 5.29 1.71E-05
Multicellular organism development 38 10.35 2.02 6.55E—-05
Photoreceptors (C8, C9)
Visual perception 25 7.31 4.06 1.39E-08
Photoreceptor cell maintenance 13 3.80 5.99 1.82E-06
Synaptic vesicle exocytosis 7 2.05 10.73 4.23E-05
Negative regulation of transcription from RNA polymerase Il promoter 5 1.46 16.13 2.19E-04
Positive regulation of transcription from RNA polymerase Il promoter 26 7.60 2.19 3.79E-04

using total RNA from whole retinas. Nevertheless, as further
discussed later, the differential expression levels of Sox4 and Sox11
along the differentiation trajectories may be related to their functions
in the retina, particularly in RGC genesis.

Atoh7 marks a transient state shared by all early differentiation
cell fates. Cells in C3 and C4 appeared to represent a critical
transitional stage linking naive RPCs and differentiating neurons
along individual lineage trajectories. They were considered RPCs
since they still were in the cell cycle (Fig. 3d, e), expressed many
RPC marker genes (Fig. 4a, b, Supplementary Data 4), and their
fate was not committed (Fig. 4c). Nevertheless, the expression of
many of the general RPC marker genes was significantly
decreased in these cells (Fig. 3c, Fig. 4a). Close examination
indicated that these cells expressed many genes involved in spe-
cific cell lineages, including Atoh7, Sox4, Sox11, Neurog2, Neu-
rodl, Otx2, Onecutl, Foxn4, Ascll, Olig2, DIx1, DIx2, and Bhlhe22
(Fig. 6a and Supplementary Data 4). These genes have all been
reported to be expressed in subsets of RPCs, and function in or
mark specific lineages. For example, Atoh7 and Neurog2 are
required for the RGC lineage3!-*2%%, Otx2 and NeuroD1I functions
in the photoreceptor lineage?>°!, whereas Olig2-expressing cells
give rise to cone and horizontal progenies'®. Onecutl and One-
cut2 function in essentially all the early retinal cell lineages2-2°.
Other such genes included Foxn4 for horizontal and amacrine
cells, DiIx1 and DIx2 for RGCs and amacrine cells, and Bhlhe22
(also known as bHLHD5) for amacrine cells and bipolar
cells21,58,100-102

The fact that these cells were clustered together and were
enriched with these genes for different lineages indicated that
they possessed shared properties. More interestingly, Atoh7 was

expressed in almost all cells in C3 (86%) and C4 (99%) and trailed
into all three differentiating lineages (Fig. 6a—c). Although this
was consistent with previous findings that Atoh7-expressing cells
are not fate-committed and can adopt all retinal fates3!-3240, the
high percentage of transitional RPCs expressing Atoh7 was
unexpected and likely significant. Moreover, several other factors
such as Neurog2, Neurodl, and Otx2 were also expressed in
substantial portions of cells in C3 (68%, 58%, and 38%,
respectively) and C4 (70%, 67%, and 66%, respectively)
(Fig. 6a—c). Noticeably, in the Atoh7-null retina, the proportions
of Neurog2- and Neurodl-expressing transitional RPCs (C3 and
C4) only increased slightly, and that of Otx2-expressing
transitional RPCs did not change (Fig. 6¢). Neurog2 and Neurodl
were essentially turned off in wild-type nascent RGCs (C5) but
remained highly expressed in corresponding Afoh7-null cells
(Fig. 6¢).

As the trajectories of individual lineages progressed, the relative
activities of these genes changed accordingly. In the nascent RGCs
(C5), whereas Atoh7 continued to be expressed at high levels,
Neurog2, Neurodl, and Otx2 were much reduced in expression
(Fig. 6a, b, d). On the contrary, in the photoreceptor lineage (C8
and C9), Atoh7 and Neurog2 levels dropped significantly, but
Neurod] and Otx2 increased markedly (Fig. 6a, b, d). As mentioned
above, Sox4 and Sox11I had elevated expression in the transitional
RPCs (C3 and C4) and continued to be expressed in all lineages
(Figs. 5a—c, 6a). Nevertheless, other factors, such as Olig2, Onecutl,
Foxn4, Ascll, seemed to be expressed in considerably fewer
transitional RPCs (Fig. 6a). However, the overlaps between these
genes could be more extensive as the percentage of gene expression
in each cluster was likely underestimated due to sequence depth and
expression levels. Nevertheless, the transitional RPCs likely
remained heterogeneous.
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the retina, which presumably are the transitional RPCs. Each in situ hybridization experiment was performed three times with independent retinal sections.

The scale bar is 150 um.

Another prominent feature of the transitional RPCs is that
many genes encoding components of the Notch pathway,
including DIl1, DII3, DIl4, Notchl, Hes5, Hes6, and Mfng were
enriched, further emphasizing the critical roles of this pathway in
retinal development (Fig. 6e, Supplementary Data 4). The
expression of DI, DII3, and DIl4 was of particular interest; they
all were only expressed highly in transitional RPCs (C3 and C4)
and the differentiating clusters, but not much in the naive RPC
clusters. Although Hes5, one of the effector genes of the pathway,
was enriched, Hesl, another downstream effector of the pathway,
was significantly downregulated in C3 and C4, as compared to the
naive RPCs (Supplementary Data 4), indicating that these two
genes were differentially regulated and likely had both shared and
distinct functions®®193. These findings suggested that when
selected RPCs were poised for differentiation and began to
express Atoh7 and genes for other fates, they also elevated the
levels of ligands of the Notch pathway, which in turn modulate
the Notch activities in the naive RPCs. Likely this is part of the
mechanism by which the balance between proliferation and
differentiation is achieved.

Many additional genes, e.g., Gadd45a, Btg2, Penk, Srrm4, and
Plk1, Sstr2, and Ccnbl, were enriched in the transitional RPCs
(Fig. 6e, Supplementary Data 4), but their roles are mostly
unknown. For example, Gadd45a and Btg2, two genes involved in
cell cycle arrest, DNA repair, and apoptosis!?4-107, were highly
enriched in transitional RPCs, but they diverge in the differentiat-
ing lineages (Fig. 6e). Gadd45a continued to be expressed in
nascent RGCs (C5), whereas Bfg2 maintained its expression in
photoreceptors (C8, C9) (Fig. 6e). We further confirmed by
RNAscope in situ hybridization that they each indeed were
expressed in a subset of RPCs at different developmental stages
examined (E12.5, E14.5, and E17.5), with patterns very similar to
that of Atoh7'872108 (Supplementary Fig. 3). Both genes are
responsive to stress-induced growth arrest and inhibit the G1/S
progression in the cell cycle. Although their roles in retinal
development have not been well studied, they likely participate in
establishing the transitional cell state in these cells, which are
poised to exit the cell cycle and commit to distinct cell fates.

Our findings that Atoh7 and genes for other cell lineages co-
express in the transitional RPCs were consistent with previous co-
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regulate, e.g., Atoh7 and Sox11 in retinal ganglion cells (RGCs) (C5), and Otx2 in photoreceptors (C8, C9). The color scale represents natural-log
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photoreceptors. ¢ Percentage of cells expressing Atoh7, Neurog2, Neurodl, and Otx2 in the transitional RPCs (C3, C4) and nascent RGCs (C5) in the wild-
type (WT) and Atoh7-null (MT) retinas. d Changes in activities of Atoh7, Neurog2, NeuroD1, and Otx2 as cells progress into distinct lineages. For each gene,
the gene activity in each cluster is derived by the expression level of that cluster divided by the mean of all clusters. e Additional genes, including many
encoding components of the Notch pathway, are enriched in the transitional RPCs (C3, C4). The color scales represent natural-log transformed normalized
gene expression levels. f-h Immunofluorescence staining shows substantial co-expression of Atoh7 or Atoh7HA with Olig2 (f), Otx2 (g), and Foxn4 (h) in
RPCs. Note the yellow cells are those expressing both markers in each panel. In the case of Otx2, which is expressed in both RPCs and photoreceptors (g),
the co-expression only occurs in the RPCs. Each of the co-staining experiments (f-h) was performed three times with sections from different animals. The
scale bar is 25 um. Source data in (¢, d) are provided.

immunofluorescence staining showing that Atoh7 (or Atoh7HA
from the Atoh7HA allele) overlaps substantially with multiple
relevant factors such as Neurog2, Neurodl, Onecutl, and
Onecut220:108,109 " Fyrther, by co-immunofluorescence staining,
we confirmed that large proportions of Olig2-, Otx2- and Foxn4-
expressing RPCs (67.53 +4.66%, 60.43 +9.47 and 45.03 +5.39,
respectively, n=4) also expressed Atoh7 (Fig. 6f-h). The
relatively low percentage of Foxn4 positive cells expressing Atoh7
likely was due to Foxn4 also being expressed in naive RPCs
(Fig. 6a). These results indicated that all the early retinal cell fates
go through a shared cell state which is characterized by
downregulation of naive RPC genes, including those for cell

cycle progression, upregulation of the Notch ligands, down-
regulation of the Notch pathway, and upregulation of neurogenic
genes for various retinal fates. Of note is that, although Atoh7 was
expressed in essentially all transitional RPCs, deletion of Atoh7
did not affect the formation of this cell state (Figs. 3b, 4d, 6c),
indicating that Atoh7 is not required for the establishment of this
critical cell state in retinal development.

Cell cluster-specific changes in gene expression in the Atoh7-
null retina. Corresponding E13.5 wild-type and Atoh7-null
clusters almost completely overlapped in the 2D projection of the

| (2021)12:1465 | https://doi.org/10.1038/s41467-021-21704-4 | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

a C o

0% H||||Mhm||||1||||
. ou aWT DI3

o S TRt LT

b JLL L] |_|hﬁl|v’ Ll
5.0% A Notch1

0% C0O C1 C2 C3 C4 |C5 C6 '!-:T(I:-Sl—r(!:_vél‘llo_‘ L;‘;giiﬂﬁ!” ‘i |'| |1M H ll

T T T BV NI
P evererd ﬁimg&mmn
3R2=°.9v:}.co 3R2-0g‘gm 8R2-oggcz BRZ o‘x:cs .es - MW””Q’Q’”Q’M
e R
o e e T

Fig. 7 Comparison of wild-type and Atoh7-null clusters. a Proportions of cells in each wild-type (WT, red) and Atoh7-null (MT, blue) clusters. Nascent
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but a marked reduction in C6. Source data are provided. b Scatter plots comparing gene expression in corresponding pairs of WT and MT clusters. The
correlation coefficients (R2) are shown for each pair. The C5 and C6 pairs have the lowest R2 values, indicating the most changes in gene expression.
¢ Violin plots showing cluster-specific changes in expression of the Notch pathway genes. Note the distinct expression patterns of individual genes and

differential expression changes in the MT clusters (see text for details).

UMAP analysis (Fig. 3a, b). Most clusters, including the transi-
tional RPCs (C3 and C4), contained comparable proportions of
cells in the wild-type and mutant retinas (Fig. 7a). However,
several clusters demonstrated marked changes. There was an
about two-fold increase in the proportion of mutant CO cells.
Since most CO cells were in G1/S of the cell cycle (Fig. 2¢, d), this
may reflect the reduced proliferation of the naive RPCs caused by
reduced Shh signaling and the G1/S cyclin (Cyclin D1) levels
(Fig. 2)2231,61.63,110 byt the other pathways including the Notch
pathway may also be involved. The cell number in mutant C7
reduced almost by half, which is consistent with previous reports
suggesting that Atoh7 plays a role in the genesis of horizontal
cells31:52, There was also a noticeable drop in the number of
nascent photoreceptor cells (C8), but no change in the more
differentiated photoreceptors (C9). The significance of this
observation is not known. The mutant cluster with the most
significant change was C6, which were differentiating RGCs, with
an ~5 fold reduction as compared to the wild-type cluster
(Fig. 7a). However, the nascent RGC cluster (C5) and the tran-
sitional RPC clusters (C3 and C4) did not show obvious changes
in cell numbers. As discussed earlier, deletion of Afoh7 did not
substantially affect the overall cell cycle status of each cluster
except for CO as noted above, the relationships of the different
clusters, or the overall trajectories of the distinct lineages
(Figs. 3a-e, 4c, d).

The same corresponding clusters observed in the Atoh7-null
retina provided us the opportunity to probe the cell state/type-
specific gene expression changes caused by deletion of Atoh7.
Global gene expression between corresponding wild-type and
Atoh7-null clusters were highly similar as revealed by the scatter
plots; the correlation coefficients (R?) ranged from 0.870 to
0.969 (Fig. 7b). The high R? values indicated that gene
expression levels detected by scRNA-seq were highly robust

and reproducible. They were also consistent with the knowledge
that Atoh7 functions highly specifically in the RGC lineage.
Accordingly, the two RGC clusters (C5 and C6) had the lowest
R? values (0.875 and 0.870, respectively). By comparing
corresponding wild-type and Atoh7-null clusters, we identified
a total of 1829 DEGs (Supplementary Data 6). Comparison with
the DEG list from conventional RN A-seq revealed an overlap of
only 290 genes (Supplementary Data 2, 6). Further examination
of the none-overlapped genes indicated scRNA-seq could not
effectively detect DEGs with relatively low expression levels. For
example, Shh was readily detected as a DEG by regular RNA-seq,
but not by scRNA-seq, although Glil, the downstream target
gene of the Shh pathway, was detected by both methods (Fig. 2a,
Supplementary Data 2, 6). This was likely due to the relatively
low sequencing coverage of the transcriptome in scRNA-seq.
Conventional RNA-seq, on the other hand, was inefficient in
detecting DEGs that were expressed in multiple clusters but the
change only occurred in selected clusters (see below). These
results indicated that each method had limitations in identifying
DEGs, particularly in tissues with complex cellular composi-
tions, and that the two methods were complementary in
providing a more complete picture of changes in gene
expression.

Nevertheless, genes identified by comparing the corresponding
wild-type and mutant clusters provided further insights into the
function of Atoh7. Our focus will be on the DEGs in naive RPCs,
transitional RPCs, and RGCs (Supplementary Data 6), since they
were directly related to RGC development, whereas only small
numbers of DEGs were detected for other clusters (Supplemen-
tary Data 6). Consistently, GO analysis of downregulated
DEGs in naive RPCs (C0-2) by DAVID revealed the top
enriched biological process GO terms included protein folding,
mRNA processing/RNA splicing, and cell division/cell cycle
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(Supplementary Data 6, 7). These biological processes are all
required for active proliferation, which is a property of naive
RPCs. Example DEGs directly involved proliferation included
Ccndl, Ligl, Mcm3, and Mcm7. On the other hand, one of the
prominent features of the biological processes associated with the
upregulated DEGs is gene regulation associated with neural
development (Supplementary Data 7). These results suggested
that there was a shift in the properties of the naive RPCs from
proliferation to differentiation. Since Afoh7 is not expressed in
these cells (Figs. 3¢, 6b), this shift likely was caused by non-cell
autonomous mechanisms, highlighting the interaction between
RGCs and RPCs. DEGs in the transitional RPCs (C3 and C4)
likely reflected its direct function. Downregulated genes included
those implicated in the RGC lineage, such as DIx2 and Eya2, those
involved in mRNA processing, and the Delta-like ligand genes
(see below), but not cell cycle genes (Supplementary Data 6, 7).
On the other hand, upregulated DEGs included those encoding a
large number of transcription factors, many of which, such as
Foxn4, Neurodl, and Onecut2, are involved in non-RGC lineages.

As expected, the largest number of DEGs were found between
the wild-type and mutant RGC clusters (C5 and C6); 450 DEGs
were found in C5, 618 DEGs were found in C6, and collectively a
total of 861 DEGs were identified in these two clusters
(Supplementary Data 6). These genes are directly relevant to
the establishment and maintenance of the RGC identity; among
them included Pou4f2 and Isll and many other previously
identified genes encoding regulatory, functional, and structural
proteins critical for RGC differentiation, which was further
confirmed by GO analysis (Supplementary Data 7)4°0:52,53 As
further discussed later, the upregulated DEGs in the mutant
RGCs featured a large set of genes normally expressed in RPCs
and/or other cell types, including those of the Notch pathway
(Supplementary Data 6). These upregulated DEGs indicated the
RGC lineage, although still formed in the Atoh7-null retina, was
immature and likely had mixed identities.

One interesting observation from the cluster-specific compar-
isons of the scRNA-seq data was that the Notch pathway was
affected in a complex fashion in the Atoh7-null retina (Fig. 7c,
Supplementary Data 6). In the naive RPCs (C0-C2), Hesl, but
not Hes5, was significantly downregulated (Fig. 7c, Supplemen-
tary Data 6), indicating the downregulation of the Notch
pathway. Since HesI is a convergent signaling node®!:63:68 itg
downregulation likely resulted from the combined dysregulation
of multiples pathways, including the Shh pathway, the Vegf
pathway, and the Notch pathway its self. Consistently, in the
transitional RPCs (C3 and C4), all three delta-like ligand genes,
DIl1, Dli3, and DIl4, were markedly reduced, but other genes
enriched in these cells, including Notchl, Mfng, and Rbpj, and
Hes6, did not change (Fig. 7c, Supplementary Data 6). On the
other hand, multiple Notch pathway genes, including DIl1, DIl3,
Notchl, Mfng, Rbpj, Hesl, and Hes5, were upregulated in RGCs
(C5 and/or C6) (Fig. 7c, Supplementary Data 6). Thus, Atoh7,
which is expressed in the transitional RPCs, may influence the
Notch pathway in multiple cell types, likely through regulating
the Delta-like ligand genes directly and the other signaling
pathways indirectly. As suggested above, the continued expres-
sion of Notch components in the RGCs may reflect their
immaturity and stalled differentiation.

It is worth noting that the functions of many of the DEGs, both
down- and upregulated, are unknown. Such examples included
genes encoding members of the chaperonin containing TCP1
complex (Cct3, Cct4, Cct5, Cct6A, Cct7, Cct8), proteins involved
in mRNA processing, and many transcription factors (e.g., Insml,
Idl, Id2, and 1d3) (Supplementary Tables 8-17). Further
investigations are needed to understand their roles in retinal
development.

The RGC lineage forms and advances substantially in the
absence of Atoh7. The two clusters representing the RGC lineage
(C5 and C6) were still present in the Afoh7-null retina (Figs. 3b,
7a). Although a significant reduction in cell number was found in
more differentiated RGCs (C6) as expected, no major change in
the proportion of nascent RGCs (C5) was observed in the Atoh7-
null retina (Fig. 7a). Thus, the RGC lineage was still formed
initially, but its developmental trajectory stalked prematurely
(Figs. 4c, d, 7a). These findings indicated that, contrary to the
previous conclusions?>30, the RGC lineage still emerged and
advanced considerably in the absence of Atoh7, although most
cells eventually failed to differentiate into fully functional RGCs.

To better understand the underlying genetic mechanisms for
the defective RGC development in the Afoh7-null retina, we
further examined the DEGs in C5 and C6 by comparing them
(861 genes, Supplementary Data 6) with the enriched genes in C5
and C6 (821 genes, Supplementary Data 4), which were mostly
RGC-specific genes (Fig. 8a). Although a significant portion of the
C5/Cé6-enriched genes (386 genes) were downregulated as
expected, many of them did not change in expression (405
genes). A small number of C5/C6-enriched genes (34 genes) were
upregulated. On the other hand, many downregulated DEGs (198
genes) and most upregulated DEGs (246 genes) were not
enriched in C5/C6. These findings suggested these genes were
regulated in different modes in the RGC lineage.

To further confirm these findings, we performed unsupervised
clustering of all the 1266 genes included in the C5/C6 DEG list
and RGC-enriched gene list across the clusters of wild-type and
Atoh7-null cells. This led to 7 groups of genes with distinct
expression dynamics across the clusters, including RGC-enriched
and downregulated (Group la, b); RGC-enriched but not
significantly changed (Group 2); none RGC-enriched but
upregulated (Group 3a, b); and none RGC-enriched but down-
regulated (Group 4a, b) (Fig. 8b, only C3 to C6 are shown, and
Supplementary Data 8). Example genes representing some of
these distinct expression modes across different cell types/states
were more clearly demonstrated by violin plots (Fig. 8c). From
these analyses, it was apparent that, as expected, a large
proportion of RGC-specific genes, including Pou4f2, Isl1, Syt4,
Pou6f2, Gap43, Elavi4, were downregulated in the Atoh7-null
retina (Fig. 8). Among them, some genes, such as Pou4f2 and Syt4
exhibited little expression in the mutant, but other genes, such as
Pou6f2 Gap43, Elavl4, were still expressed at variable but
substantial levels (Fig. 8b, c). In addition, a substantial number
of RGC genes such as Nhlh2 remained expressed at similar levels
as in the wild-type retina (Fig. 8b, c). The remaining RGC-specific
gene expression in the Atoh7-null retina, albeit often at lower
levels, likely underlay the presence of nascent and differentiating
RGCs.

Nevertheless, these RGCs not only failed to express a large
number of genes either completely or at sufficient levels, but also
aberrantly overexpressed many genes not enriched in RGCs
(Groups 3a, b in Fig. 8b, c). Some of these genes, e.g., Kctd8
(Fig. 8c), were expressed at low levels in all wild-type clusters but
were significantly upregulated specifically in RGCs (Group 3a).
Other genes expressed in naive and transitional RPCs but not in
RGCs in the wild-type retina remained expressed in the mutant
RGCs (Group 3b). As mentioned earlier, among these genes
included the Notch pathway genes, Neurodl, and Neurog2.
Neurodl, which is normally expressed in the transitional RPCs
(C3 and C4) and photoreceptors (C8, and C9), but not in RGCs
(C5 and C6) (Figs. 6¢, d, 8c) became highly overexpressed in the
Atoh7-null RGCs (Fig. 8c).

The collective dysregulation of genes in Atoh7-null cells likely
led to the truncated RGC trajectory. These cells progressed to an
RGC-like state by expressing many of the RGC genes, often at
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Fig. 8 Gene expression underlying the retinal ganglion cell (RGC) lineage in the Atoh7-null retina. a Overlaps of down- and upregulated DEGs (DN and
UP, respectively) in Atoh7-null RGCs and RGC-enriched genes (EN) as presented by a Venn-diagram. Source data are provided. b Euclidean distance
clustering demonstrating seven different modes of changes in gene expression in Atoh7-null retinal RGCs (C5 and C6, see main text for details). For
comparison, expression in C3 and C4 are also presented. The color scale represents relative expression levels which were generated by averaging the
normalized gene expression values in each cluster and then centering and scaling the values in each row using R bioconductor package “pheatmap” (see
“Methods"). ¢ Example genes with different modes of expression as demonstrated by violin plots, showing their expression levels (heights of plots,
representing natural-log transformed normalized gene expression levels as described in “Methods") across all clusters of wild-type (WT, red) and Atoh7-
null (MT, blue) cells. Pou4f2 is from group 1a in (b), Syt4, Pou6f2, Gap43, and Elavl4 are from group 1b, Nhlh2 is from group 2, Kctd8 is from group 3a, and

NeurodT is from group 3b.

reduced levels, but also overexpressed many genes abnormally.
Because of the aberrant gene expression, they failed to fully
differentiate into more mature RGCs and many of them, if not all,
likely died32. Noticeably, in the Atoh7-null retina, we did not find
increased expression of genes directly involved in apoptosis in
either the regular RNA-seq or scRNA-seq. This likely was due to
the relatively small number of dying cells at any given time and
that very few dying cells, if any, contributed to the single cell
libraries.

Effects on retinal development at E17.5 by Atoh7 deletion. To
further investigate what occurred to the RGCs in the Afoh7-null
retina as development proceeded, we also compared expression
profiles of the wild-type and Atoh7-null retinas at E17.5, a time
when RGC production significantly decreased®!8. Since the pro-
portions of cells in RGC lineage become increasingly smaller as
development advances®18, we took advantage of two knockin-
mouse lines, Atoh7zsGreenCreERT2 and poyqfFlagtdTomato which
label Atoh7- and Pou4f2-expressing cells respectively, and enriched
these cells by FACS!!l. Due to the stability of the zsGreen
protein, zsGreen cells also included progenies of Atoh7-
expressing cells, including RGCs, horizontal and amacrine cells,

and photoreceptors. We enriched Atoh7-expressing cells from
both heterozygous (Atoh77sGreenCreERT2/+ WT) and null retinas
(Atoh7zsCreenCreERT/lacZ - MIT), as well as RGCs from the
Poudf2FlagtdTomato/+ (WT) retina. We used low gating thresh-
olds to enrich the relevant cell populations, but not to exclude
other cell types completely, which allowed us to profile all the
cell populations at E17.5 (see below). For simplicity of our
analysis, zsGreen cells from the Atoh7zsGreenCreERT2/+ retina
and RGCs from the Poudf2FlagtdTomato/+ retina were grouped
together (28,283 cells) as they are phenotypically wild-type, and
compared with Atoh7-null cells (17,175 cells). As done with
E13.5 cells, UMAP projection clustering and marker analysis
allowed us to identify cell groups with similar cell identifies,
including naive RPCs, transitional RPCs, horizontal and ama-
crine cells, and photoreceptors for both wild-type and Atoh7-
null cells, although the exact numbers of clusters differed and
the identity of one cluster could not be ascertained (Fig. 9,
Supplementary Fig. 4). Similar relationships from naive RPCs
to transitional RPCs, and then to fate-committed retinal cell
types, were observed with both wild-type and Atoh7-null cells
(Fig. 9a). Importantly, transitional RPCs continued to express
genes for multiple cell types with high overlaps, which included
Atoh7, Neurog2, NeuorDl, Otx2, Foxn4, and Olig2 (Fig. 9b).
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RGCs. Color scales represent natural-log transformed normalized gene expression levels as described in “Methods".

These genes, except Atoh7, were also expressed in the Atoh7-
null transitional RPCs (Fig. 9b). The other genes expressed in
the E13.5 transitional RPCs, including Gadd45a and Btg2, also
continued to mark these cells at E17.5 (Supplementary Fig. 4),
indicating the general properties of these cells remained,
although the cell types they produced had shifted. The presence
of the RGC cluster in the E17.5 Atoh7-null retina suggested that
some of the mutant RGCs persisted for some time. We further

validated this by immunofluorescence staining for two RGC
markers, Nefm and Uchll, which showed that about 10-15%
RGCs remained in the Atoh7-null retina at E17.5 (Supple-
mentary Fig. 5).

Comparison of the same clusters between wild-type and Atoh7-
null retinas revealed the changes in E17.5 naive RPCs largely
followed the trend at E13.5 with many of the same genes affected
in both stages (Supplementary Data 9). For example, genes
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involved in cell cycle progression, including Ccnd1, Mcm?7, Mcm3,
and Hesl, continued to be downregulated, likely due to RGC loss
and disrupted signaling from them. In the transitional RPCs,
fewer genes were affected at smaller fold changes, likely reflecting
the reduced activity of Afoh7 and RGC production at this
stage®1872, but many genes, such as DII3 and Neurodl, continued
to be affected the same way as at E13.5 (Supplementary Data 9).
Consistently and unlike at E13.5, both wild-type and Atoh7-null
RGC clusters were only tenuously connected to the transitional
RPC clusters at E17.5 (Fig. 9a). In contrast to E13.5, there were
only a small number of DEGs identified in the mutant RGCs at
E17.5, and the fold changes tended to be smaller (Supplementary
Data 9). However, these DEGs indicated that the remaining RGCs
still were not normal. Whereas many RGC genes such as Pou4f2,
Elavl4, Nefm, Nefl were expressed at the wild-type levels, other
genes, e.g., Crabpl, Gal, Sncg, Gap43, Ebfl, Ebf2, Ebf3, KIf7, Irx3,
Irx5, and IslI, were downregulated. Intriguingly, Pou6f2, which
was downregulated at E13.5 (fold change —2.9), was highly
upregulated in the E17.5 Atoh7-null retina (fold change 2.5)
(Fig. 9c, Supplementary Fig. 6, Supplementary Data 6, 9).
Although the significance and mechanisms of the differential
responses of the RGC genes in the Atoh7-null retina are
unknown, they likely contributed to the eventual loss of almost
all RGCs?>30.

Discussion

In this study, we first used regular RNA-seq to investigate the
global transcriptomic changes in three mutant retinas, Atoh7-,
Poudf2-, and Isl1-null, during early development. The RNA-seq
data provide a comprehensive list of genes expressed in the early
developing retina (Supplementary Data 1). All genes known to
function at this stage are on the list, and the gene list can be
further mined for novel key regulators. Since all three mutants are
defective in RGC development, this analysis provides a more
complete picture and expands our knowledge of the function and
hierarchical relationships of the three transcription factors in this
lineage. The overlaps of downstream genes activated by the three
factors confirm that Atoh7 acts upstream, whereas Pou4f2 and
Isll are dependent on Atoh7 but only represent a part of the
downstream events. Multiple signaling pathways are downstream
of the three factors and functions through complex feedback
mechanisms to coordinate proliferation and differentiation. Many
RGC-specific genes were only dependent on Atoh7, but not on
Pou4f2 or Isll, indicating other factors parallel to Pou4f2 and Isl1
are at work in the RGC lineage. On the other hand, the lists of
upregulated genes, which are normally repressed by the three
transcription factors, demonstrated that the three factors exert
their repressive roles largely independently at two levels: Atoh7 in
RPCs whereas Pou4f2 and Isll in RGCs, although substantial
crosstalk between the two levels exists.

We then performed scRNA-seq on E13.5 and E17.5 wild-type
and Atoh7-null retinal cells. The analysis not only correctly
identified known cell states/types present at the stage, but also
identified enriched genes for each cluster. The cluster-specific
expression provided precise expression information not available
before, demonstrating the power of this technology. Specifically,
genes enriched in different clusters from our scRNA-seq data
define specific states along the developmental trajectories and
provide highly accurate information on their cell state/type-spe-
cific expression patterns (Fig. 10). These results not only validate
several recent reports of scRNA-seq analysis of both mouse and
human retinas showing the presence of distinct lineage trajec-
tories and a shared transitional but plastic (multipotent) cell state
(transitional RPCs) by all the early trajectories!338:39:44, but also
significantly extend those findings by revealing that Aoth7 is

expressed in all transitional RPCs and highly overlaps with genes
involved in lineages other than RGCs. In agreement with our
results, a similar finding that Atoh7 marks transitional RPCs has
also been reported with human embryonic retinal cells*. Our
study provides further insights into the nature of RPC compe-
tence for different retinal cell fates and the likely mechanism by
which these fates are committed. Previous studies indicated that
subsets of RPCs marked by specific genes exist and that these
subsets are required for or biased toward particular cell
fates!7-19:31.32 However, the relationship between these RPC
subpopulations and its relevance to the competence of RPCs for
different retinal fates have not been known. Our current study
establishes that these populations highly overlap and can be
considered as a shared cell state of all early retinal cell types
(Fig. 10). This state is characterized by co-expression of genes
essential for individual retinal cell types, such as Afoh7 and Neurog2
for RGCs, Otx2 and Neurodl for photoreceptors, and Foxn4 and
Onecutl/2 for amacrine and horizontal cells. The commonality of
these factors is that they function before fate commitment but
promote RPCs toward individual lineages. The transitional RPCs,
still dividing but likely in the last cell cycle(s)!831:32:46,108,110  are
also characterized by significantly reduced expression of the naive
RPC markers and proliferation genes, increased expression of
ligands for the Notch pathway, and decrease in the Notch pathway
activities. These aspects of transition are likely coordinated,
although the underlying mechanisms are not known. The Notch
pathway is essential for RPC proliferation but inhibits
differentiation>103112-117 " Promotion of proliferation by Notch
may be achieved through interaction with some of the naive RPC
genes such as Sox2, Lhx2, and Pax6’1:82118.119_ Consistently, retinal
cell differentiation requires the downregulation of the Notch
pathway>114120.121 " Thus, downregulation of the Notch pathway
likely is a key step for establishing this transitional state, and
upregulation of the Notch ligands and other components may serve
as a mechanism to balance proliferation and differentiation by
lateral inhibition!?2-124, This downregulation is likely mediated in
part by transcription factors like Atoh7, Ascll, and Foxn4120:125:126,
Our results indicate that Atoh7 influences the Notch pathway in a
complex fashion, both directly and indirectly, in different cell states/
types. Additional genes, such as Gadd45a, Btg2, Penk, Srrm4, PlkI,
Sstr2, and Ccnbl, were found highly expressed in this transitional
state; they likely also play key roles in the transition from naive
RPCs to transitional RPCs.

Since all early cell types arise from these transitional RPCs, as
suggested by our trajectory analysis, the long-postulated RPC
competence for retinal cell fates may be determined and defined
by the genes expressed in them. For example, their competence
for the RGC fate is dictated at least in part by Atoh7, whose
expression coincides with RGC production!®72108 At later
stages, when Atoh7 is not expressed, RPCs lose their competence
for the RGC fate. Consistent with the idea, deletion of Atoh7 does
not affect the establishment of this transitional state or the
competence for other cell types. Since key regulators of different
fates are co-expressed in these transitional RPCs, an outstanding
question that arises is how the eventual outcome, i.e., adopting
one particular fate versus another, is achieved. The mechanism by
which Atoh7 promotes the RGC fate serves as a point of dis-
cussion regarding how transitional RPCs take on a specific
developmental trajectory. In agreement with previous findings
that Atoh7 is essential but not sufficient for the RGC lineage, we
observed that Atoh7 is expressed in all transitional RPCs and its
expression trails into all three lineages being generated at E13.5.
Since Atoh7 is expressed in all transitional RPCs and thus sig-
nificantly overlaps with competent factors for other fates
(e.g.» Neurodl and Otx2 for photoreceptors), these factors likely
compete with each other to steer the transitional RPCs toward
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drive them to the RGC fate. In the Atoh7-null retina, the establishment of the transitional RPC state is not affected, and nascent RGCs still form through the
expression of some, but not all, RGC genes (represented by a smaller circle with broken lines). The mutant nascent RGCs fail to reach the full RGC state

and many eventually die by apoptosis (indicated by a striped background).

different directions (Fig. 10). The competition may occur at
transcription levels through cross-repression as evidenced by the
upregulation in the Atoh7-null retina of Neurodl and Bhlhe22,
which are required for photoreceptors and amacrine cells,
respectively, and by the distinct expression dynamics along dif-
ferent trajectories. However, this may not be the only or even the
dominant mechanism, as other genes such as Otx2 expressed in
the transitional RPCs are not affected by the loss of Atoh7. Thus,
Atoh7 and the other competence factors may also compete with
each other stochastically by activating distinct sets of downstream
genes essential for the respective fates, e.g., Pou4f2 and Isl1 for the
RGCs, Ptfla for horizontal and amacrine cells, and Crx for
photoreceptors. This idea is consistent with previous observations
that RPCs generated different retinal cell types in a stochastic
fashion”8. Nevertheless, the eventual outcome is likely deter-
mined genetically; the proportion of different cell types produced
at any given time is likely dictated by the presence of the com-
petence factors and their relative activities. This idea is further
supported by the finding that Atoh7 gene dosage affects the
number of RGCs produced and that overexpression of Atoh7
produces more RGCs!27-129. Activities of these transcription
factors may also be modified posttranslationally!30-133, On the
other hand, the transitional RPCs are heterogeneous, as indicated
by the uneven expression of many genes in these cells. This has
also been demonstrated by lineage-tracing experiments; although
Olig2, Neurog2, and Ascll are all expressed in transitional RPCs,
cells expressing these genes are biased in producing specific ret-
inal progenies!”1%. The heterogeneity of transitional RPCs may
reflect their different degree of progression toward different
developmental trajectories.

Our scRNA-seq analysis on the Afoh7-null retina leads to sig-
nificant insights into RGC development by identifying specific

changes in gene expression through both direct and indirect
mechanisms. Of particular significance was our observation that in
the absence of Atoh7, the RGC trajectory still progressed con-
siderably, but stalked prematurely. This may have been observed
previously but not fully appreciated; many of the mutant Atoh7-
expressing cells, marked by knock-in lacZ or Cre-activated reporter
markers, still migrate to the inner side where RGCs normally
reside?>30:3146 but many of them likely die by apoptosis?,
although some of these cells may redirect and adopt other fates.
However, the status of these cells has not been well characterized.
Our results indicate that these cells are on the RGC trajectory, and
many, but not all, RGC-specific genes are activated in them,
although often not to the wild-type levels. Some of the mutant
RGCs even persist for some time but still have aberrant gene
expression. Consistent with our findings, when apoptosis is
inhibited, a much larger number of RGCs survived!34. These new
findings suggest that additional factor(s) other than Atoh7 function
in the transitional RPCs to promote them toward the RGC lineage.
Whereas Neurodl and Neurog2, which are upregulated in the
Atoh7-null retina, may be compensatory, they unlikely play major
roles in the RGC lineage, as mutations of their genes lead to
relatively minor RGC defects?%9%13>, We propose that the SoxC
family of transcription factors, including Sox4 and Sox11, fulfill this
role (Fig. 10). This is based on previous reports that deletion of the
SoxC genes leads to severely compromised RGC production®4-%,
and our finding that they are expressed at high levels in the tran-
sitional RPCs and that their expression is not dependent on Atoh?7.
The SoxC factors likely also function in differentiating RGCs and
other cell types, as they continue to be expressed in fate-committed
retinal neurons. Thus, activation of early RGC genes such as Pou4f2
and Isl1, likely requires both upstream inputs, but in the absence of
Atoh7, the SoxC factors still activate some of the RGC genes
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(Fig. 10). Ectopic expression of Poudf2 and Isll together rescues
RGC formation caused by deletion of Afoh7, and the two factors
were proposed to be part of a core group of factors determining the
RGC fate®2. In light of our current findings, the determination of
the RGC fate is likely a gradual process over a time window without
a clear boundary, and the function of Pou4f2 and Isl1 is to stabilize
the developmental trajectory by activating genes essential for RGC
differentiation and repressing genes for other fates. Some of the
RGC genes are activated already by Atoh7 and/or other factors
independent of Pou4f2 and Isl1, but require Pou4f2 and Isll to
reach full amplitudes of expression, whereas many other RGC
genes can only be activated by Pou4f2 and Isl1 (Fig. 10). Other than
activating RGC genes, Atoh7 is also involved in other aspects of
retinal cell differentiation, such as cell cycle exit, downregulation of
the Notch pathway, and even generation of other cell types32-3%:129,
Elucidating the full function of Atoh7 requires identification of its
direct targets and the associated epigenetic status.

Our study also demonstrates that regular RNA-seq and
scRNA-seq complement each other and can be used in combi-
nation to provide much richer information regarding tran-
scriptomic changes due to genetic perturbations. Although
regular RNA-seq lacks the cellular resolution, it is more sensitive
in detecting genes expressed at low levels and/or in a smaller
number of cells. On the other hand, scRNA-seq enables classifi-
cation of cell states/types in complex tissues and provides insights
into relationships among the different cell states/types. scRNA-
seq also provides precise information regarding changes in gene
expression in specific cell states/types. It is worth noting that,
currently, likely due to limitations of sequence depth and library
construction, genes expressed at low levels and/or in small
numbers of cells are not always readily detectable by scRNA-seq,
but this may change as the technology further matures.

In summary, we used RNA-seq and scRNA-seq to survey gene
expression in the developing retina and identify changes asso-
ciated with deletion of key transcription factor genes for the RGC
lineage. Our results provide a global view of the gene expression,
cell states, and their relationships in early retinal development.
Furthermore, our study validates and further defines a transi-
tional state shared by all early retinal cell fates (Fig. 10). Atoh7,
likely in collaboration with other factors, functions within this cell
state to shepherd RPCs to the RGC lineage by competing with
other lineage factors and activating RGC-specific genes. Further
analysis of the shifts in the epigenetic landscape along individual
trajectories in both wild-type and mutant retinas will help elu-
cidate the underlying mechanisms of RGC differentiation.

Methods

Animals. All mice used were in the C57BL6/129 mixed genetic background. The
two knockin alleles used in this study, Atoh72GreenCREERTZ and poy4f2FLAGtdTomato,
were described in detail in a recent publication!!l, Atoh7zsGreenCREERT2 jg 3 pull
allele and Pou4f2FLAGtdTomato js 3 wild-type allele. The other alleles, including
Atoh7'9¢Z (null), P0u4f2(;f1’ (null), the conditional Isl/I-null mice (Is/0¥/flox;Sjx3-
Cre), and Atoh7HA were reported before!830:49.56, All procedures using mice con-
form to the U.S. Public Health Service Policy on Humane Care and Use of
Laboratory Animals and were approved by the Institutional Animal Care and Use
Committees of Roswell Comprehensive Cancer Center and University at Buffalo.

Bulk RNA-seq. Bulk RNA-seq was carried out as follows?®. After timed mating,
E14.5 retinas were dissected and stored in RNAlater (Invitrogen) while genotyping
was performed. Three individual pools of four to six retinas were collected for
individual genotypes, including wild—?lpe, Atoh7-null (Atoh71acZ/lacZ) | poy4f2-null
(Poudf2GP/Gfp), and Isl1-null (Isl1flox/flox;Six3-Cre). Total RNA was then isolated,
and RNA-seq libraries were generated using TruSeq RNA Sample Prep Kit v2 kit
(Ilumina, RS-122-2001) following the manufacturer’s instruction and sequenced
on an Illumina HiSeq2000 sequencer. Sequence reads were mapped to the mouse
genome assembly (mm10) by STAR!3¢ and differentially expressed genes (DEGs)
were identified by edgeR>. The FDR cutoff was set at 0.05 and the minimum fold
change imposed was 1.5.

To compare the overall gene expression changes in the three mutants, we
calculated the Z-scores of sequence read counts per million (CPM) for each gene,
then divided the genes into five groups based on the hierarchical clustering. We
then generated a heatmap of differential genes by the “pheatmap” R package
(https://cran.r-project.org/web/packages/pheatmap/index.html).

Retinal cell dissociation, FACS, scRNA-seq library construction, and
sequencing. Dissociation of embryonic retinas into single cell suspensions was
performed using the following procedure!??. E13.5 retinas with the desired geno-
types were collected after timed mating. The genotypes used in this study included
Atoh7zsGreenCreERT2/+ (designated as wildftype) and Atohy#sGreenCreERT2/lacZ
(Atoh7-null). They were then washed with cold phosphate-buffered solution, pH
7.0 (PBS), and transferred to fresh tubes containing 200 pl 10 mg/ml trypsin in
PBS. The retinas were then incubated in a 37 °C water bath for 5 min and triturated
five times with a P1000 pipette tip. 20 pl of soybean trypsin inhibitor was then
added to the tube. The cells were spun down at 300 x g, washed twice with PBS, and
resuspended in PBS. The cells were then loaded onto the 10x Genomics Chromium
Controller to generate scRNA-seq libraries using the Chromium Single Cell 3
Library & Gel Bead Kit v2, following the manufacturer’s instructions.

We also performed fluorescence assisted cell sorting (FACS) to enrich Atoh7-
expressing cells and Pou4f2-expressing cells from E17.5 retinas carrying the
Atoh7zsGreenCreERT2 414 P0u4f2FLAthTumata/+ alleles!11. Cells from
Atoh72sGreenCreERT2/+ and Poy4f2FLAGtdTomatol+ retinas were designated as wild-
type, and those from Atoh7zGreenCreERT2/lacZ ywere Atoh7-null. Cell sorting was
performed on a BD FACSAria Fusion Cell Sorter. Dissociated cell suspensions
from E17.5 retinas obtained as described above were pre-sorted to eliminate cell
debris based on their forward and side scatter properties. Then single cell gating
was performed based on FSC-A x FSC-H properties to eliminate the doublets and
other aggregated cells. The zsGreen or tdTomato positive cells were then sorted
based on the cell fluorescence intensities. The zsGreen signal was collected by a 488
laser with a 530/30 detector and a 561 laser with a 582/15 detector was used to
collect tdTomato signal. The gating thresholds were set just above the background
to ensure the continuity of cell populations (Supplementary Fig. 7). These cells
were then loaded onto the 10x Genomics Chromium Controller to generate
scRNA-seq libraries. The libraries were sequenced by an Illumina HiSeq2500 rapid
run using 26x8x98 sequencing and demultiplexing was performed with bcl2fastq?2.

scRNA-seq analysis. The output from 10x Genomics Cellranger 2.1.1 pipeline
was used as input into the R analysis package Seurat version 3.1.1. Cells with high
unique molecular index counts (nUMI), high mitochondrial transcript load, and
high transcript counts for red blood cell markers were filtered out from the ana-
lysis. The data was then normalized, scaled, and explored using Seurat’s recom-
mended workflow. Principal component analysis (PCA), louvain clustering, and
the UMAP (Uniform Manifold Approximation and Projection) were performed.
Normalized gene expression was obtained by LogNormalize in Seurat using a scale
factor of 10,000, in which feature counts for each cell were divided by the total
counts for that cell and multiplied by the scale factor. The value is then natural-log
transformed using loglp. Using the called clusters, cluster-to-cluster differential
expression testing using the Wilcoxon-Rank Sum identified unique gene markers
for each cluster. Differential expression between corresponding wild-type and mutant
clusters was assessed using the FindMarkers function of Seurat, which also utilized the
Wilcoxon-Rank Sum test. Cell cycle analysis used a protocol in Seurat with 70 cycle
genes’? (https://satijalab.org/seurat/v3.1/cell_cycle_vignette.html).

To further interrogate the RGC developmental trajectory, cells belonging to C3,
C4, C5, and C6 were subset from the Seurat data object. The average expression for
each DEG, for each cluster, was compared between wildtype and Atoh7-null mice
using the pheatmap package, clustering rows by euclidean distance using the hclust
algorithm, and introducing cuts to the hierarchy tree using cutree =7 for visual
clarity.

Pseudotime analysis. To infer developmental trajectories, the python package
SCANPY provides pseudotemporal-ordering and the reconstruction of branching
trajectories via Diffusion Pseudotime (DPT)?2. A root cell was selected at random
within the progenitor cell population of called Cluster 1. The assigned pseudotime
values were then mapped back to the Seurat UMAP embedding for visualization
and further analysis.

Immunofluorescence staining, in situ hybridization, and online data mining.
Immunofluorescence staining on cryopreserved retinal sections was performed as
follows2%2, Embryos were obtained after timed mating at the desired stage and
fixed with 4% paraformaldehyde, washed three times with PBS (pH 7.4) plus 0.2%
Tween 20 (PBST), soaked in 30% sucrose, and embedded in OCT medium. They
were then sectioned at 16 um and the sections were washed three times for 10 min
with PBST and blocked with 2% BSA in PBST for 1h. They were then incubated
with primary antibodies with appropriate dilutions as listed below in 2% BSA-
PBST for 1 hr and washed three times for 10 min with PBST, followed by incu-
bation with fluorescent-dye-conjugated secondary antibodies and washing with
PBST. The nuclei were stained with propidium iodide when necessary. The slides
were then mounted with AquaMount (Lerner Laboratories) and
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Immunofluorescence images were captured by a Leica TCS SP2 confocal micro-
scope. Positive cells were counted manually for positive cells per arbitrary length
unit on a computer screen??2109 Primary antibodies used in this study included:
rabbit anti-Otx2 (1:200, Sigma, HPA000633), goat anti-Olig2 (1:200, R&D system,
AF2418), goat anti-HA (1:100, Genscript, A00168), rabbit anti-Atoh7 (1:200,
Novus, NBP1-88639), rabbit anti-Uchll (Pgp9.5) (1:500, Millipore, AB1761),
mouse anti-Nefm (1:200, Sigma, N5264), rabbit anti-Foxn4?! (Mengqing

Xiang Lab).

In situ hybridization was performed using RNAscope double Z probes
(Advanced Cell Diagnostics) on paraffin-embedded retinal sections. After timed
mating, embryos of desired stages were collected, fixed with 4% paraformaldehyde,
embedded in paraffin, sectioned at 6 um, de-waxed by xylene, and dehydrated by
methanol?>49°253, The sections were then processed, hybridization was
performed, and the signals were visualized using the RNAscope® 2.5 HD Detection
Reagents-RED following the manufacturer’s manual. In situ images were collected
using a Nikon 80i Fluorescence Microscope equipped with a digital camera and
Spot 5.1 analysis software.

Statistics and reproducibility. Identification of DEGs from bulk RNA-seq
(Supplementary Data 2): DEGs were called by EdgeR using the gImLRT function
which is based on Genewise Negative Binomial Generalized Linear Models!3”. For
pair-wise comparisons between each mutant and the wild-type, the Negative
Binomial parameters were estimated by conditional maximum likelihood and
quantile-adjusted conditional maximum likelihood, and then an exact test (similar
to Fisher’s exact test) was carried out to generate p values for individual
genes!37:138, The false discovery rates (FDRs) were calculated from p-values
through the Benjamini-Hochberg procedure. The cutoff value for FDR was set
at 0.05.

Identification of cluster-enriched genes and DEGs from scRNA-seq
(Supplementary Data 4, 6, 9): This was achieved using Seurat’s FindMarker
analysis, which reports the log fold-change of the average expression between two
groups of cells. For enriched gene analysis, each cluster was compared to all the rest
cells. For differentially expressed gene identification, corresponding wild-type and
mutant clusters were compared. The significance of differences was determined by
the Wilcoxon-Rank Sum test to obtain the p-values, and Bonferroni Correction was
then performed to correct for multiple testing (p value adjustment, the cutoff was
0.05). PCT.1 and PCT.2 in these tables represent the percentage of cells in each
group that a gene is detected in.

GO term enrichment analysis (Table 1, Supplementary Data 3, 7): in DAVID
analysis, all the mouse genes were used as the control group to identify genes
enriched in the gene lists we identified for GO terms. The significance of gene
enrichment in GO terms was determined by Fisher’s Exact test as described by the
developer (https://david.ncifcrf.gov/helps/functional_annotation.html).

Other statistical analysis and reproducibility information is presented in the
figure legends.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All bulk RNA-seq sequence reads were deposited into the NCBI Short Read Archive with
accession numbers SAMNO02614558-SAMN02614569 [https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA236742]. The scRNA-seq data were deposited into the NCBI Gene
Expression Omnibus with an accession number GSE149040. The data are available to the
public without restrictions. Source data are provided with this paper.
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