
A single-cell guide to retinal development: Cell fate decisions of 
multipotent retinal progenitors in scRNA-seq

Fion Shiaua, Philip A. Ruzyckia, Brian S. Clarka,b,*

aJohn F Hardesty, MD Department of Ophthalmology and Visual Sciences, Washington University 
School of Medicine, St. Louis, MO, USA

bDepartment of Developmental Biology, Washington University School of Medicine, St. Louis, MO, 
USA

Abstract

Recent advances in high throughput single-cell RNA sequencing (scRNA-seq) technology have 

enabled the simultaneous transcriptomic profiling of thousands of individual cells in a single 

experiment. To investigate the intrinsic process of retinal development, researchers have leveraged 

this technology to quantify gene expression in retinal cells across development, in multiple 

species, and from numerous important models of human disease. In this review, we summarize 

recent applications of scRNA-seq and discuss how these datasets have complemented and 

advanced our understanding of retinal progenitor cell competence, cell fate specification, and 

differentiation. Finally, we also highlight the outstanding questions in the field that advances in 

single-cell data generation and analysis will soon be able to answer.
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1. Introduction

1.1. Achieving cellular diversity in the vertebrate retina

The comprehensive and detailed drawings of individual retinal cells by Santiago Ramón 

y Cajal served as our initial reference maps of retinal neuron diversity. Though his 

understanding of the developmental mechanisms influencing neuronal heterogeneity was 

limited, Cajal correctly postulated the flow of information pertaining to photodetection 

— from photoreceptors to ganglion cells to the brain. Through these anatomical studies, 

Cajal reasoned that the information transfer to the brain was shaped by local circuits of 

interneurons of various shapes and sizes. Cajal said, “[L]ife never succeeded in constructing 

a machine so subtly devised and so perfectly adapted to an end as the visual apparatus 

…“ (p. 576 Cajal, 1989). Ever since these initial anatomical observations, we have continued 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Corresponding author. John F Hardesty, MD Department of Ophthalmology and Visual Sciences, Washington University School of 
Medicine, St. Louis, MO, USA. brian.s.clark@wustl.edu (B.S. Clark). 

HHS Public Access
Author manuscript
Dev Biol. Author manuscript; available in PMC 2021 October 01.

Published in final edited form as:
Dev Biol. 2021 October ; 478: 41–58. doi:10.1016/j.ydbio.2021.06.005.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


on a quest for understanding how cellular diversity in the retina is achieved and governs 

visual perception.

Subsequent to these initial characterizations, we have gathered an appreciation for the 

beauty and detailed structure of the retina and how these diverse cell types contribute 

to the perception of features including luminance, directed motion, and spectrums of 

colors. Through comparative anatomical studies dating back to Ramón y Cajal, we have 

understood how the evolutionarily conserved features and adaptations of retinal structure 

specify functions, including aspects such as the high acuity vision-promoting structure of 

the fovea or the presence of oil droplets in bird cone photoreceptors for filtering various 

wavelengths of light. However, it wasn’t until pioneering studies almost 100 years after 

the publication of Cajal’s first drawings of the retina, that we began to understand how 

development sculpts this relationship between form and function. In these first studies, we 

started to appreciate the developmental relationship of retinal cell types. One individual 

retinal progenitor cell (RPC) has the capacity to generate all major retinal cell types: six 

neuronal cell types (retinal ganglion cells [RGCs], horizontal cells, amacrine cells, bipolar 

cells, and cone and rod photoreceptors) and one glial cell (Müller glia (Holt et al., 1988; 

Jensen and Raff, 1997; Turner et al., 1990; Turner and Cepko, 1987; Wetts and Fraser, 

1988)). This has led to a concentrated focus over the last 30 years, seeking to understand 

the mechanisms by which a common, multipotent progenitor cell has the ability to generate 

greater than 50–100 cellular subtypes that comprise the vertebrate retina.

The ability to characterize the biology of individual retinal cells has driven the field 

for the better part of two decades. Visual analysis of sparsely labelled individual RPCs 

and their progeny across retinal development by infection with a non-replicating virus 

led to a pioneering revelation; RPCs are multipotent and give rise to retinal neurons 

and glia in a sequential but overlapping birth order (Alexiades and Cepko, 1997; Turner 

et al., 1990; Turner and Cepko, 1987). This discovery, coupled with the advent of the 

‘Genomics Age,’ propelled many scientists to pursue the mechanisms of retinal cell type 

specification by examining the spatial and temporal patterns of gene expression using a 

multitude of various technologies including in situ hybridization, serial analysis of gene 

expression (SAGE), microarray technologies, and RNA-sequencing. These studies have led 

to numerous hypotheses for candidate gene function in the specification and differentiation 

of individual retinal cell types, catalyzing the identification of transcription factors Atoh7 
(Math5), Crx, and Nrl, for RGC, photoreceptor, and rod photoreceptor specification, 

respectively (Brown et al., 2001; Chen et al., 1997; Mears et al., 2001). Furthermore, lineage 

tracings of individual progenitors have provided insights into the ‘stochastic’ nature of cell 

fate decisions (Gomes et al., 2011; He et al., 2012) and correlated cell features with cell 

division modes (Baye and Link, 2007; Cayouette and Raff, 2003; Clark et al., 2012, 2021; 

Cohen et al., 2010; Kechad et al., 2012; Lacomme et al., 2016; Malicki, 2004). Additionally, 

the implementation of genetic reporters (Brzezinski et al., 2011; Katoh et al., 2010; Rowan 

and Cepko, 2004; Zeng and Sanes, 2017) and gain- and/or loss-of-function studies have 

integrated our understanding of transcription factor landscapes required during development 

for lineage restriction and proper cell type specification.
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In parallel, morphological and electrophysiological characterizations of innumerable single 

cells by glass electrode—or more recently multi-electrode arrays—have established the 

diversity of mature cell (sub) types and their features within the retina. They have 

contributed a wealth of information detailing the magnitude of cellular function and 

local circuitry that drive retinal visual processing (Baden et al., 2016; Euler et al., 2014; 

Helmstaedter et al., 2013; Masland, 2012; Sanes and Masland, 2015; Zeng and Sanes, 2017). 

Additionally, the relationships of cellular ‘form and function’ and information processing 

across neural circuits are being integrated with expression of marker genes. With these 

marker genes, we are able to examine cell subtypes and better understand the molecular 

features driving the information processing and electrophysiological responses of retinal 

cells. However, the pairing of molecular (gene expression) identity with both structural and 

functional cellular diversity at a global level across development has remained a challenge. 

That is, until recently.

1.2. The dawning of a new age: single-cell profiling of transcriptomes

The first studies to understand the gene expression profiles of individual retinal cells 

relied on manual isolation of individual cells and transcriptional profiling by qRT-PCR 

or microarray analysis (Cherry et al., 2009; Kim et al., 2008; Laboissonniere et al., 

2017a, 2019; Mizeracka et al., 2013; Mullally et al., 2016; Roesch et al., 2008, 2012, 

Trimarchi et al., 2007, 2008). These studies provided the first comprehensive insights into 

the cellular specificity of gene expression. Profiling techniques further advanced towards 

next-generation sequencing of mRNA (RNA-seq) from individual cells, paired with the 

electrophysiological and morphological features of individual cells — albeit in limited 

quantities (Laboissonniere et al., 2017b). However, in 2015 the high-throughput nanoliter 

droplet-based methods of single cell transcriptomic analysis were published (Klein et al., 

2015; Macosko et al., 2015), enabling the profiling of tens of thousands of cells for a 

reasonable cost. Within two years, the droplet-based method had been commercialized, and 

the relative ease of unbiased measurements of the transcriptome has gained widespread 

implementation across numerous studies, including studies of the retina (Fig. 1).

1.3. Cell type composition of the retina

While morphological and physiological characteristics of retinal neurons have provided 

initial guides for the diversity of retinal cell classes and subtypes, single-cell technologies 

have precisely defined the molecular features of each individual cell (sub)type. Advances in 

sequencing technologies including Drop-seq (Macosko et al., 2015), InDrop (Klein et al., 

2015); 10× Genomics), Smart-seq (Picelli et al., 2014), and others, in addition to widespread 

advancements in sequencing and data analysis technologies have enabled transcriptional 

profiling of entire organisms (Cao et al., 2017), organs (Tabula Muris Consortium, 2020), 

and specialized regions of the nervous system, including the retina (Macosko et al., 2015). 

Using these technologies, we now have comprehensive maps of retinal cell class and subtype 

diversity within the mature primate (human and other non-human primates (Liang et al., 

2019; Lukowski et al., 2019; Menon et al., 2019; Orozco et al., 2020; Peng et al., 2019; 

Voigt et al., 2019), and model organisms such as the mouse and chicken (Rheaume et al., 

2018; Shekhar et al., 2016; Tran et al., 2019; Yamagata et al., 2021; Yan et al., 2020a). 

Specifically, within the mouse, we now appreciate that the retina is comprised of at least 
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129 molecularly distinct retinal neurons and glia within the 7 major classes of retinal cell 

types: 46 RGCs (Tran et al., 2019), 1 horizontal cell, 2 cone photoreceptors, 63 amacrine 

cells (Yan et al., 2020a), 1 rod photoreceptor, 15 bipolar cells (Shekhar et al., 2016), and 1 

Müller glial cell subtype. These comprehensive maps of cellular diversity, therefore, provide 

the molecular ‘finish line’ for cell fate specification from multipotent RPCs.

Similar studies have characterized the diversity of cell subtypes in humans (58 cell subtypes; 

Yan et al., 2020b), macaque (>60 cell subtypes; (Peng et al., 2019), and chicken (135 

cell subtypes; Yamagata et al., 2021). While the number of cell subtypes within each 

species may increase with additional profiling, by identification of rare cell subtypes or 

distinguishing features of closely related cell subtypes, these initial studies indicate a high 

degree of variability in the number of retinal cell subtypes between species. Therefore, we 

must be cognizant that the processes regulating cell fate specification, including cell subtype 

specification, may vary across evolution.

The age of single-cell RNA-sequencing (scRNA-seq) and single-cell technologies has 

reshaped the field of developmental biology, eliciting unprecedented detail into the 

molecular anatomy of individual cells, illuminating novel processes across development, 

and challenging the definition of a cell type. The application of scRNA-seq over 

developmental windows, including that of the developing retina, enables unparalleled 

insight into the transcriptional landscape governing organ development. Here, we review the 

application of single-cell profiling techniques to the developing vertebrate retina, including 

early studies identifying markers of individual developing retinal cell types and RPC 

heterogeneity through the most recent applications characterizing cellular heterogeneity, 

lineage restriction, and molecular underpinnings of retinal diseases.

2. Retinal progenitor cells—the evolving transcriptome of RPCs across 

development

How do RPCs confer specification of retinal cell types within discrete temporal windows 

across retinal development? Heterochronic transplant studies of RPCs into host retinas of 

different temporal ages indicate that RPCs remain steadfast in ‘developmental age’ from 

their host tissue (Belliveau et al., 2000; Belliveau and Cepko, 1999; Rapaport et al., 2001), 

highlighting an autonomous regulation of developmental progression inherent to individual 

RPCs. The first study interrogating the transcriptomes of individual developing RPCs used 

microarrays to profile gene expressions of single cells. This study indicated that RPCs 

exhibit distinct expression profiles that depend on their developmental age (Trimarchi et 

al., 2008), confirming previous bulk-retina expression profiling using SAGE and RNA in 
situ hybridization observations (Blackshaw et al., 2004). These studies indicated that murine 

embryonic and postnatal RPCs can be distinguished by their expression profiles; early 

RPCs express Sfrp2 while late RPCs express Crym and Car2 (Blackshaw et al., 2004; 

Trimarchi et al., 2008). Additionally, RPCs from the same time point can express different 

combinations of transcription factors, with subsets of RPCs expressing neurogenic bHLH 

factors (Trimarchi et al., 2008).

Shiau et al. Page 4

Dev Biol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.1. Retinal competence model

The heterogeneity in transcript expression within RPCs highlighted intrinsic differences 

in progenitor populations. As a result, the field has sought to determine the extent to 

which RPC transcriptome heterogeneity confers both lineage bias and temporally-regulated 

cell fate specification. Studies examining the expression of the cell-cycle regulators 

p57Kip2(Cdkn1c) and p27Kip1 (Cdkn1b) within RPCs, as assayed by immunocytochemistry, 

determined heterogeneity in expression of cell cycle regulators across RPCs at early 

developmental ages. However, these studies noted that not all heterogeneity amongst 

RPCs has functional consequences for conferring cell fate (Dyer and Cepko, 2001a,b). 

The prevailing hypothesis governing retinal cell fate specification has subsequently been 

refined to a mechanism whereby RPCs progress through a temporally-regulated series of 

developmental ‘competence windows’, with RPCs making biased, but stochastic cell fate 

decisions that evolve across developmental time. This model is reminiscent of a Waddington 

landscape (Waddington, 1957) and those observed during the temporal patterning of 

multipotent neural progenitors in both the Drosophila embryonic ventral nerve cord and 

optic lobe medulla and during mammalian corticogenesis (Holguera and Desplan, 2018; 

Kohwi and Doe, 2013). In the Drosophila ventral nerve cord, neuroblasts utilize a temporal 

sequence of transcription factors—Hb (Hunchback), Kr (Kruppel), Pdm (POU domain), Cas 

(Castor), Grh (Grainy head)—to confer cell fate determination across temporal windows 

(Isshiki et al., 2001; Li et al., 2013a). In the optic lobe medulla, neuroblasts utilize a 

different sequence—Hth (Homothorax) -Ey (Eyeless), Slp (Sloppy paired), D (Dichaete), 

and Tll (Tailless) (Li et al., 2013b).

Recent studies have begun examining both the expression and function of the mammalian 

orthologs of temporal transcription factors within the developing retina. Ikaros (Ikzf1, 

mouse ortholog of Hb) confers competence in RPCs to generate early born cell types 

including horizontal cells and amacrine cells during late retinal development (Elliott et al., 

2008). Additionally, loss of Ikzf1 expression resulted in a reduced capacity to generate 

early-born cell types including RGCs, horizontal cells, and amacrine cells (Elliott et al., 

2008). Subsequently, expression of Pou2f1 (ortholog of Pdm) within RPCs is sufficient to 

initiate cone genesis and suppress Casz1 (ortholog of Cas) transcription (Javed et al., 2020). 

Expression of Casz1 then biases RPCs towards mid-/late-born neuronal fates, but actively 

inhibits glial specification (Mattar et al., 2015). While these evolutionarily conserved 

sequences of temporal transcription factors are shown to confer temporal competence, 

additional mechanisms beyond these simplified models are likely in place. For example, 

Foxn4 is shown to bias specification of RPCs to generate cones, horizontal cells, amacrine 

cells, and rods, during the middle period of retinal development by both increasing 

Casz1 expression and downregulating Ikzf1 expression (Liu et al., 2020). Additionally, the 

transition of RPCs to generate late-born cell types requires expression of Dicer and the 

expression of miRNAs let-7, miR-125, and miR-9 (La Torre et al., 2013). While the field has 

made great strides toward understanding the temporal sequence of retinal competence factor 

expression and transcriptional mechanisms governing retinal cell fate specification, the finer 

details that govern competence states within individual RPCs remain elusive.
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In order to better appreciate the mechanisms governing temporal cell fate specification, 

researchers have recently employed large-scale scRNA-seq to profile the in vivo 
development of retinas in mice, humans, chicken, and zebrafish as well as the in vitro 
generation of human ES-cell/iPS-cell derived retinal organoids (Clark et al., 2019; Collin et 

al., 2019; Cowan et al., 2020; Hu et al., 2019; Lu et al., 2020; Raj et al., 2020; Sridhar et 

al., 2020; Xu et al., 2020; Yamagata et al., 2021). These scRNA-seq studies have answered 

many questions regarding RPC heterogeneity at individual ages and across development, 

but have yet to definitively assign competence transitions within the developing vertebrate 

retina. However, consistent with initial single-cell microarray studies in the retina, more 

recent analyses within scRNA-seq studies have identified intrinsic heterogeneity within 

RPCs, classifying RPCs into two broad categories reflective of different RPC transcriptional 

states: ‘primary’ RPCs—RPCs enriched for cell-cycle phase associated transcripts—and 

‘neurogenic RPCs’—RPCs that remain in the cell cycle, but express proneural transcription 

factors that are indicative of a differentiating mitotic division mode where at least one 

daughter cell will exit the cell cycle and differentiate as a retinal neuron.

In this section, we examine how scRNA-seq has shaped our understanding of RPC 

heterogeneity and how changes to the gene expression profiles within RPCs across 

development may facilitate the temporal specification of retinal cell fates consistent with 

a retinal competence model.

2.2. Primary RPCs

An initial study of 747 sorted Chx10:GFP(+) cells from the mouse retina profiled RPCs 

at 3 developmental ages, Embryonic days of gestation (E)14, E18, and Postnatal day (P)2, 

corresponding to early, mid, and late stages of retina retinal development (Clark et al., 

2019). Dimension reduction techniques, implemented to visualize transcriptional similarity 

across profiled cells, clearly segregated cells into ‘primary’ RPCs, neurogenic RPCs, 

photoreceptor precursors and a combined total of 24 RGCs and Amacrine Cells. When 

assessing transcriptional differences amongst RPCs, very little heterogeneity was observed 

amongst primary RPCs at the same developmental stages. In fact, within primary RPCs of 

the same developmental age, the most notable transcriptional heterogeneity observed was 

the expression of transcripts corresponding to distinct cell cycle phases (Clark et al., 2019). 

Additional studies also examined E14 mouse RPCs, but utilized cell cycle regression in 

order to uncover transcriptional heterogeneity independent of cell cycle phase. Within these 

E14 RPCs, further heterogeneity in transcript expression was observed, resembling dorsal­

ventral spatial positioning (Vax2os, Bmpr1b) and asymmetries in the temporal progression 

of RPC maturation (Crym; Lo Giudice et al., 2019), reflective of developmental timing 

differences across the central to peripheral retinal axis (Hoshino et al., 2017; Young, 1985). 

However, when examining gene expression signatures of RPCs across developmental ages, 

global changes in gene expression were observed; results similar to those observed in 42 

RPCs profiled by single-cell microarrays (Clark et al., 2019; Trimarchi et al., 2008). These 

results were further confirmed by examination of ~54,000 primary RPCs from scRNA-seq 

of dissociated whole mouse retinas across 10 developmental ages of retinal development, 

from E11-P14 (Clark et al., 2019). Combined, these single-cell transcriptional profiles of 

RPCs both confirmed and expanded previous lists of transcriptional regulators of RPCs 
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across developmental windows, including Sfrp2, Fgf 15, Foxp1, and Foxp4 in early RPCs 

and Car2, Crym, Rlbp1, Sox8, Ass1 and the Nfi transcription factors (Nfia, Nfib, and Nfix) 

in late RPCs (Clark et al., 2019; Trimarchi et al., 2008). Similar observations were made 

in scRNA-seq experiments profiling RPCs from developing primary human retinas and 

iPSC-derived human retinal organoids (Hu et al., 2019; Lu et al., 2020; Sridhar et al., 2020).

But how do these developmental transcriptional states correspond to RPC developmental 

competence windows? Is the transcriptional heterogeneity observed across development 

indicative of competence state? To date, the answers to these questions still remain largely 

unresolved. Within the mouse scRNA-seq datasets, primary RPCs seemingly cluster into 

two distinct transcriptional states across development. These two states broadly reflect early 

and late developmental windows in which RGCs, horizontal cells, cones and amacrine cells, 

or amacrine cells, rods, bipolar cells and Müller glia are generated, respectively. However, 

finer resolution details of the gene expression changes within RPCs traversing discrete 

competence states is yet to be identified. When examining broad transitions from ‘early’ 

to ‘late’ RPCs, global transcriptional changes were detected between E16–18 in mice and 

between 11 and 15 gestational weeks in humans (Clark et al., 2019; Lu et al., 2020).

In contrast to the mammalian species profiled, primary RPCs in embryonic zebrafish do not 

segregate into distinguishable developmental windows corresponding to generation of early 

versus late retinal cell types. Instead, researchers identified 7 modules of gene expression 

profiles within RPCs across 24–48 hours post fertilization (hpf) timepoints of the developing 

zebrafish (Xu et al., 2020). Of these modules, three displayed transcriptional signatures that 

were shared by RPCs across each of the time points in which RPCs were profiled (24 hpf, 

36 hpf, and 48hpf). Enriched transcripts within these shared modules across zebrafish retinal 

development include fabp11a and her9 (Module 1), fabp7a and her4.1 (Module 2), and atoh7 
and neurod4 (neurogenic module; Module 3). Conversely, four modules of gene expression 

were only detected within 48hpf RPCs and included expression of transcripts associated 

with lineage restriction and/or initial fate commitment, including vsx1, otx2, onecut1, nr2e3, 
and rlbp1a (Xu et al., 2020). Further examinations will be required to determine if zebrafish 

RPCs can be classified within discrete temporally-defined windows given the consistency of 

gene expression within ‘primary’ RPC modules across development (Modules 1 and 2) or if 

the rapid development of the zebrafish retina precludes such distinctions.

Within scRNA-seq datasets of developing retinas from humans and mice, expression of 

well-established competence factors including Ikaros, Pou2f1, and Casz1 (Elliott et al., 

2008; Javed et al., 2020; Mattar et al., 2015) is detectable, albeit to varying degrees. 

Ikaros, for example, was only weakly detected within mouse datasets (Clark et al., 2019); 

likely the result of inherent technical limitations of scRNA-seq for capturing transcripts of 

lowly expressed genes (See ‘Perspectives and Limitations’ Section). However, competence 

factors including Pou2f1 and Casz1 display expression patterns within mouse RPCs that are 

consistent with the temporal specification of cones and rods, respectively (Fig. 2A–B; (Clark 

et al., 2019; Javed et al., 2020; Mattar et al., 2015, 2021). Consistent with a function in 

specifying mid-development cell types, Foxn4 expression is enriched within mouse RPCs 

from E14-P2 (Fig. 2A–B; Liu et al., 2020).
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Additional information regarding temporal specification windows of retinal neurons has 

also been gleaned from comparisons of retinal development to other regions of the central 

nervous system, including the forebrain, midbrain, and hindbrain of the developing mouse 

nervous system. These studies identified the sequential expression of Onecut, Pou domain, 

Zfhx, and Nfi transcription factors as a common temporal program to specify a diversity 

of neuronal subtypes within stereotyped birthorders (Sagner et al., 2020). Examination of 

the temporal expression patterns of these genes in both RPCs of humans and mice suggests 

conservation of the temporality of this transcription factor code within the developing retina 

(Fig. 2C–D). However, consistent with the two RPC states defined in RPCs of humans and 

mice (Clark et al., 2019; Lu et al., 2020), expression of the temporal transcription factors 

within RPCs, including Onecut1/2, Pou2f2, Zfhx3/4, and Nfia/b, is more reminiscent of 

‘early’ and ‘late’ windows of neuronal fate specification than a true sequential temporal 

progression (Fig. 2C–D).

One possible explanation for lack of a higher resolution competence progression is the 

inability of current scRNA-seq methods to measure isoform-specific transcript expression. 

This is an especially important attribute to examine within RPCs as isoforms of the same 

gene, including competence factor Casz1, specify cell fates to varying degrees (Mattar et al., 

2015).

Comparisons of transcriptome profiles of primary RPCs across species have identified 

multiple species-specific differences in primary RPC gene markers. For example, in mice, 

Clu displays expression primarily within Müller glia. In human retinas, however, CLU 
displays widespread expression in both RPCs and Müller glia, amongst other cell types 

(Lu et al., 2020). Furthermore, Hes1 and Hes5 are expressed in both human and mouse 

RPCs while zebrafish RPCs express numerous orthologs of these genes (Hes1: her9, her 
6, and her 2 and Hes5: her4.4, her4.3, her4.2 and her 15.1). HES4 and its corresponding 

zebrafish ortholog, her9, are expressed in human and zebrafish RPCs, respectively. However, 

Hes4 has no ortholog within the mouse genome (Hu et al., 2019; Lu et al., 2020; Raj 

et al., 2020; Sridhar et al., 2020; Xu et al., 2020). In zebrafish, her9 is required for the 

differentiation, maintenance, and survival of rods and red/green cones (Coomer et al., 2020). 

Given that mouse retinas contain only 2 cone subtypes (short-wavelength and green cones), 

additional studies examining the presence and function of HES4/her9 in retinas of additional 

cone-dominant species beyond humans and zebrafish will be important for determining the 

extent to which HES4/her9 expression facilitates expanded color vision.

Unlike the retinas of mammalian species including humans and mice, the fish retina exhibits 

continuous growth throughout the animal lifespan (Hitchcock and Raymond, 2004). Within 

the post-embryonic zebrafish, retinal stem cells (RSC) in the ciliary marginal zone (CMZ) 

asymmetrically divide to generate two daughter cells of distinct fates: an RSC that remains 

in the peripheral RSC niche and an RPC that populates the retina. These post-embryonic 

RPCs possess the capacity to generate clones of both size and composition comparable 

to embryonic RPCs (Wan et al., 2016). Correspondingly, embryonic and post-embryonic 

zebrafish RPCs display similar gene expression profiles when examined at single-cell 

resolution (Raj et al., 2020; Xu et al., 2020). Though mice lack the innate ability to undergo 

retinal regeneration or continuously generate new neurons throughout the lifespan of the 
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animal, studies have demonstrated that Msx1+ progenitor cells derived from the proximal 

zone of mouse CMZ give rise to both RPCs and non-neural epithelia during embryonic 

periods of development (Bélanger et al., 2017; Marcucci et al., 2016). These CMZ-derived 

RPCs produce clones comprising all seven main retinal cell types, though photoreceptors are 

underrep-resented in comparisons to cellular proportions of the entire retina (Bélanger et al., 

2017). In scRNAseq of the developing mouse retina, expression of both Msx1 and Ccnd2 
is observed within primary RPCs during early periods of development (Clark et al., 2019). 

More in-depth profiling of CMZ-derived cells will be required to identify transcriptional and 

developmental differences from primary RPCs that facilitate cell fate decisions and the early 

termination of proliferation within CMZ-derived retinal clones.

2.3. Neurogenic RPCs

In order to differentiate as a retinal neuron (or later glial cell), RPCs must undergo both 

cell-cycle exit and cell fate determination. From initial studies examining marker gene 

expression, including expression profiles of Atoh7 (also reported as Math5 or Ath5 (Brown 

et al., 2001; Feng et al., 2010)) or Neurog2 (Ma and Wang, 2006) within the developing 

retina, we have learned that some RPCs exhibit an increased propensity to divide in a 

‘neurogenic’ manner. For example, atoh7:GFP time-lapse imaging in the zebrafish and BrdU 

experiments in both zebrafish and mouse have shown Atoh7 expression to initiate at S/G2 

phase, with Atoh7+ RPCs giving rise to at least one daughter cell that exits the cell cycle 

and differentiates as a retinal neuron (Brzezinski et al., 2012; Feng et al., 2010; Miesfeld 

et al., 2018; Poggi et al., 2005). Single-cell profiling studies also highlight such neurogenic 

RPCs, characterized as RPCs that express different combinations of a host of pro-neural 

transcription factors including Atoh7, Neurog2 (Ngn2), Neurod1, Ascl1 (Mash1) and Hes6 
(Trimarchi et al., 2008). The neurogenic RPCs continue to express genes demarcating cell 

cycle phase, including G2/M phase (Trimarchi et al., 2008) and neuronal differentiation 

associated transcripts Dll1 and Btg2 (Bao and Cepko, 1997; Clark et al., 2019; el Ghissassi 

et al., 2002; Iacopetti et al., 1999; Lu et al., 2020; Sridhar et al., 2020). In combination, these 

studies support a model that neurogenic RPCs display a transcriptional profile distinct from 

‘primary’ RPCs, indicative of an intrinsic bias towards a terminal division where at least 

one daughter cell exits the cell cycle. Therefore, neurogenic RPCs serve as a transcriptional 

intermediary state between primary RPCs and terminal cell fate decisions.

Interestingly, neurogenic cells also display a temporally dynamic transcriptome, consistent 

with primary RPCs and in line with an over-arching progression through developmental 

competence states. scRNA-seq studies in both mice and humans have determined 

transcriptional signatures delineating ‘early’ and ‘late’ neurogenic cells, corresponding to 

neurogenic cells with the capacity to specify neuronal types restricted to early or late 

windows. For example, many of the genes that take part in RGC genesis—Atoh7 (Brown et 

al., 2001) and Isl1 (Wu et al., 2015)–are expressed in early neurogenic RPCs. In contrast, 

Otx2—involved in photoreceptor, horizontal cell and bipolar development (Emerson et al., 

2013; Koike et al., 2007; Nishida et al., 2003) is enriched in late neurogenic RPCs.

While many of the transcription factors displaying enriched expression within neurogenic 

RPCs in scRNA-seq datasets have been previously characterized, scRNA-seq has identified 
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additional transcripts of interest in both humans and mice. These include Pcdh17, Sstr2, 
Gadd45a, Gadd45g, Btg2, Penk, and Vexin (Mouse—3110035E14Rik; Human—C8orf46). 

In developing frog retinas, vxn is expressed within the neurogenic RPCs and functions 

to facilitate proneural transcription factor activity to promote cell cycle exit and neuronal 

differentiation (Moore et al., 2018). Other genes, including Pcdh17, Gadd45a, Gadd45g, and 

Btg2, function as tumor suppressors in numerous tissues (el Ghissassi et al., 2002; Hollander 

and Fornace, 2002; Hu et al., 2013; Hwang et al., 2020; Vairapandi et al., 2002; Yuniati et 

al., 2019) and therefore, may display enriched expression within neurogenic RPCs in order 

to promote cell cycle exit. In zebrafish, knock-down of pcdh17 via morpholino injection 

resulted in smaller eyes with reduced mitotic divisions and reduced cell differentiation, 

suggesting that pcdh17 may in fact regulate cell cycle exit within RPCs (Chen et al., 2013).

Gadd45a and Gadd45g, two members of the Growth-Associated and DNA Damage protein 

family, display both enrichment within neurogenic RPCs and complementary, temporally 

restricted expression patterns. Gadd45a expression is enriched within early neurogenic RPCs 

in humans and mice, whereas Gadd45g expression is enriched within late neurogenic RPCs 

(Brodie-Kommit et al., 2021; Clark et al., 2019; Lo Giudice et al., 2019; Lu et al., 2020; Wu 

et al., 2021). However, it remains to be determined if the temporally regulated expression 

of transcripts such as Gadd45a or Gadd45g function to drive retinal neurogenesis and/or the 

temporal specification of retinal cell fates. Other aspects of temporally regulated expression 

patterns, however, are not conserved across species. For example, Neurod4 is expressed 

in both early and late neurogenic RPCs in mice but only within late neurogenic RPCs in 

humans (Clark et al., 2019; Lu et al., 2020).

Numerous bHLH transcription factors display expression enrichment within neurogenic 

RPCs, including Ascl1, Neurog2, Atoh7, Hes6, Neurod4, and Olig2. However, the extent 

to which bHLH factors function redundantly or cooperatively in regulating neurogenesis 

needs to be tested on a case-by-case basis. For example, Neurod4 knockout mouse 

models displayed minor neurogenic defects within the developing retina. However, when 

Neurod4 was deleted in combination with other bHLH factors, including Ascl1, Neurog2, 

or Neurod1, specification of numerous neuronal cell fates was inhibited (Akagi et al., 2004; 

Inoue et al., 2002; Tomita et al., 2000). In many cases, the loss of neuronal cell types 

was accompanied by an increase in glial specification, suggesting that Neurod4 works 

in combination with additional proneural transcription factors to both drive neurogenic 

competence, inhibit gliogenesis, and specify particular retinal cell fates. Additional details 

of functional redundancy and/or compensatory mechanisms regulating RPC neurogenesis 

will be revealed by future scRNA-seq studies examining the consequences of gain/loss-of­

function of bHLHs on neurogenic RPC transcriptomes (See “Phenotyping” Section).

2.4. From neurogenesis to restricted lineages

While these large-scale scRNA-seq studies have identified transcriptionally distinct states 

of RPCs (primary RPCs versus neurogenic RPCs; early RPCs versus late RPCs), to 

date, scRNA-seq has failed to comprehensively resolve instances of ‘restricted lineage’ 

progenitors. Years of lineage tracing studies have identified subsets of proliferative cells 

that display intrinsic biases or limited differentiation potential (Cepko, 2014). For example, 

Shiau et al. Page 10

Dev Biol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ascl1 lineage tracing indicates that Ascl1+ RPCs generate all retinal cell types except 

for RGCs (Brzezinski et al., 2011). Similar studies of Olig2+ RPCs suggest lineage 

restriction of RPCs to generate horizontal cells and cones (Hafler et al., 2012). Additionally, 

heterogeneity in gene expression within RPCs also biases specification of cellular subtypes. 

Lineage tracing of Chd6+ RPCs using a chd6-Cre transgenic system in mice identified that 

chd6+ RPCs give rise to all major retinal cell types. However, expression of Chd6 within 

progenitors that generate RGCs biases RGC subtype specification towards vertical motion 

responding, Chd6+ RGCs (De la Huerta et al., 2012).

Within current scRNA-seq studies, evidence for restricted progenitors remains limited (Clark 

et al., 2019; Lo Giudice et al., 2019; Lu et al., 2020; Sridhar et al., 2020; Xu et al., 

2020). One possible explanation is that scRNA-seq analyses depend on the simplification 

of very high dimensional datasets (dimension reduction), leaving lineage-restricted clones 

buried within the structure of the dataset. In fact, it has been previously reported that 

within scRNA-seq data, cells committed to different lineages can “continue to occupy 

similar states for some time. This causes the early state to appear seemingly multipotent 

despite the cells within each clone being fate-restricted” (Wagner and Klein, 2020). An 

additional explanation is that these transient states within neurogenic RPCs have yet to be 

profiled at sufficient numbers or sequencing depth to parse finer details of fate restriction 

or lineage bias amongst heterogeneous cells within the restricted lineages. Case in point are 

scRNA-seq and single-cell microarray studies specifically examining the heterogeneity of 

lineage-restricted cells within Otx2+ RPCs in the chicken retina and Olig2+ RPCs of the 

mouse (Ghinia Tegla et al., 2020; Hafler et al., 2012).

Olig2 is expressed within neurogenic RPCs across a broad temporal window during retinal 

development. Cre-recombinase lineage tracings indicate that Olig2+ RPCs preferentially 

differentiate as amacrine or horizontal cells and are biased against generating RGCs or 

Müller glia. However, Olig2 overexpression promotes cell-cycle exit and specification 

of cone photoreceptors and horizontal cells. The diverse array of cell types generated 

within the Olig2-restricted lineage is partially explained by heterogeneity in expression of 

additional fate-promoting transcription factors within Olig2+ RPCs. Single-cell microarray 

experiments profiling Olig2+ RPCs determined heterogeneous expression of numerous 

proneural transcription factors across Olig2+ RPCs, including Neurod1, Neurod4, Atoh7, 
Ptf1a, and Ascl1 (Hafler et al., 2012). Likewise, Otx2 expression within chicken RPCs 

biases RPCs to become cones and horizontal cells. Despite their restricted potential, 

these Otx2+ cells express many additional genes enriched within neurogenic cells across 

development, including Neurog2, Neurod4, Hes5, Dll 4, and Notch1. By performing 

scRNA-seq on sorted cells from an Otx2 reporter line in parallel with CRISPR-mediated 

mutation of Otx2, researchers were able to increase the resolution of the scRNA-seq and 

determine the functional significance of Otx2 in lineage restriction. The authors determined 

that Otx2 both biases lineage restriction towards cone photoreceptor and horizontal cell fates 

and also influences specification of cellular subtypes (Ghinia Tegla et al., 2020).

Furthermore, studies in zebrafish - where in vivo, time-lapse recordings of lineage are 

more readily achievable - highlight the molecular architecture of fate restriction inferences 

obtainable from scRNA-seq. Detailed analyses of thousands of clones within transgenic 
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embryos have characterized the entire clonal compositions of cell types generated from 

specific lineages, including those of the atoh7 and vsx1 lineages (Wang et al., 2020). 

Using the information garnered from lineage trees, the authors were able to re-examine 

scRNA-seq profiles of 635 neurogenic RPCs from 48hpf zebrafish retinas to examine the 

gene expression profiles within atoh7 and/or vsx1-positive cells that contribute to lineage 

restriction (Wang et al., 2020; Xu et al., 2020). First, the authors clustered the 48hpf 

neurogenic RPCs to examine heterogeneity within this population, identifying both atoh7 
positive and negative neurogenic cells. Atoh7 positive clusters of cells could be further 

subdivided into two additional clusters based on the mutually exclusive presence of vsx1 
or oc1 expression. When paired with lineage tracing experiments and additional scRNA-seq 

of sorted atoh7+ neurogenic RPCs, the profiling studies suggest the following lineage 

restrictions within 48hpf neurogenic RPCs: atoh7+/vsx1+ RPCs generate amacrine cell/

bipolar cell clones; atoh7+ /vsx1-/oc1+ RPCs generate RGC/photoreceptor or amacrine cell/

photoreceptor clones; and atoh7-/vsx1+ RPCs generate pre-dominately bipolar cell clones 

(Wang et al., 2020).

To test their hypotheses that the identified marker genes are contributing to restricted 

lineages within the oc1 and vsx1 RPCs, the authors examined the consequence of 

transcription factor overexpression on clonal cell type compositions. For example, 

overexpression of otx2 caused a significant increase in bipolar cell or photoreceptor cell 

specification within vsx1+ or onecut1+ RPCs, respectively. Interestingly, overexpression 

of atoh7 had no significant change on vsx1+ clonal composition but skewed oc1+ RPCs 

towards RGC fate (Wang et al., 2020).

Given these examples highlighting the use of focused scRNA-seq studies on reporter lines 

in combination with detailed lineage trees, it seems plausible that additional details of the 

lineage restriction on individual neurogenic RPCs remain hidden amongst the transcriptional 

heterogeneity within large-scale datasets. Of note, in studies of 48hpf zebrafish neurogenic 

RPCs, the authors identified one cluster of neurogenic RPCs that did not display gene 

expression profiles consistent with cell fate biases, instead remaining seemingly unspecified 

(Wang et al., 2020). This observation is consistent with the hypothesis that neurogenic 

RPCs are initially selected to undergo a differentiative division while remaining multipotent, 

then acquire lineage-restriction prior to terminal mitosis. Further detailed analysis will be 

required to more comprehensively understand the scope of neurogenic RPC heterogeneity 

and to integrate the temporal progression through competence phases into lineage restriction 

models.

Although the presence of material transfer in retinal transplant experiments has raised 

concerns about the accuracy of developmental lineage tracing studies, detailed examinations 

of past lineage experiments support the lineage models. For example, studies using in vivo 
and ex utero retroviral labeling of RPCs with β-galactosidase argue against diffusion of 

reporters; infection events often contain single clones, and no differences in clone size were 

observed when comparing clones 4–6 weeks or 1-year post-infection (Turner et al., 1990; 

Turner and Cepko, 1987; Boudreau-Pinsonneault and Cayouette, 2018). Supporting these 

results, cultured retinal neuroepithelial cells and retroviral-mediated lineage tracing of RPCs 

in retinal explants also resulted in clonal sizes and cell type compositions comparable to in 
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vivo studies even though neither experiments relied on reporters to track clonal expansions 

(Cayouette et al., 2003; Gomes et al., 2011; Boudreau-Pinsonneault and Cayouette, 2018).

If concerns still remain about material transfer in lineage tracing, various recent single-cell 

lineage tracing tools should be implemented, involving either permanent genomic alterations 

(scGESTALT [CRISPR in zebrafish; (Raj et al., 2018)]; CLARIN [CRISPR in mouse; 

(Bowling et al., 2020)]; and Polylox [Cre-recombinase in mouse; (Pei et al., 2017)]) or 

somatic mutations (Ludwig et al., 2019). Adoption of these tools will help verify previous 

lineage tracing studies and provide additional information on how cell state affects lineage 

decisions. One study of zebrafish neurodevelopment has employed scGESTALT to record 

lineages through barcode editing. However, genome editing had saturated before terminal 

divisions in the retina, revealing little lineage relationship between the different zebrafish 

retinal cell types but suggesting that tuning of the system to be active at the onset of 

retinogenesis could prove to be fruitful for resolving retinal lineages (Raj et al., 2020).

3. Inference of temporal gene expression from static snapshots—

pseudotemporal analyses

The stereotypical birth order of retinal cell types is a hallmark of retinal development and 

has provided an attractive model system for studies of temporal cell fate specification. 

In fact, the temporal nature of cell fate specification from multipotent RPCs is 

highly reminiscent of a Waddington landscape architecture (Fig. 3). However, within 

the developing retina, multiple cell types are born simultaneously over extended and 

overlapping temporal windows (Fig. 2A; (Cepko et al., 1996; Young, 1985), leading to 

a more complex model of cell fate specification (Fig. 3B–D). Furthermore, many retinal 

cell subtypes are also specified within a temporal hierarchy. For example, profiling of 

amacrine cells from E16 to P8 led to the discovery that GABAergic amacrine cells are 

generated earlier than glycinergic subtypes (Cherry et al., 2009; Voinescu et al., 2009). 

Despite this complexity, by implementing pseudotime analyses within scRNA-seq datasets, 

we can uncover changes in gene expression programs directing RPC specification towards 

individual cell fates.

First initiated by Monocle (Trapnell et al., 2014) and adapted through additional 

algorithms (Farrell et al., 2018; Haghverdi et al., 2016), pseudotime analyses of scRNA­

seq datasets infer a linear trajectory across cellular states as cells transition through a 

biological process. As cells exist across a continuum of transcriptional ‘states’ due to 

asynchronies in progression across development, pseudotime assumes cells of similar 

gene expression exist at similar transition ‘states.’ Based on this assumption, pseudotime 

learns the trajectory between cellular states by ordering cells based on similarities in 

gene expression profiles. The pseudotime order of cells captures the sequence of gene 

expression changes that occur across biological processes, agnostic to discrete features 

including ‘true’ developmental time. However, pseudotime trajectories are not necessarily 

linear. Various trajectory inference techniques can order cells across decision points, where 

a cell chooses between multiple distinct possible outcomes (decision trees, branchpoints, 

lineage commitment; Tritschler et al., 2019). The ordering of cells within pseudotime 
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thereby enables assessments of the temporal hierarchy of gene expression during cell state 

transitions, and therefore, can determine the gene expression programs governing features 

including cell fate determination. More in-depth discussions and comparisons of pseudotime 

techniques have previously been discussed at length (Saelens et al., 2019; Tritschler et 

al., 2019). Implementation of pseudotime trajectory analysis in scRNA-seq studies have 

determined the gene expression dynamics that govern retinal development, from optic cup 

formation during zebrafish and xenopus laevis embryogenesis (Briggs et al., 2018; Farrell 

et al., 2018; Wagner et al., 2018) through terminal cell fate specification, differentiation and 

maturation stages of all major classes of retinal cell types in mice, humans, and zebrafish 

(Clark et al., 2019; Lo Giudice et al., 2019; Lu et al., 2020; Raj et al., 2020; Sridhar 

et al., 2020). Pseudotime techniques and their implementation within retinal development 

scRNA-seq datasets is highlighted in Fig. 4.

From these pseudotime trajectory analyses, researchers have identified the prevalence of 

transcription factor reuse across multiple different cell types. For example, both RGC 

and amacrine cells express NHLH2 during neuronal differentiation. However, amacrine 

cells downregulate NHLH2 expression as the cells mature, while RGCs maintain strong 

expression (Lu et al., 2020). While the functional significance of NHLH2 expression during 

RGC and amacrine cell differentiation remains to be determined, NHLH2 has been shown 

to regulate the development of other neural tissues including the hypothalamic-pituitary 

axis in mice (Good et al., 1997). Additionally, pseudotime analyses indicate expression 

of MEIS2 within both developing amacrine cells and photoreceptors (Lu et al., 2020). 

It will be interesting to determine if expression of transcription factors such as MEIS2 
across multiple cell fates with similar birth windows is indicative of a restricted lineage 

precursor, as observed for transcription factors including Otx2 (Emerson and Cepko, 2011). 

Furthermore, pseudotime analysis highlights Otx2 expression within both photoreceptors 

and bipolar cells after initial cell fate determination. However, as photoreceptors continue to 

mature, pseudotime analyses indicate a decrease in Otx2 expression within these cells (Clark 

et al., 2019). These expression dynamics are consistent with experimental results indicating 

that high levels of Otx2 expression are required for initial photoreceptor specification, 

but maintained levels of Otx2 expression facilitates bipolar cell maturation and survival 

(Yamamoto et al., 2020).

Pseudotime analyses have also revealed coordinated cascades of gene expression changes 

across the major steps of RPC differentiation towards mature retinal cell fates. For example, 

pseudotime analysis of primary human RPCs revealed bimodal densities of cells across 

development, corresponding to early and late RPCs (Lu et al., 2020). Examinations of 

co-regulated networks of gene expression across the pseudotime trajectory towards RGC 

fate within the developing mouse retina revealed five discrete transcriptional waves, 

corresponding to cell cycle transition, neurogenic commitment, cell maturation, synapse 

assembly, and synaptic transmission (Lo Giudice et al., 2019). These examples highlight the 

ability of pseudotime analyses to reveal transitional cell states across scRNA-seq datasets, 

which are populations of cells not readily distinguishable in continuous manifolds of 

dimension reductions.
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On a more global level, integration of pseudotime and trajectory inference methods (Farrell 

et al., 2018; Qiu et al., 2017) can recreate the hierarchy of retinal cell fate specification, 

proceeding from the most immature state, RPCs, through intermediate transition states 

including neurogenic RPCs and cellular precursors, to final cell type classes (Clark et al., 

2019; Raj et al., 2020). Performing differential gene analyses both across pseudotime and 

between different cell type trajectories highlights genes involved in cell fate decisions, 

differentiation, and maturation. In zebrafish retinas, pseudotime analysis of the bifurcation 

of photoreceptor precursors into rods and cones identified several known genes required 

for determination of rod versus cone fates, including six7, nr2f1b, and nr2e3 (Raj et al., 

2020; Sotolongo-Lopez et al., 2016; Swaroop et al., 2010). Additionally, these pseudotime 

analyses identified novel expression patterns of the apelin receptors in photoreceptor 

progenitors and the apelin ligand in differentiating cones (Raj et al., 2020). As the 

apelin signaling pathway is implicated in a diverse array of processes including cellular 

metabolism (reviewed in Chapman et al., 2014), expression of apelin signaling pathway 

components during photoreceptor specification may coordinate metabolic processes across 

photoreceptor development. Furthermore, pseudotime analyses on scRNA-seq datasets of 

human retinas identified transient expression of the transcription factor ATOH7 within 

photoreceptor precursors and early differentiating cones, implicating ATOH7 in cone 

photoreceptor specification. Indeed, knockdown of ATOH7 within human retinal explants 

promoted specification of rod photoreceptors at the expense of cones, suggesting that 

ATOH7 promotes cone photoreceptor fate during human retinal development (Lu et al., 

2020). These cases highlight the ability of pseudotime analyses within scRNA-seq studies 

to uncover gene expression dynamics across developmental processes, including across the 

temporal specification of retinal cell fates (Clark et al., 2019; Lo Giudice et al., 2019; Lu et 

al., 2020; Raj et al., 2020; Xu et al., 2020).

The assumption of pseudotime - that transcription similarities between cells enables linear 

ordering of cells to recapitulate changes in gene expression across developmental processes 

can also assist in determining the temporal birth order of cell fates specification from 

multipotent progenitors. However, users should avoid inferring temporal birth order solely 
based on pseudotime ordering and in the absence of biological validation. When performed 

on the developing retina, pseudotime analyses correctly predicted the temporal birth order of 

retinal cell fates, albeit with one exception - the Müller glia. Years of work have indicated 

that Müller glia is the last cell type to be specified during retinal development (Bernardos et 

al., 2007; Jadhav et al., 2009; Ramachandran et al., 2010). However, hierarchical ordering of 

retinal cell fate specification using pseudotime analyses on scRNA-seq datasets of multiple 

species position Müller glia early within pseudotime, suggesting specification of Müller 

glia ‘before’ most retina neurons (Clark et al., 2019; Raj et al., 2020). Such inferences are 

made agnostic to features such as developmental age of the sampled cells that otherwise 

indicate specification of Müller glia within later periods of retinal development. In fact, the 

relative ‘early’ positioning of Müller glia specification within pseudotime is solely based on 

the transcriptional similarities between Müller glia and late RPCs. scRNA-seq expression 

profiling indicates that Müller glia express numerous transcripts that are also expressed 

within late RPCs, including Rlbp1, the Nfi family of transcription factors (Nfia/b/x), and 

Lhx2 (Clark et al., 2019; Lu et al., 2020). Furthermore, the relatedness of RPCs and 
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Müller glia has been readily established and is highlighted by zebrafish Müller glia, which 

dedifferentiate to become the source of retinal stem cells during regenerative responses 

(Bernardos et al., 2007; Jadhav et al., 2009; Ramachandran et al., 2010). Furthermore, 

Müller glia in other species can be induced through genetic manipulations to generate retinal 

neurons, suggesting at least partial maintenance of RPC features (Hoang et al., 2020; Jorstad 

et al., 2017, 2020; Karl et al., 2008; Pollak et al., 2013).

Nonetheless, pseudotime trajectory analyses have uncovered the dynamic nature of gene 

expression changes underlying retinal cell fate specification and differentiation. Future 

studies should now focus on the significance of the temporal expression patterns of genes 

expressed within pseudotime trajectories, assigning function to novel genes expressed during 

the processes of retinal cell fate specification and differentiation.

4. Phenotyping

4.1. Functional studies

Moving beyond transcriptomic profiling of normal retinal development, single-cell 

technologies have now extended to phenotypic and molecular characterizations of gene 

knock-out models, including well established models, such as Atoh7. Previous studies 

identified Atoh7 as a necessary transcription factor for RGC formation, with Atoh7 mutant 

models displaying a near complete loss of retinal ganglion cells (Atac et al., 2020; Brown 

et al., 2001; Ghiasvand et al., 2011; Kay et al., 2001; Prasov et al., 2012). In Atoh7 
mutant mouse embryos, few nascent RGCs were present during embryogenesis, suggesting 

that Atoh7 is necessary for virtually all RGC specification (Brown et al., 2001). However, 

lineage tracing using an Atoh7:Cre line has suggested that only 55% of RGCs are derived 

from an Atoh7+ lineage (Brzezinski et al., 2012; Feng et al., 2010; Poggi et al., 2005); 

a puzzling result given the drastic loss of RGCs in Atoh7 mutant models. Recently, two 

groups have performed scRNA-seq on the developing mouse retinas of Atoh7 mutant 

animals to investigate the molecular consequence of Atoh7 loss-of-function on neurogenesis 

and the specification/differentiation of RGCs. From these studies, we now appreciate that 

RGCs are specified in Atoh7 mutant retinas, with many RGCs expressing markers of RGC 

differentiation (Brodie-Kommit et al., 2021; Wu et al., 2021) originally thought to be direct 

targets of Atoh7, including Pou4f2 and Isl1 (Wu et al., 2015). Additionally, gene module 

analysis (Brodie-Kommit et al., 2021) and cell cluster analysis (Wu et al., 2021) identified 

relatively normal transcriptional profiles of neurogenic RPCs, indicating proper selection 

of RPCs to undergo cell-cycle exit. The scRNA-seq and pseudotime analyses suggest that 

the specified Atoh7-deficient RGCs don’t progress through normal RGC differentiation, and 

therefore likely undergo apoptosis as development progresses (Brodie-Kommit et al., 2021; 

Wu et al., 2021). Confirmation of RGC cell death in Atoh7 mutant retinas was performed 

using simultaneous deletion of the pro-apoptotic gene Bax. In Atoh7/Bax double mutant 

retinas, Atoh7-deficient numbers are ‘rescued’ to near normal levels and RGCs persist into 

adulthood. However, the specified RGCs displayed abnormal characteristics including axon 

fasciculation and failure to form an optic nerve (Brodie-Kommit et al., 2021). Together, 

these results suggest that Atoh7 may be dispensable for RGC specification, but may be 

required both autonomously and non-autonomously for normal RGC differentiation and 
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survival. Further characterizations of Atoh7/Bax double mutant RGCs will be required to 

determine the necessity of Atoh7 for specification and differentiation of each of the 46 RGC 

subtypes within the mouse retina.

As previously mentioned, additional studies explored the functional role of OTX2 in 

lineage restriction of RPCs for production of horizontal cells and cones. scRNA-seq was 

performed on sorted cells expressing an OTX2-reporter in the presence of either control 

or OTX2 CRISPR constructs to assess the consequence of OTX2 loss-of-function within 

the lineage. These studies identified that OTX2 regulates cone photoreceptor specification 

while inhibiting specification of LHX1+ horizontal cells. Additionally, the authors observed 

increases in Pax6 expression within OTX2 CRISPR cells, suggesting that OTX2 inhibits 

Pax6. Cluster analysis also detected the presence of an unusual cell population within the 

OTX2 mutant cells of the OTX2-reporter lineage, displaying both RGC-like morphology 

and expression of both horizontal cell and RGC markers. Further investigation will be 

required to determine if these cells represent a transient RGC state normally present during 

the course of retinal development or if these cells eventually undergo apoptosis (Ghinia 

Tegla et al., 2020). However, these studies highlight the utility of scRNA-seq for phenotypic 

characterizations of mutant phenotypes. Without scRNA-seq studies, the combination of 

cellular morphology and marker gene expression may have incorrectly categorized these 

mutant cells as bonafide RGCs, when in fact that is likely not the case.

Additional studies have focused on attributing function to interesting candidate genes from 

the large-scale scRNA-seq studies. These include examinations of the Nfi transcription 

factors and the somatostatin receptor Sstr2, that exhibit enriched expression within late 

RPCs and neurogenic RPCs, respectively (Clark et al., 2019). During retinal development, 

the Nfi transcription factors Nfia, Nfib, and Nfix are each enriched within primary RPCs 

during late periods of retinal development (Clark et al., 2019) and display restricted 

expression patterns within mature retinal cell types including amacrine cells (Keeley and 

Reese, 2018; Yan et al., 2020a), bipolar cells (Shekhar et al., 2016), and Müller glia 

(Clark et al., 2019; de Melo et al., 2016). Conditional knockout of Nfia/b/x within the 

developing retina results in a failure of late RPCs to exit the cell-cycle and differentiate 

as bipolar cells or Müller glia. Instead, RPCs remain proliferative and continue to undergo 

neurogenic divisions to specify rod photoreceptors. Using scRNA-seq, the authors were 

able to confirm these phenotypes and additionally characterize the mutant cells (Clark et 

al., 2019). Comparisons of scRNA-seq gene expression profiles of ectopic primary and 

neurogenic RPCs in P14 Nfia/b/x triple knockout retinas to normal retinal development 

suggest similarities in transcriptomes of Nfia/b/x triple knockout RPCs with late RPCs 

during development, including expression of late RPC-enriched transcripts Car2, Crym, 
and Sox8. Furthermore, neurogenic RPCs from Nfia/b/x triple knockout retinas expressed 

numerous neurogenic RPC-enriched transcripts including Vxn (3110035E14Rik), Otx2, 
Neurod1, Btg2, and Onecut2, but failed to express other markers of neurogenic RPCs 

including Olig2, Neurog2, and Dll1 (Clark et al., 2019). These studies highlight the power 

of scRNA-seq to identify novel processes governing retinal development and provide insight 

into the mechanisms by which the Nfi transcription factors regulate proliferative quiescence 

and cell fate specification.
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Finally, more recent studies have examined the function of the neurogenic RPC-enriched 

transcript, Sstr2. In non-retinal tissues, Sstr2 functions as a somatostatin (Sst) receptor, 

that upon activation, functions to control of cell-cycle exit through accumulation of the 

downstream effector and cell-cycle inhibitor, p21 (Cdkn1a; Alderton et al., 2001). scRNA­

seq of both Sstr2 knockout retinas or Sstr2 agonist-treated retinal explants indicate that 

Sstr2-activation may function to inhibit neurogenesis and specification of photoreceptors 

within the developing retina (Weir et al., 2021). In this instance, scRNA-seq studies failed 

to detect large-scale transcriptional changes after either activation or inhibition of Sstr2 

signaling, suggesting an inherent level of functional redundancy in the control of retinal 

neurogenesis.

4.2. Retinal organoids and in vitro models for development of human disease

Human retinal organoids have emerged as an accessible and manipulatable system for 

studying retinal development and associated diseases (reviewed in Bell et al., 2020). To 

establish the authenticity of the organoid system, many studies have tested the extent to 

which retinal organoid development recapitulates human retinal development, including 

characterization of cell type composition and global changes in temporal gene expression 

(Brancati et al., 2020; Collin et al., 2018; Cowan et al., 2020; Kallman et al., 2020; 

Kim et al., 2019; Lu et al., 2020; Sridhar et al., 2020). To begin to understand the 

developmental basis of retinal disease, researchers have examined the expression profiles 

of inherited retinal disease-associated genes across organoid cell types and developmental 

stages, beginning to elucidate mechanisms by which altered gene function/expression may 

contribute to disease pathologies (Cowan et al., 2020).

Future scRNA-seq analyses assessing the functional consequence of genetic alterations 

within human retinal organoids will provide useful tools to evaluate how perturbations, 

diseases, and organoid differentiation methods affect cell (sub)types, cell states, and gene 

expression profiles not readily detected via bulk sequencing techniques. For example, recent 

studies have begun to model NRL mutations on human retinal development. Human patients 

with mutations in NRL present with either S-cone syndrome, characterized by enhanced 

blue cone function at the expense of rods, or a more severe phenotype resembling retinitis 

pigmentosa. scRNA-seq studies of retinal organoids from iPS-derived patient cells harboring 

a null mutation in the NRL gene determined the existence of two discrete cone populations 

in NRL mutant organoids that both express short-wavelength opsin. One population of cones 

resembled S-cones within retinal organoids derived from control patient cells. Conversely, 

the second S-cone population, which maintained high expression of short-wavelength 

opsin, displayed an altered transcriptome composed of both cone-specific and rod-specific 

transcripts (Kallman et al., 2020). These results differed from previous studies that had 

suggested NRL−/−cells were trans-fated to become S-cones at the expense of rods (Mears et 

al., 2001).

Additional studies conducted single-cell developmental trajectory and subtype composition 

analysis of RGCs derived from hiPSCs of primary open angle glaucoma patients with 

a mutation in SIX6. The SIX6 risk allele impaired proper RGC maturation and led to 

a deprivation of degeneration-resistant RGC subtypes when compared to control hiPSCs­
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derived RGCs (Teotia et al., 2017). By modeling human retinal development, these scRNA­

seq studies suggest that patients with the SIX6 risk allele exhibit an altered composition of 

RGC subtypes, which thereby predisposes the patients to increased susceptibility of RGC 

death (Carnes et al., 2014; Iglesias et al., 2014; Teotia et al., 2017). However, given that 

enhanced RGC death occurs in most models of retinal organoids and culture systems, further 

exploration into the significance of SIX6 in RGC subtype survival is required.

5. Perspectives and Limitations

Prior to single-cell genomics technologies, the retinal development field had already 

discovered many genes involved in the specification and differentiation of retinal cell types, 

gained insight into the mechanisms regulating neurogenesis and gliogenesis, and identified 

lineage-restricted populations of RPCs through lineage tracing studies. Given all of this 

prior knowledge, what advantages have single-cell technologies offered and why should they 

continue to be applied to the developing retina? First and foremost, scRNA-seq allows us 

to quantify developmentally regulated gene expression changes and pinpoint them not only 

to specific cell types, but also to specific developmental cell states across retinogenesis. 

From these large-scale studies, we can subsequently parse the finer intricacies of gene 

expression into multiple transcriptional cascades and generate a temporal hierarchy of the 

gene expression profiles required for specification of individual retinal cell fates. Through 

profiling of large numbers of genes and cells, we gain the statistical power to examine gene 

expression patterns across a continuum of dynamic processes, including RPC maturation 

and cell type differentiation. Identification of these gene expression patterns allows us to 

move past comparisons of individual gene dynamics and towards evaluation of gene module 

preservation across multiple datasets (Stein-O’Brien et al., 2019). The extensive profiling of 

the developing retina across multiple species (mouse, human, zebrafish, and chicken) and in 
vitro model systems (retinal organoids) offers a treasure trove of new genes and processes 

to explore. Additionally, given the in-depth characterization of gene expression profiles 

at the individual cell level, scRNA-seq datasets have provided the information to better 

identify affected cell type(s) and developmental therapeutic windows in cases of retinal 

disorders. The advantages of single-cell resolution also extends to hypothesis-driven and 

phenotyping experiments. Previously, experiments assessing the effects of gene knockouts 

on cell type specification and differentiation traditionally used marker gene expression to 

determine changes in cell type proportions after genetic manipulations. Now, using scRNA­

seq, we can move beyond discrete cell type classifications based on individual marker 

genes and instead identify changes in entire transcriptional programs across development 

and molecularly characterize abnormal or ‘mutant’ cell states that arise as a consequence of 

altered developmental processes.

Additionally, through integration of gene expression profiles with both cellular morphology 

and electrophysiology, we are beginning to understand how genetics dictates form and 

function. Techniques such as Patch-seq have and will continue to further our understanding 

of the molecular underpinnings of visual processing and behavior (Laboissonniere et al., 

2017a; Lipovsek et al., 2021). For example, in zebrafish, we are beginning to connect the 

transcriptional profiles of RGC subtypes to distinct electrophysiological properties (Kölsch 

et al., 2021). Using these techniques, we have the potential to correlate alterations in gene 
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expression/function, similar to what may occur in cases of retinal disorders, with altered 

electrophysiology and morphological consequences.

However, despite the advances in single-cell technologies, obtaining cellular resolution 

has come at a significant cost in gene expression resolution. Most current technologies 

profile the 1000–5000 highest expressed genes within individual cells, with many transcripts 

detected on average at less than one copy per cell. As such, lowly expressed genes 

displaying significant differential expression by bulk RNA-sequencing methods may be 

missed by scRNA-seq (Wu et al., 2021). Furthermore, the integration of datasets across 

experimental conditions poses an additional hurdle, as batch effects are inherent to many 

commonly used profiling techniques. The development of new technologies to pool 

experiments without losing experimental condition information is beginning to remedy batch 

effects Gehring et al., 2020; Luecken and Theis, 2019; McGinnis et al., 2019). Additional 

focus on combined analysis of multiple datasets within the scRNA-seq field has led to the 

development of numerous data integration methods aimed at finding shared features across 

datasets in order to identify and regress the effect of technical noise (Korsunsky et al., 2019; 

Luecken and Theis, 2019; Stuart et al., 2019; Welch et al., 2019).

As resourceful as these first profiling experiments have been, several limitations of scRNA­

seq must be addressed before we can hope to have a truly complete picture of retinal 

development. First, many of the commonly used technologies to generate scRNA-seq data 

analysis lack isoform resolution of individual transcripts. This results partially from the 

decision to use sequence aligners that compress all aligned reads of transcript isoforms 

to the ‘gene level’ to partially remediate sequence sparsity. As a consequence, isoform 

information is frequently lost. Importantly, studies have identified that competence factors 

such as Casz1 generate multiple different isoforms that each bias mid-/late-born neuronal 

fates differentially (Mattar et al., 2015). However, isoform information in scRNA-seq 

studies is present within the raw data, only to be uncovered using isoform resolution 

transcriptome alignment builds and additional technical tricks. For example, the use of 

long-read sequencing identified novel isoforms of Crb1, including a previously unannotated 

isoform with unique 5′ and 3′ exons. With these comprehensive isoform maps, one 

can build a custom transcriptome to specifically analyze isoform usage within the single­

cell data. By annotating Crb1 isoforms within alignments of scRNA-seq studies of the 

developing mouse retina, cell type specificity of Crb1 isoforms is clearly delineated. In the 

case of Crb1, the canonical Crb1 isoform is expressed in RPCs and Müller glia, whereas the 

novel Crb1 isoform is expressed in rod photoreceptors (Ray et al., 2020). Further details of 

isoform usage will be available with continued technical evolution of both mRNA capture 

efficiency and the ability for sequence aligners to utilize reads across shared exons of 

transcript isoforms rather than discarding them (Booeshaghi et al., 2020). For example, 

recent technological advancements in single-cell long-range sequencing could potentially 

allow us to better characterize differential isoform usage in RPCs (Hagemann-Jensen et 

al., 2020). When applied to the developing retina, such a technology could further parse 

the cell type specificity of isoform usage across retinal development. It will be interesting 

to determine if aspects of retinal development, including RPC competence, can be further 

explained by heterogeneity in isoform usage across individual cells.
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Additionally, while RNA levels are used as a proxy for protein levels, studies indicate 

that counting RNA transcripts may not be the best predictor of protein expression. For 

example, the early retinal competence factor, Ikaros, displays low but constant transcript 

expression across retinal development. However, as development progresses, Ikaros protein 

levels decrease (Elliott et al., 2008). In neocortex development, progenitor cells also have 

been shown to accumulate RNA transcripts that encode cell fate determinants; however, 

these mRNAs are not translated, but function to prime progenitor cells to generate a diverse 

array of cell types (Li et al., 2020; Zahr et al., 2018). Within the developing retina, future 

technologies that measure protein expression levels within single cells may be required 

to assess the relationship of mRNA and protein expression levels within individual cells. 

Several technologies enable quantification of proteins at single-cell resolution (CITE-seq 

and REAP-seq), but they both rely on pre-selected antibodies and have been mainly limited 

to detection and quantification of cell-surface proteins (Peterson et al., 2017; Stoeckius et 

al., 2017).

Due to the static snapshot and destructive nature of scRNA-seq, we currently cannot 

trace the steps of individual cells across development in order to decipher the gene 

expression programs that drove them to their current state. Current techniques, including 

pseudotime analyses, are predicated on capturing and ordering all transition states across 

a developmental process. Therefore, pseudotime trajectory and hierarchy analyses predict 

the average dynamics of cells, overlooking transitions of individual cells. However, the 

RNA content captured in scRNA-seq includes both spliced and unspliced RNAs. Taking 

advantage of these features, ‘RNA velocity’ uses the ratio of spliced (previous transcription) 

to unspliced (ongoing transcription) RNAs to estimate the direction and rate of change for 

each gene within individual cells to predict a future cell state. Projecting velocity vectors 

onto lower dimensional embeddings allows tracing of cell states across a developmental 

process (La Manno et al., 2018).

When applied to the developing retina, RNA velocity predicts that RPCs commit to 

neurogenesis at G1, well in line with traditional views of time-lapse images and lineage 

studies that detect Atoh7 protein accumulation and/or reporter expression within RPCs at 

S/G2-phase (Brzezinski et al., 2012; Le et al., 2006; Miesfeld et al., 2018; Poggi et al., 2005; 

Yang et al., 2003). RNA velocity analysis recapitulates progression from neurogenic RPCs 

to terminal cell fates, demonstrating that neurogenic RPCs are an intermediate state prior 

to commitment to an individual lineage (Lo Giudice et al., 2019). Despite this knowledge 

and advancements in the computational tools, these tools fail to identify which genes drive 

neurogenic commitment of G1 RPCs.

A recent update to RNA velocity assumptions and analyses has provided the framework 

to capture intermediate states and identify the genes/gene networks that demarcate cellular 

transitions (Bergen et al., 2020). Application of this new algorithm to the developing retina 

may be able to identify the transcriptional signatures driving RPCs towards neurogenic 

commitment. However, caution should still be taken when interpreting velocity of cells 

projected onto lower dimension graphs. Velocities can be miscalculated when data fails to 

accurately represent the full dynamics of an individual gene. For example, cells can undergo 

rapid, large-scale gene expression changes that are not fully captured across single-cell 
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profiles (Bergen et al., 2020). Additionally, as pseudotime analyses and RNA velocity are 

based solely on RNA expression, these techniques do not yet account for the influence of 

post-translational modifications, asymmetric division modes, and chromatin accessibility on 

developmental trajectories (Tritschler et al., 2019). With the omission of all these intrinsic 

factors, neither pseudotime nor RNA velocity can fully delineate the individual molecular 

events driving lineage choices of an individual cell.

The rapidly developing field of single-cell transcriptomics has offered us an indirect 

glimpse of the continuous decision-making process of RPCs as they transform from 

multipotent proliferative cells into the morphologically and functionally divergent cell 

types that form the intricate architecture of the retina. Several studies have profiled 

the transcriptomic cascades underlying cell fate specification, but studies addressing cell 

subtype specification are yet to be completed. Taxonomy datasets of the mature retina 

highlight the importance of sampling numbers to effectively classify retinal subtypes. For 

example, fluorescence-activated cell sorting (FACS) enrichment and profiling of 35,699 cells 

was required to identify all 46 mature RGC subtypes (Tran et al., 2019). Future analysis 

of the developmental specification of each of these cell subtypes will serve additional 

challenges. Many of the markers used to enrich cell types of interest by FACS analysis 

only demarcate mature cell types or display widespread expression across development. 

For example, Vglut2 is only expressed within the mature RGCs, whereas Vsx2 is widely 

expressed in RPCs in development before becoming enriched within bipolar cells (Shekhar 

et al., 2016; Tran et al., 2019). Therefore, to investigate the complete developmental process 

giving rise to cellular subtype specifications, it is possible that multiple markers/transgenes 

will have to be employed to mark cell populations of interest across different stages of 

development.

Despite these limitations of scRNA-seq, a study profiling the developing and adult 

Drosophila optic lobe at single-cell resolution used a neural network model to assist 

in classifying cellular subtypes. After training the model on 109,743 annotated cells 

of the adult optic lobe, the authors recursively annotated the cell types within the 

optic lobe and retrained the network at five developmental time-points, spanning the 

developmental processes from neurogenesis through synaptogenesis. Interestingly, the 

authors observed high transcriptomic heterogeneity amongst cellular subtypes during 

periods of synaptogenesis, likely driven by differential expression of cell surface molecules 

mediating circuit formation and dorsal-ventral patterning by WNT signaling gradient. By 

adulthood, these cellular states converged into transcriptionally stable cellular subtypes 

(Özel et al., 2021). The similarity between Drosophila optic lobe and mouse retina suggest 

that large-scale scRNAseq profiling of the retina during periods of synaptogenesis could 

potentially map out the genetic program underlying circuit formation.

Alternatively, West et al., 2021 leveraged multiplexed RNA FISH technique paired with 

EdU and BrdU birth-dating to identify birth-windows of the 15 bipolar cell subtypes. The 

observed birth-dates and genesis locations of each bipolar cell subtype resemble a wave 

pattern across both developmental time and the dorsal-ventral retinal axis. The subtype 

birth-dates also occur in an ordered manner and correlate with visual function. Together, 

this data supports a hierarchical model of subtype specification in the retina and serves as a 
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framework for future studies examining cellular subtype development in the retina (West et 

al., 2021).

It is also apparent that gene expression is only part of the story of retinal development, 

and other intrinsic characteristics (epigenetics, post-transcriptional modification, post­

translational modification) and external factors (spatial positioning and non-autonomous 

signaling) play important roles too. For instance, epigenetic profiling of the developing 

whole retina exemplified how histone modifications correlate with transcriptional changes 

and identified many cell type and developmental stage specific super enhancers (Aldiri et al., 

2017). Examining epigenetic and chromatin landscape changes across retinal development at 

single-cell resolution will be required to explain the molecular mechanisms that dictate the 

initiation or repression of cell type specific differentiation and maintenance programs within 

precursor cells.

Large efforts by the community have made numerous technological advancements for 

profiling a variety of features within individual cells. These include techniques assaying 

chromosome organization (Ramani et al., 2017), histone modifications (Grosselin et 

al., 2019; Kaya-Okur et al., 2019), and DNA accessibility (Buenrostro et al., 2015). 

Furthermore, techniques identifying transcription factor binding sites within individual cells 

have also recently been pioneered (Grosselin et al., 2019; Kaya-Okur et al., 2019; Moudgil 

et al., 2020). With all of these multi-omic datasets, additional efforts have to focus on dataset 

integration to uncover new biological features. For example, the integration of epigenetic 

and Hi-C data with scATAC-seq and scRNA-seq datasets from adult retina identified 

a bipolar cell specific Vsx2 super-enhancer that is required for specification of bipolar 

cells (Norrie et al., 2019). Future experiments and discoveries will rely on the integration 

and simultaneous profiling of multiple cell features within individual cells; for example, 

simultaneous profiling of RNA transcript expression with accessible chromatin is already 

commercially available.

To date, identification of the mechanisms governing the development of the human macula 

has provided a formidable challenge. To study this question, one must be able to intersect 

cellular resolution transcriptomics with spatial positioning. However, the dissociation and 

lysis steps required for many single-cell techniques lose spatial information. Studies 

attempting to address macular development have relied on physical separation of the macula 

and peripheral retina prior to single-cell sequencing library preparation workflows. This 

technique inherently requires the presence of a defined macula, precluding the measurement 

of developmental events just prior to macular formation. Recently, several in situ sequencing 

technologies have emerged to connect spatial and transcriptomic information through cDNA 

probes targeting pre-selected gene targets or polyT barcoded beads (Larsson et al., 2021; 

Wang et al., 2018). Though the unbiased mRNA capture efficiency of spatial transcriptomics 

is only half of the already low capture rate of droplet-based scRNA-seq methods, it is 

sufficient for the reconstruction of spatial developmental trajectories in the mouse neocortex 

(Stickels et al., 2020).

Single-molecule fluorescent in situ hybridization (smFISH) can achieve an even higher­

resolution of RNA spatial information. Multiplexed smFISH technologies, such as 
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MERFISH (Chen et al., 2015; Moffitt et al., 2018; Xia et al., 2019) and RNA seqFISH+ 

(Eng et al., 2019), can now image hundreds to thousands of RNA transcripts at single­

cell resolution within intact tissues, including samples as complex as the brain. These 

technologies can help validate the expression of candidate genes within scRNAseq datasets, 

including their RNA copy number, cellular specificity, and dynamics across developmental 

time. The convergence of spatial and expression information at cellular resolution has 

proven useful for deciphering intercellular ligand-receptor interactions and identifying 

cells that exhibit preferential interactions/connections (Eng et al., 2019). Furthermore, 

introduction of a barcode editing system to multiplexed FISH has revealed lineage, spatial, 

and cell state information within the Drosophila brain (Chow et al., 2021).

Within the developing retina, patterning of regions dedicated to high acuity vision is 

mediated through extrinsic signaling, in particular, that of retinoic acid (da Silva and Cepko, 

2017). While scRNA-seq cannot directly detect cell-to-cell signaling, scRNA-seq studies 

have tried to infer the cell types signaling or receiving retinoic acid through expression of 

retinoic acid synthesizing and metabolizing enzymes as a proxy for development of human 

macula (Cowan et al., 2020; Lu et al., 2020). Future studies using spatial transcriptomics 

to examine transcriptional programs governing spatial asymmetries across the developing 

retina will offer valuable insights into the mechanisms controlling retinal features including 

formation of the macula. Additionally, as RPCs and retinal neurons rely on precise 

molecular programs for migration and formation of the laminar structure of the retina 

(Amini et al., 2017), spatial transcriptomics may help clarify the interplay between cell state 

and relative positioning of cells within the developing retina.

The wealth of data obtained through scRNA-seq studies has correlated patterns of gene 

expressions with biological processes. Future studies must now focus on addressing 

individual gene necessity and sufficiency across retinal development through expanded 

functional studies. Given the abundance of novel, developmentally-regulated genes 

discovered in scRNA-seq studies, it will take years to assay the consequence of perturbations 

of gene expression levels on a gene-by-gene basis. Instead, several techniques have been 

developed to assess changes in gene expression using scRNA-seq with pooled CRISPR 

gRNA libraries that target multiple genes in a single experiment (Datlinger et al., 2017; 

Dixit et al., 2016; Jaitin et al., 2016). Application of such technologies to the developing 

mouse cortex revealed gene regulatory networks and cell types affected by mutations in 

Autism Spectrum Disorder risk genes (Jin et al., 2020). This demonstrates the feasibility 

of the techniques for studying both gene and gene regulatory element function across the 

developing retina, and could be readily applied to all genes implicated in the development of 

retinal disorders (~400 genes).

In conclusion, retinal cell fate decisions are modeled by both stochastic/probabilistic 

and deterministic (lineage restriction) decisions of RPCs. To date, scRNA-seq studies 

support both models, whereby the selection of an individual primary RPC to undergo a 

neurogenic (or later gliogenic) division appears to be largely stochastic, while evidence 

of lineage restriction is apparent within neurogenic RPCs. Additionally, global changes 

in the transcriptome of RPCs across developmental time is reminiscent of competence 

models, supported by both temporally restricted expression patterns of competence factors 
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and temporal fate determinants in scRNA-seq datasets (Fig. 2) and functional studies 

characterizing individual competence factor functions. However, to more clearly define 

the roles of stochasticity and lineage restrictions, the field needs to pair either new scRNA­

seq based or traditional lineage tracing strategies (reporter lines or time-lapse imaging) 

with molecular characterizations of gene expression at the individual cell level. With 

comprehensive lineage restriction maps, one can then proceed backwards in ‘pseudotime’ 

to begin to uncover the transcriptional hierarchy regulating cell fate specification from 

individual RPCs. Through these lineage-tracing experiments and pairing of additional 

multimodal single-cell ‘omics’ technologies, we can strive to achieve a more deterministic 

model for the sequential gene expression events governing retinal cell fate specification.
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Fig. 1. Publication history of scRNA-seq.
A) Number of publications referencing ‘Retinal Development’ (pink line) and ‘scRNA-seq’ 

(green line) over time, indicating the rapid utilization of scRNA-seq across the scientific 

community. B) Number of publications (black line) that have molecularly profiled RNA 

from individual retinal cells (left axis), and the total number of cells profiled within these 

studies (dotted line; right axis) per year. With the advancement and increased availability 

of sequencing technologies, the number of publications and cells profiled is currently 

increasing at an exponential rate. Data was obtained from a search in pubmed.gov using the 

following terms: (A) (“scRNA-seq”) OR (“single-cell RNA-sequencing”) OR (“single-cell 

RNA sequencing) OR (“drop-seq”) versus “Retina Development”; or (B) via a manually 

curated literature search for papers profiling single-cells within the retina.

Shiau et al. Page 38

Dev Biol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pubmed.gov


Fig. 2. 
Temporal regulators of cell fate specification.

A) Schematic of the temporal birth windows of retinal cell types from the common 

multipotent retinal progenitor cell (RPC), highlighting the stereotyped, but overlapping birth 

order of retinal neurons and glia. B) Heatmap indicating the normalized expression (znorm) 

of ‘classic’ competence factors — Pou2f1 and Casz1 — and the new retinal competence 

factor — Foxn4 — within mouse RPCs across scRNA-seq experiments (Clark et al., 2019). 

Pou2f1 is expressed within early retinal development, followed by expression of Foxn4. 

Casz1 expression is consistent with the temporal windows in which rod photoreceptors 

are specified. C-D) Heatmaps indicating the normalized expression (znorm) of temporal 

neuronal fate regulators (Sagner et al., 2020) across RPCs of the C) developing mouse, 

and D) developing human retina (Clark et al., 2019; Lu et al., 2020), indicating temporally 
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restricted expression patterns within early (Onecut1/2, Zfhx3/4, Pou2f2) and late (Nfib/Nfia) 

periods of retinal development.
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Fig. 3. Waddington landscape of the developing mouse retina from scRNA-seq.
A) Representative Waddington landscape, where a ball - multipotent progenitor -is at the 

top of a hill. As the ball rolls down the hill - through developmental time -, the peaks and 

valleys influence where the ball will travel. Ultimately, when the ball reaches the bottom, 

it is committed to one path, representing a terminal cell fate decision (Waddington, 1957); 

Waddington landscape generated with Biorender.com. B) Representative potential energy 

landscape (Soto et al., 2020) as calculated from scRNA-seq results of the developing mouse 

retina (Clark et al., 2019). Dotted lines represent major cell type trajectories - analogous 

to valleys within the Waddington model - from early and late RPCs within the developing 

mouse retina. C) Retinal development waddington landscape derived from mouse single-cell 

RNA seq data. D) Model of mouse retinal development based on Waddington landscapes. 

Listed gene transcripts display dynamic RNA velocities - as identified through scVelo 
(Bergen et al., 2020) — across cellular trajectories for each annotated cell type. Color 

annotations for B-D are listed in panel B.
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Fig. 4. 
Pseudotime analyses of the developing retina.

Table of pseudotime techniques that have been applied to scRNA-seq datasets of the 

developing retina, encompassing retinal development of humans, mice, zebrafish, and 

human retinal organoids.
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