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SUMMARY

Clinical and genetic heterogeneity associated with

retinal diseases makes stem-cell-based therapies

an attractive strategy for personalized medicine.

However, we have limited understanding of the

timing of key events in the developing human retina,

and in particular the factors critical for generating the

unique architecture of the fovea and surrounding

macula. Here we define three key epochs in the

transcriptome dynamics of human retina from fetal

day (D) 52 to 136. Coincident histological ana-

lyses confirmed the cellular basis of transcriptional

changes and highlighted the dramatic acceleration

of development in the fovea compared with periph-

eral retina. Human and mouse retinal transcriptomes

show remarkable similarity in developmental stages,

although morphogenesis was greatly expanded in

humans. Integration of DNA accessibility data al-

lowed us to reconstruct transcriptional networks

controlling photoreceptor differentiation. Our studies

provide insights into human retinal development and

serve as a resource for molecular staging of human

stem-cell-derived retinal organoids.

INTRODUCTION

Retinal and macular degeneration are a major cause of vision

impairment, with immense social and economic burden globally.

Extensive genetic heterogeneity and a plethora of clinical mani-

festations observed for retinal diseases (https://sph.uth.edu/

Retnet/) present considerable challenge for diagnosis, coun-

seling, and disease management. Gene replacement and gene

editing have emerged as promising treatments for retinopathy

patients carrying specific genetic loss-of-function mutations

(Dalkara et al., 2016; Scholl et al., 2016; Tabebordbar et al.,

2016; Yu et al., 2017), and novel therapeutic designs are being

attempted for broader disease and population spectrum. Pio-

neering discoveries of induced pluripotent stem cells (iPSCs)

(Yamanaka, 2012) and organoid cultures (Nakano et al., 2012;

Sasai, 2013) have brought stem cell-based approaches to the

forefront of personalized medicine, and patient-specific treat-

ment paradigms appear feasible for retinal regeneration, photo-

receptor replacement, and/or drug design (Kaewkhaw et al.,

2016; Nakamura et al., 2016). Rapid advancement of stem cell

therapies is hampered, at least in part, by limited understanding

of networks and pathways underlying retinogenesis and natural

history of disease progression in humans.

The sense of vision occupies a major part of the CNS in

humans, providing exceptional evolutionary advantage for com-

plex tasks, such as learning, memory, and behavior. The periph-

eral retina of humans shares the laminated cellular organization

and basic developmental events with other vertebrates (La Vail

et al., 1991; Prada et al., 1991; Wong and Rapaport, 2009;

Young, 1985); however, the retina of humans and other simian

primates possesses a unique central architecture with an un-

usual spatial distribution of neurons and a highly ordered synap-

tic configuration designed for high acuity vision (Provis and

Hendrickson, 2008). This central part of the retina, called the

fovea centralis, spans 1.5 mm, which includes an avascular pit

comprised of long- and medium-wavelength (L/M) cone photo-

receptors and a few short-wavelength (S) cones, but no rods

(Curcio et al., 1990). The unique structure of the fovea likely de-

velops by mechanisms not present in the peripheral retina, and

remarkable histology and immunohistochemical (IHC) studies

have suggested a more rapid differentiation of the fovea

compared with the rest of the retina in humans (Hendrickson,

2016; Hendrickson et al., 2012; Hendrickson and Yuodelis,

1984) and in non-human primates (Hendrickson et al., 2009,

2016; La Vail et al., 1991; Sears et al., 2000). However, at pre-

sent, we know very little about the mechanisms that might

orchestrate the singular architecture of this region. The elucida-

tion of intrinsic factors, as well as signaling pathways, that guide

human retinal development would establish a critical foundation

for understanding retinal features specific to primates.

The advent of next-generation sequencing has led to global in-

sights into gene-regulatory networks and provided opportunities

to integrate transcriptome and epigenome with morphogenesis

and function (Trapnell et al., 2013; Yang et al., 2015), even at

the level of a single cell (Darmanis et al., 2015; Liu and Trapnell,

2016; Macosko et al., 2015). In the retina, transcriptome ana-

lyses of developing mouse photoreceptors have uncovered

possible evolutionary relationships (Kim et al., 2016a) and the
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role of epigenome in gene regulation (Hughes et al., 2017; Kim

et al., 2016a, 2016b; Mo et al., 2016). The human transcriptome

studies have generally focused on adult retina (Farkas et al.,

2013; Hornan et al., 2007; Li et al., 2014; Mustafi et al., 2016;

Pinelli et al., 2016; Whitmore et al., 2014), but few are available

for fetal retina (Aldiri et al., 2017; Kozulin et al., 2009).

As a prelude to delineate genetic networks underlying cellular

morphogenesis, we have generated transcriptome profiles of

human fetal retina at 12 different time points, from day (D) 52

(corresponding to Carnegie stage 22) to D136 of development,

temporally spanning themajor stages of early differentiation. Co-

ordinated and somewhat concomitant expression of several key

cell-type-specific transcription factors, together with cell prolif-

eration-associated genes, suggested a regionally restricted dif-

ferentiation blueprint within the developing retina. By integrating

gene profiling data with in situ and immunofluorescence ana-

lyses, we have correlated transcriptome dynamics to retinal

morphogenesis and demonstrated transcriptome signatures

associated with rapid developmental progression of central

fovea/macula relative to the nasal retina of the same distance

from the optic nerve, with complete cell organization and lamina-

tion in the fovea byD96. Comparative transcriptome dynamics of

developing human and mouse retina has revealed a high degree

of conservation in key regulatory genes; however, observed dis-

tinctions in several signaling pathways indicate human retina-

specific specializations. Furthermore, integration of DNase

sequencing (DNase-seq) data at two distinct stages of human

retinal development with the corresponding transcriptomes

has identified novel promoter/enhancer regions associated

with gene expression and allowed us to reconstruct potential

regulatory networks. Finally, this is the first study to provide

comprehensive molecular analysis on retina younger than 10

fetal weeks. Thus, in addition to expanding the molecular under-

standing of human retinal development, our studies provide a

much-needed reference for staging of retinal organoids from hu-

man stem cells to design treatments of retinal and macular

diseases.

RESULTS

Transcriptome Dynamics of Developing Human Retina

Total RNA from 17 fetal retina samples (D52–D136) spanning

distinct stages of development (Figure 1A, Table S1) were

used for transcriptome profiling by RNA sequencing (RNA-

seq). After quality control, normalization and principal-compo-

nent analysis (PCA) (Figures S1A–S1C), four samples (one

each at D57, D67, D70, and D80) were deemed outliers and

removed from subsequent analysis. PCA of the remaining 13

samples indicated age as the first principal component explain-

ing almost 60% of the variance (Figure 1B). Differential expres-

sion (DE) analysis between the first two (D52/54 and D53) and

the last two (D132 and D136) time points identified alterations

in 3,072 genes. Affinity propagation clustering of DE genes

yielded 62 clusters of genes with specific patterns of develop-

mental expression. The dendrogram of 62 clusters was trimmed

at a height of 0.125 yielding 6 superclusters (SCs), showing

distinct gene expression signatures (Figure 1C; Table S2).

The overall pattern of gene expression from the heatmap re-

vealed three main ‘‘epochs.’’ The first epoch included approxi-

mately 30% of the clustered genes, which fell into SCs 1

and 2. These genes were highly expressed from D52 to D67,

but were rapidly downregulated thereafter. Gene ontology (GO)

analysis identified enrichment of genes associated with early

developmental processes, such as mitosis and cell proliferation

(Figure 1C); these included early retinal progenitor cell genes

(e.g., FGF19, LIN28B, PRTG, and SFRP2), and those associated

with early-generated cell types, such as retinal ganglion cells

(RGCs) (e.g., ATOH7, DLX2, and POU4F2). A second major

epoch was evident in SC3, which included genes whose expres-

sion began between D67 and D80, and maintained their

expression to at least D136. SC3 contained transcription factors

important for producing horizontal cells and amacrine cells, such

as PROX1 and ASCL1, and genes implicated in synapse forma-

tion, such asNRXN1 andNRXN3, as well as neurotransmitter re-

ceptors and ion channels. The GO analysis of the genes in this

epoch highlighted the switch from proliferation to differentiation

of the early-generated neurons, with four of the top five most

significant Biological Process terms being related to synaptic

transmission (e.g., nervous system development; anterograde

transsynaptic signaling; chemical synaptic transmission; synap-

tic signaling; and transsynaptic signaling). Several of these syn-

apse-related genes have not been previously described in the

retina (e.g., UNC13C, UNC13A, DLGAP1, and LRRTM2) and

warrant additional study. The third major epoch, with gene

expression beginning at D90–D100, was highlighted by the

genes related to photoreceptor and bipolar cells that were clus-

tered in SC4, and those involved in synaptic connectivity and

neurotransmission that were present in SC5 and SC6. The GO

analysis for these SCs identified a group of 137 genes in the

Biological Process category, ‘‘neuron projection development’’

(p = 1.18 3 10�7). These included EPHB2 and SEMA5B (both

with known roles in ganglion cell guidance and inner plexiform

layer [IPL] lamination), as well as additional members of these

and other gene families implicated in human retinal synaptogen-

esis (e.g., SEMA7A).

Thus, broad RNA-seq profile of the developing human

retina nicely mirrors the predicted sequence of neurogenesis

identified in model organisms (Cepko, 2014; He et al., 2012;

Sanes and Zipursky, 2010), and the SCs allow us to clearly

define the timing of key developmental events in human retinal

development.

Correlation of Transcriptome to Early Retinal

Development

The RNA-seq results from the early stages of development show

that the early retina is dominated by twomain cell types: progen-

itor cells and RGCs (Figure 2A). Genes required for cell prolifer-

ation, such as PCNA, are expressed in the early SCs, as are

several progenitor genes (such as LIN28B, FGF19, PRTG, and

SFRP2), consistent with the expansive growth of the early retina.

Not all progenitor genes peak at the early stages; some well-

characterized progenitor genes (such as ASCL1, a gene ex-

pressed in progenitors after RGC differentiation is complete

in mouse) have a later peak in expression, at D90–D100. Never-

theless, themajor GO terms for this stage include G1/S transition

of mitotic cycle and ‘‘positive regulation of cell proliferation.’’ The

RGC genes also exhibit peak expression prior to D94, and many

genes known to be important for ganglion cell development,
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Figure 1. Global Analysis of RNA-seq Data of Human Fetal Retina Ages D52–D136

(A) Schematic of the experimental paradigm. The timing of developmental events was inferred using published studies of human fetal retina and birthdating

studies of monkey retinae by shifting proportionately by length of gestation. Whole retinae were collected for RNA-seq (D52–D136; 17 samples) and DNase-seq

(D74 and D125) studies. Whole eyes (D59–D150) were processed for immunohistochemistry and in situ hybridization.

(B) Principle component (PC) analysis indicated that the largest source of variation among the RNA-seq samples was age accounting for 59.3% of the variance in

the data. Biological replicates for D94 were included in this study and were differentiated from each other with suffixes (e.g., D94-2).

(C) Z score of the exemplar genes from the 62 clusters found by affinity propagation (AP) clustering analysis. Blue to red indicates a gradient from low to high gene

expression. Six superclusters were obtained by cutting the dendrograms at a height of 0.125. Pathway enrichment analysis was carried out for the genes in each

supercluster. The top GO categories and examples of genes found in the cluster are given. See also Figures S1 and S4.
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such as POU4F2 and ATOH7, peak in the samples from D52

to D57.

We performed IHC using specific markers of progenitors

(phosphohistone 3 [PH3] and SOX2) and RGCs (POU4F2) to

correlate cellular composition with the transcriptome (Figures

2B and 2C). The overall portrait provided by the IHC is similar

to that of the RNA-seq, but the regional differences in the cellular

composition are already evident in our earliest samples. At

D59, the central retina is comprised of 10–15 rows of RGCs

with only a few layers of SOX2+ progenitor cells (Figures 2B0

and 2C0). The most central retina (the ‘‘future’’ foveal region) at

D59 was identified structurally; this area in the temporal retina

had a visible IPL, and only a single layer of cone nuclei was pre-

Figure 2. D59 Human Fetal Retina Is Mainly

Composed of Retinal Ganglion Cells and

Progenitors

(A) Expression profile of select marker genes of

retinal progenitors and ganglion cells. Genes were

organized from high (red) to low (blue) based on its

expression level at D136.

(B and C) PH3 (green, mitotic cells), RCVRN

(magenta, photoreceptors), and POU4F2 (white,

ganglion cells) (B), and SOX2 (white, progenitor

cells) (C). Green triangles point to PH3+ cells.

(B0 and C0 ) Higher-magnification views of regions

boxed in (B) and (C).

(D) Immunostaining with MKI67 (green) and PCNA

(magenta) show reduced proliferation in D59 cen-

tral retina; however, most cells in the NBL are

positive for these makers in the periphery.

Scale bars, 200 mm in (B) and (C); 25 mm in (B0) and

(C0); 50 mm in (D). T, temporal; N, nasal; NBL,

neuroblastic layer; GCL, ganglion cell layer. See

also Figure S2.

sent (Hendrickson, 2016). This central

area was free of PH3+ mitotic cells (Fig-

ure 2B, flanked by green triangles), had

fewer Ki67+ and PCNA+ cells, and only a

few RCVRN+ photoreceptor cells (Fig-

ure 2B0 and 2D). At this stage, the

distance from the optic nerve to the pre-

sumptive foveal region was 1.3 mm,

consistent with previous estimation of

1.4 mm distance from the optic nerve

head to the incipient foveal region in

D77 fetal retina (Xiao and Hendrickson,

2000). Thus, the ‘‘future’’ foveal region

does not seem to expand nearly as

much as the peripheral retina after D59.

In contrast to the central retina, at this

early stage, progenitor cells constitute a

majority of cells in the peripheral retina

with only a few layers of RGCs (Figures

2B0 and 2C0). The peripheral retina at

D59 had a thicker neuroblastic layer

(NBL) compared with the RGC layer,

and the majority of the cells in the NBL

within 1 mm of the presumptive ora

serrata were positive for MKI67 and

PCNA (Figure 2D). POU4F2+ RGCs were present and migrating

through the NBL. RCVRN+ photoreceptors had not yet appeared

in the most peripheral regions of the retina at this age

(Figure 2B’).

From the total RNA-seq data, we were not able to assign pre-

viously uncharacterized genes to progenitors or ganglion cells;

nonetheless, we compared our data with a single-cell RNA-seq

dataset from a published study (Pollen et al., 2015), in which cells

of the developing fetal human brain and 84 cells from a D63

retina were sequenced. We clustered the single-cell data using

either SOX2 (for progenitors) or POU4F2 (for ganglion cells),

and the cells fell into one or another of these two classes

(Figure S2A).
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Studies in mice have shown that the retinal progenitors can be

further sub-divided in their competence to generate different

types of retinal neurons. In one model, so-called ‘‘early progen-

itors’’ or ERPs, produce ganglion cells, cone photoreceptors,

and horizontal cells, whereas ‘‘late progenitors’’ or LRPs,

generate amacrine cells, rod photoreceptors, bipolar cells, and

M€uller glia. At D63, we would predict that both ERPs and LRPs

are present. Hierarchical clustering of the SOX2+ cells generated

three main clusters, two of which expressed cell-cycle genes

(Figure S2B, red, blue) and were likely progenitors, while the

other cluster may represent a subtype of amacrine cells. We

used a previously reportedmarker of ERPs, PRTG, to distinguish

between the two SOX2+ progenitor clusters; cells in the red clus-

ter expressed this gene, while the cells in the blue cluster did not.

We therefore classified these two clusters as ERPs and LRPs,

respectively.

We further characterized the ERPs and LRPs by taking their

respective 1,000 most highly differentially expressed genes

and assigning them to one of the SCs from Figure 1. We show

that the genes differentially expressed in the ERPs were more

highly represented in SCs 1 and 2 than the LRP genes; on the

contrary, the genes expressed in LRPs were more likely to be

in SCs 3 and 4. Combining the single-cell RNA-seq with our

comprehensive dataset thus provides a powerful approach to

assigning unknown genes to specific cell types, and will become

increasingly important as additional single-cell data becomes

available.

Finally, the study of Pollen et al. (2015) focused on identifying

progenitor cell subtypes in the cerebral cortex. Cortical progen-

itors can be classified as ventricular radial glia (vRG), which are

the most stem-like progenitor in the brain, and two more limited

progenitor types: intermediate progenitors (tRGs) and outer

radial glia (oRG). To assess the similarities between the two

types of retinal progenitors and those from the cerebral cortex,

we compared the genes from each cortical progenitor subtype

to a SC. Notably, the genes expressed in vRG were more highly

expressed in SCs 1 and 2, whereas those specific to the oRG

were more highly represented in the later SCs 3 and 4. Thus,

ERPs and vRG seem to share a common gene expression pro-

file, and the oRG (and tRGs) may exhibit more commonality

with the LRPs.

Transcriptome and the Development of Inner Retinal

Neurons

The second major epoch apparent from the RNA-seq data was

reflected in the genes of SC3. Many of the genes in this cluster

were characteristic of inner retinal neurons. PROX1, a key

gene associated with both horizontal and amacrine cell differen-

tiation, was present in SC3, showing increased expression from

D67 to D80. IHC analysis confirmed the presence of both hori-

zontal and amacrine cells as early as D59 in the presumptive

fovea, although a majority of PROX1+ and TFAP2A+ (a second

marker of amacrine) cells were still migrating and scattered

throughout the NBL (Figure 3A). By D73, immature horizontal

and amacrine cell layers were observed, with the brightest

PROX1+ cells lined near the outer plexiform layer (OPL) (horizon-

tal cells) and those with lower PROX1 expression in the deeper

layers of the inner nuclear layer (INL) (possible M€uller glia and

amacrine cells). The horizontal and amacrine cell layers were

apparent by D96 in the foveal region, but had not yet developed

even by D110 in the peripheral retina; a majority of PROX1+ and

TFAP2A+ cells were still migrating through the NBL similar to the

stage of maturity in the D59 fovea (Figure 3B).

To further evaluate cellular compositions, we performed IHC

with ONECUT2, a marker of ganglion, horizontal, amacrine,

and cone cells (Sapkota et al., 2014). At D59, weak ONECUT2

immunostaining was detected in the RGC layer of the fovea

with somewhat increased labeling throughout the NBL. By

D96, ONECUT2+ horizontal cells were present in a single row.

Albeit at a lower level of expression, ONECUT2 was detected

in a subset of amacrine cells, particularly in those that were

CALB1+ (CALB1 staining not shown). In a single section of

D110 retina, from the fovea to the peripheral edge, the expres-

sion of ONECUT2 was visibly limited to the HC layer and few

amacrine cells in the fovea, but detected throughout the NBL

and RGC layer in the periphery, reminiscent of a D59 fovea (Fig-

ure 3C). A similar profile was observed for ONECUT1 expression

(data not shown).

Although the second major period of development is largely

characterized by genes associated with amacrine and horizontal

cell generation, genes involved in their maturation were ex-

pressed somewhat later and detected in SC4 (Figures 1C and

3D); e.g., GAD1/2 increased in expression from D70 onward fol-

lowed by CHAT. Nevertheless, the large relative increase of

genes related to amacrine and horizontal cell production ap-

pears to drive this SC3 formation, and the retina undergoes a

major shift away from RGC production to the generation of ama-

crine and horizontal cells during this period.

Temporal Sequence of Outer Retina Differentiation

The last major epoch revealed by the RNA-seq clustering was

characterized by a large increase in expression of genes related

to photoreceptor development, in concordance with the appear-

ance of these cells in histological sections. Several photore-

ceptor genes present in SC4, such as OTX2, AIPL1 (Kirschman

et al., 2010; Ramamurthy et al., 2004), and RCVRN, were among

the earliest markers detected by immunofluorescence. A small

number of OTX2+ and RCVRN+ photoreceptors were detected

as early as D59 in the central retina (Figure 4A). The OTX2+ cells

in the photoreceptor layer were confined to a single layer in the

presumptive fovea throughout the ages examined. A majority

of OTX2+ cells at D59, and all OTX2+ cells in the photoreceptor

layer by D67, also expressed AIPL1 and RCVRN. The first photo-

receptors are presumably cones, though S-opsin+ cells were not

detected until D67 (Figure 4A). We consistently observed a low-

level S-opsin staining in all of the remaining cone photorecep-

tors, and this faint expression persisted until D96 (Figure 4A).

By D110, this faint S-opsin staining was no longer observed in

the fovea and the cones expressed M/L-opsin, consistent with

the OPN1MW expression profile in the RNA-seq data.

In contrast to the fovea, where all nuclear layers were present

at D110, the NBL in the mid-retina had just started to separate

into the future outer nuclear layer (ONL) and INL (Figure 4B). At

this stage, the immature ONL was only three to four layers and

the presumptive INL was about ten cell layers; however, the

deepest few layers near the RGCs had themore rounded nuclear

morphology characteristic of amacrine cells and the IPL was

evident. Multiple cells in the presumptive ONL were AIPL1+
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indicating the expansion of the photoreceptor layer outside of

the fovea. The retinal edge was even more developmentally de-

layed, with three-quarters of the retinal thickness comprising a

large NBL (Figure 4B). Despite this relative immaturity, AIPL1

expression had reached the retinal edge albeit with fewer cells.

SC4 also included NRL and NR2E3, two genes important for

rod specification; their expressionwas detected at D80, whereas

a slight increase in RHO (rhodopsin) expression was observed

from D115 (Figure 4C). Since rods are not present in the fovea,

we examined NRLmRNA expression in the central retinal region

by in situ hybridization. NRL-free zone was evident at D89, and

NRL was expressed from the foveal edge and to the periphery

(Figure 4D). We performed immunostaining of NR2E3, a down-

stream target of NRL (Oh et al., 2008), and generated a compos-

ite image of D110 fovea and the fovea/macula edge on the

temporal side to examine the boundary between OPN1SW–

and NR2E3– fovea from the rest of the rod-rich retina (Figure 4E).

A few S cones and rods were observed in the fovea/macula, but

NR2E3+ photoreceptors increased dramatically at the fovea/

macula edge on the temporal side where the ONL was still a sin-

gle layer of cells. A few of these rods were already labeled for

RHO (Figure 4E’) and had smaller, oval-shaped nuclei compared

with cones with larger, cuboid nuclei. Several rows of NR2E3+

cells were detected in D110 mid-retina (Figure 4B) and the

NR2E3 immunoreactivity decreased toward the retinal edge

(Figure 4B’).

Accelerated Development of the Fovea/Macula

The third major epoch defined by clustering also included

genes characteristic of bipolar cells, M€uller glia, and synapse

Figure 3. Horizontal and Amacrine Cell Development in the Human Fetal Fovea

(A) D59–D110 foveas were immunolabeled with PAX6 (white), ELAVL3/4 (green, horizontal cells, amacrine cells, and ganglion cells), ONECUT2 (green, cones,

ganglion, horizontal cells, and amacrine cells), PROX1 (green, horizontal cells, amacrine cells, and M€uller glia), and TFAP2A (amacrine cells). At early stages the

horizontal and amacrine cells are intermixed, but by D96 the cells had migrated to the appropriate layer.

(B) Peripheral retina at D110 showing the PROX1+ horizontal and TFAP2A+ amacrine cells have still not formed distinct layers.

(C) ONECUT2 is expressed by different cells during development but is later restricted to horizontal and a subset of amacrine cells. This range of expression was

observed in a single section of a D110 retina, from the fovea to the peripheral edge.

(D) Log2 transformed counts permillion (cpm) values of selected horizontal and amacrine-related gene expression fromRNA-seqwere plotted as a heatmap. Blue

to red represents low to high gene expression.

Scale bars, 50 mm. INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
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formation. We analyzed these three classes of genes with IHC to

gain a better appreciation of regional differences in develop-

ment. We observed that, like photoreceptors, the bipolar cells

and M€uller glia develop much earlier in the fovea compared

with the rest of the retina. Although the RNA-seq results show

the genes associated with these cells have their greatest in-

creases between D80 and D105, cells with immunoreactivity

for these markers appear much earlier in the fovea.

To identify the first bipolar cells, we used co-labeling of OTX2

and a variety of bipolar markers, such as VSX2, RCVRN, GNAO1,

and CABP5. By this metric, as early as D67, most of the bipolar

cells in the fovea have already been generated (Figure 5A, top

two rows). These cells did not make their appearance in the pe-

ripheral retina until after D110. The maturation of the bipolar cells

is also accelerated in the fovea relative to other retinal regions.

RCVRN+ flat midget cone OFF bipolar cells (Milam et al., 1993)

were first observed in the fovea at D67 and GNAO1+ (ON bipolar

cells) appeared by D96; thus, the main components of the

midget pathway were present in the fovea by D96. Furthermore,

by this stage, foveal bipolar cells had axonal arborizations in the

IPL, and the axons were stratified into ON and OFF sublaminae

(Figure 5B). The processes of these cells were also observed in

Figure 4. Photoreceptor Development in the Human Fetal Retina

(A) Human fetal retinae from ages D59–D110 were stained with photoreceptor markers. Each of the photoreceptor markers are shown in green and nuclei were

counterstained with DAPI (magenta). A single layer of photoreceptors was already present at D59, some of which were AIPL1+ and RCVRN+. The first OPN1SW+

cell was detected at D67 and OPN1MW/LW was detected at D110. Foveas older than D67 were generally defined as a zone free of OPN1SW and NR2E3

immunoreactivity.

(B) Retinal structure and AIPL1 and NR2E3 expression were compared between mid-temporal (B) and temporal peripheral edge (B0) of a D110 retina. Nuclear

layers were not separated yet and NR2E3 expression was just beginning at the retinal edge.

(C) Heatmap for RNA-seq analysis of pan photoreceptor, cone, and rod genes show a steady increase over time. Blue indicates low and red indicates high gene

expression.

(D) In situ hybridization of NRL mRNA at D89. The composite image shows the NRL-free fovea; NRL expression rapidly increases from the foveal edge and

reaches the periphery (bottom right panel).

(E) A composite image of D110 fovea and 450 mm perifovea toward temporal retina. Immunostaining with OPN1SW (yellow, arrows) and a rod-specific marker

NR2E3 (blue, arrowhead) showed a sharp increase in rod generation adjacent to the fovea. (E0) A subset of these rods expressed RHO (blue, arrowhead). An

occasional OPN1SW+ cone was observed in the fovea (yellow, arrow).

Scale bars, 50 mm in (A)–(B0 ), (D), and (E0 ); 100 mm in (E).
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Figure 5. Later Cell Types Are Generated by D73 in the Fovea, and Bipolar Cell Process Stratification Is Observed by D96

(A) Fovea from D67 to 110 retinae were immunostained with OTX2 (first row: white, photoreceptors, bipolar); VSX2 and OTX2 (green and magenta, respectively;

bipolar cells); RCVRN (white, OFF bipolar cells); GNAO1 (white, ON bipolar cells); and CABP5 (white, cone bipolar cells). GNAO1 was first observed at D96 and

CABP5 at D110.

(B) Higher-magnification of D96 and D110 fovea double-labeled with GNAO1 and RCVRN show axonal arborizations in the IPL that were stratified into ON and

OFF sublaminae by D96.

(C) Sections of D73–110 foveas immunostained with SOX9 and RLBP1 (both green) revealed that a row of M€uller glia was present in the fovea at D73, and that

RLBP1 expression got more elaborated over time.

(legend continued on next page)
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the OPL. Notably, CABP5 (Figure 5A) immunoreactivity was not

detected until D110.

In agreement with early foveal maturation, M€uller glial-specific

genes, such as SLC1A3, RLBP1, and CA2 present in SC4, also

exhibited progressive increases in expression (Figure 5D). IHC

analysis identified the earliest generated M€uller glia in the human

fovea at D73, with a row of fovea-restricted SOX9+ and RLBP1+

cells (Figure 5C). RLBP1 expression increased with time and the

glial structure becamemore elaborate. However, M€uller glia gen-

esis had not yet reached the periphery even by D110 (data not

shown). We noted that RLBP1 expression was detected very

early in retinal pigment epithelium (RPE) and then in M€uller cells,

but was still lacking in the M€uller cells in the periphery of D122

retina (data not shown).

The third epoch was also characterized by a large increase in

genes related to synapse formation (e.g., SYN1 and NRXN1/3)

(Table S2). IHC confirmed the timing of expression of synaptic

genes, and highlighted the accelerated development of the

fovea. Pre-synaptic markers, SYP, CTBP2, and SLC17A7,

were expressed first in the fovea in the IPL as early as D67,

and in both IPL and OPL by D96 (Figure S3). As shown in previ-

ous reports of synaptogenesis (Hendrickson and Zhang, 2017),

we observed the glutamatergic post-synaptic marker, DLG4,

from D67 in the IPL. In addition, SYP and DLG4 were expressed

opposed to one another, indicative of putative synapses at D150

(Figure 5E).

RNA-Seq Analysis of the Developing Fovea/Macula

To further substantiate developmental divergence between the

fovea/macula and the rest of the retina, we performed transcrip-

tome analyses of specific regions dissected from the fetal retina

(Figures 6 and S5A). Given that the macular region was not yet

visibly distinct for accurate dissection, we isolated the central

third from the peripheral two-thirds in D59 retina. At later stages

(D73, D96, and D132), we dissected the fovea/macula and the

central nasal region from the peripheral retina. PCA of RNA-

seq data revealed the most variance in PC1 (Figure 6A), which

separated the samples by age. At each age, the peripheral retinal

samples were ‘‘less mature’’ (i.e., closer to the earlier age) than

the macular samples, thus confirming the IHC results. The nasal

central and peripheral retina regions at each stage were typically

closer together on the PC1 axis, suggesting that the maturity of

the fovea/macula is not simply because of the overall central-to-

peripheral gradient of retinal development.

We performed DE analysis of RNA-seq data from the central

retina of the earliest (D59C) and the oldest fovea/macula

(D132M) samples to identify pathways that may be important

for macula development. The resulting 360 genes were further

subjected to affinity propagation clustering andGOanalysis (Fig-

ures 6B, S5B, and S5C; Table S3). Almost 80% of the DE genes

showed higher expression in the fovea/macula samples, and the

onset of expression changeswere initiated in the fovea. GO anal-

ysis revealed the enrichment of visual perception and photore-

ceptor cell development in the upregulated genes in the fovea/

macula, which included NRL, NR2E3, OPN1SW, RCVRN,

USH2A, CRX, and AIPL1, consistent with the precocious devel-

opment of this region. The downregulated genes generally be-

longed to mitosis-related terms (e.g., MKI67, CCND1, and

TOP2A), but also included early cell fate specification genes,

such as ATOH7, LEF1, and GLI1, and progenitor genes, such

as HES1 and ASCL1, which showed relatively less expression

in the fovea/macula compared with other retinal regions (Fig-

ure 6C, top panel). Consistent with the DE analysis, nearly all

genes expressed in the mature fovea (including those specific

for bipolar and M€uller glia) were expressed by D73 (Figure 6C,

bottom panel): the first time point where we could differentiate

macula from rest of the retina. Heatmaps of various other cell

types are presented in Figure S6.

DE analysis of macula versus periphery at each time point

yielded very few to no DE genes; this is probably due to the

very small differences and lack of replicates for the time points.

To further examine regional differences, we analyzed the top

50% of the expressed genes using K-median clustering, which

yielded 10 clusters (Figure S7). Two of these clusters showed a

nasal- or temporal-specific expression pattern (Figures 6D and

S7); these included FOXG1 and FOXD1, two transcription factors

demonstrated in other species to set up the nasal-temporal axis

in the retina. Genes having a similar pattern as FOXG1 revealed

high expression in the nasal central retina, but were lower in the

fovea/macula and periphery (Figure S7, top right panel), which

was a mixture of nasal and temporal periphery. In contrast, tem-

poral-specific genes, such as FOXD1, were highly expressed in

the fovea/macula, but not in the nasal central retina (Figure S7,

bottom right panel).ATOH7, a gene important for RGC specifica-

tion, also showed DE between nasal and temporal central retina;

by D89, only a few cells in the fovea expressed ATOH7, while

ATOH7+ cells were observed throughout the NBL on the nasal

side and toward the periphery (Figures 6E an S8). We also exam-

ined regional differences in FGF signaling, previously implicated

in cone maturation and elongation during foveal pit formation in

macaque retina (Cornish et al., 2005). Interestingly, this morpho-

logical change occurs in a central to fovea gradient; consistent

with this, at D132, we detected increased expression of FGF2,

FGFR1, and FGFR3 (but not FGFR2) in the nasal central and pe-

riphery relative to the fovea. These differences appeared to be

age dependent (Figure S6).

Comparative Analyses of Human and Mouse

Transcriptome during Retinal Development

To decipher possible human-specific developmental regulation,

we performed open-ended dynamic time-warping analysis of

2,661 DE human genes for whichwe could identify mouse homo-

logs in our mouse retinal development transcriptome dataset,

collected from C57BI/6J mice at embryonic days, E11, E12,

E14, and E16, and postnatal days P0, P2, P4, P6, P10, P14,

P21, and P28 (M.J.B., V.C., and A.S., unpublished data) (Fig-

ure 7A). At early stages of development, we observed a tighter

temporal correlation between mouse (E12–E14) and human

(D) Log2 transformed cpm values of select bipolar and M€uller glia genes show a steady increase in gene expression beginning at D67–D80. Expression values

plotted from high to low based on expression at D136. Blue to red indicates low to high gene expression.

(E) Immunostaining of the fovea of a D150 retina. In the IPL, SYP and DLG4 were expressed opposed to each other indicative of putative synapses.

Scale bars, 50 mm. See also Figure S3.
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Figure 6. RNA-Seq of the Macula, Nasal Central, and Peripheral Retina Dissected at Different Time Points of Fetal Development

(A) PC analysis of these samples showed that the macula was developmentally ahead (further right on the PC1 ‘‘age’’ axis) of the nasal central and peripheral

regions of the same age.

(B) Z score of the AP clustering exemplar genes from DE analysis of D59 central and D132 macula samples showed that genes that were upregulated were

enriched for GO terms related to visual perception, while cell-cycle-related genes were downregulated.

(C) A subset of progenitor and cell-cycle genes were plotted to show that their downregulation over time occurs first in the macula. Heatmap of bipolar cell genes

show that their gene expression of a late born cell-type increases in the macula before the rest of the retina.

(D) There were some genes that were expressed highly in the macula and periphery, but not in the nasal retina (e.g., FOXD1), and others that were expressed

higher in the nasal central and periphery but not in the macula (e.g., FOXG1). The differences in their log2 cpm values were calculated as the fold change and is

plotted such that genes that are expressed more highly in nasal retina are on the left.

(E) In situ hybridization of ATOH7 in a D89 retina. ATOH7mRNA expression (black arrows) can be seen in the NBL of the nasal central retina, whereas only a few

ATOH7+ cells were observed in the fovea.

Scale bar, 50 mm. See also Figures S5–S8.
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genes (D52–57); however, an expansion of correlated temporal

window was evident as development proceeded in human

retina. For example, the E16–P0 stage in developing mouse

retina was concordant with human fetal retina from D67 to

D107; the period when human peripheral retina exhibited both

cell proliferation and differentiation (as in the mouse) but foveal

neurogenesis and lamination was complete. Expression of

genes in D115–D136 human fetal retina was correlated tomouse

P2–P4 retina. An independent Spearman correlation analysis of

a set of 109 genes (Table S4) expressed in distinct retinal cell

Figure 7. Comparison between Developing Mouse and Human Retina

(A) Open-ended dynamic time-warping analysis for comparison of embryonic (E)11–postnatal (P) 28 retinae with human D52–D136 retinae. There were 2,661

differentially expressed genes in humans that had 1:1 mapping with mouse. Expression data of these genes were subjected to open-ended dynamic time-

warping analysis and the results are plotted as a heatmap.

(B) Spearman correlation of 109 retinal genes reveals that early human retinae are similar to embryonic mouse retinae, but, at later developmental times, the

mouse and human retinae segregate.

(C) Pearson correlation of human and mouse genes. Approximately 38% of the genes were highly correlated between mouse and human (Pearson correlation

coefficient R0.7), approximately 57% of the genes were semi/non-correlated (Pearson correlation coefficient > �0.7 and <0.7), and approximately 5% of the

genes were anti-correlated (Pearson correlation coefficient% �0.7). Enriched GO terms for the correlated and semi/non-correlated are presented, as well as

several significantly expressed anti-correlated genes. Heatmaps were generated using Z scores of expressed genes and AP clustering.
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Figure 8. DNase-Seq Shows Changes in Chromatin Landscape between D74 and D125 Retinae

Integrative analysis of RNA-seq and DNase-seq data yields putative regulators of NRL and CRX.

(A) The 1,000 highest and lowest expressed genes show a strong correlation between DNase-seq signal at transcription start site (TSS) of a gene and its

expression at D74 (left panel) and D125 (right panel).

(B) To build the gene-regulatory network, the promoter region of every gene (3 kb upstream and 100 bp downstream of the TSS) was scanned for transcription

factor binding site (TFBS) in conserved regions to obtain putative binding evidence, and the presence of potential binding was augmented with expression

correlation to infer high confidence regulatory interactions (left panel). Scanning for putative regulators of 135 retina-expressed genes yielded a network with 219

(legend continued on next page)
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types further corroborated the similarity of human D52–D80

retina profiles with the mouse embryonic retina (E11–E16), and

of D94–D136 human fetal retina with the postnatal P0–P4 mouse

retina (Figure 7B). None of the human samples clustered with

maturing mouse retina from P6 to P28, probably because the

fetal peripheral retina had not yet reached the developmental

maturity of late postnatal mouse retina.

We then performed Pearson correlation to more precisely

correlate different time periods and rates of differentiation in

these two mammalian species. Hierarchical clustering of human

DE genes with corresponding expression in developing mouse

retina (shown as heatmaps in Figure 7C) provided several

distinct patterns: highly ‘‘correlated’’ genes (Pearson correlation

coefficient R0.7, N = 1,023, 38.4%) that can be further

sub-divided in correlated-upregulated and correlated-downre-

gulated; ‘‘semi/non-correlated’’ genes (Pearson correlation co-

efficient > �0.7 and <0.7, N = 1,509, 56.7%), which can be

sub-divided as up- and downregulated genes; and ‘‘anti-corre-

lated’’ genes showing opposite patterns in developing human

and mouse retina (Pearson correlation coefficient % �0.7,

N = 129, 4.8%). GO analysis of genes in these clusters revealed

that the genes with the highest degree of correlation between

the species were G2/M transition cell-cycle genes (correlated-

downregulated) and photoreceptor development genes (corre-

lated-upregulated). Approximately half of the genes fall into the

semi/non-correlated category and can be better evaluated by

clustering of expression patterns in the mouse retina (right mid-

dle panel in Figure 7C) rather than expression in human (left

middle panel). While GO terms associated with semi/non-corre-

lated-downregulated genes largely reflected cell proliferation,

those corresponding to upregulated genes were enriched for

cell signaling and neurotransmission. The anti-correlated genes,

corresponding to the smallest group, did not show enrichment

for any specific GO category. Nevertheless, a few genes in this

cluster exhibited high levels of expression and showed very

distinct patterns in the two species; especially, two genes in

this category (DCC, encoding the netrin receptor, and NTRK1,

encoding the NGF receptor) are known to be involved in mouse

retinal development (Llamosas et al., 1997; Shi et al., 2010), and

it is not clear why they would be anti-correlated in their pattern of

expression in the two species. Further investigations are needed

to determine whether these molecules have fundamentally

different roles in developing human retina than they do in mouse.

Integration of Chromatin Accessibility at D74 and D125

to RNA-Seq Data

To develop correlations between cis-elements and gene expres-

sion and to construct gene-regulatory networks, we integrated

DNase-seq data from D74 and D125 retina produced by the

ENCODE project (https://www.encodeproject.org/) with the cor-

responding temporal transcriptome data. The ‘‘findPeaks’’ utility

in Homer (v.4.8.2) (Heinz et al., 2010) identified 319,828 and

318,459 variable length peaks in D74 and D125 samples,

respectively. The distribution of the DNase-seq signal was

computed 1 kb upstream and downstream of the transcription

start site for every gene and visualized as a heatmap (Figure 8A)

along with the corresponding gene expression profile. The

genome-wide comparison of DNase-seq and transcriptome

data revealed a substantial association between gene expres-

sion and chromatin accessibility. Further integrative analysis

with transcription factor binding site (TFBS) models yielded a

predicted regulatory network specific to development of the hu-

man retina (Figure 8B). This network consisted of 219 genes and

1,237 edges. Focusing on photoreceptor-specific genes in the

network, we extracted possible upstream regulators of NRL

and CRX (Figure 8C). We observed two conserved domains

(CDs) within the promoter of NRL with open chromatin signa-

tures; of these, the first CD had TFBS for OTX2 and CRX, consis-

tent with previous studies (Kautzmann et al., 2011; Montana

et al., 2011; Roger et al., 2014), along with MEIS1, RORA, and

EOMES. The second CD suggested novel binding proteins at

the NRL promoter, including FOXO4, ZIC1, GLI1, TBX5, and

FOXO6. Similarly, the CRX promoter regions included potential

binding sites for several known and novel TFs. Expression of

candidate regulatory proteins correlated well with NRL and

CRX (Figure 8D).

DISCUSSION

The basic cellular architecture and functional circuitry in the

vertebrate retina is remarkably conserved (Hoon et al., 2014),

as is the overall developmental sequence that produces this

complex neural structure (Cayouette et al., 2006; Cepko, 2014;

Sanes and Zipursky, 2010). However, the retinae of several birds

and simian primates (including humans) possess a specialized

cone-only fovea that is structurally and functionally distinct

from the generally rod-rich periphery, and much less is known

about how such retinal specializations arise during development.

Degeneration of photoreceptors (and the underlying RPE) in the

fovea and surrounding macula can lead to macular degenera-

tion, a major cause of untreatable blindness worldwide, and a

better understanding of the mechanisms controlling foveal

development will permit the design of novel stem cell-based

treatment paradigms for this devastating disease.

Here, we report a comprehensive profile of developing human

retina by integrating next-generation sequencing technology

with a detailed anatomical characterization to illustrate several

unique features, including the genesis of the fovea. We find

that the human retina emerges in three fundamental ‘‘epochs.’’

The early retina is dominated by progenitor proliferation and gan-

glion cell production. Nearly all the cells in the D50–D60 retina

are one of these two types. The second epoch is characterized

by the emergence of horizontal cells and amacrine cells. Syn-

apse-related genes also show strong increases during this

nodes and 1,237 edges (middle panel). The network inferred several known regulatory interactions between photoreceptor-specific transcription factors

(right panel).

(C) Genome snapshot for NRL (left panel) and CRX (right panel) promoter regions that includes DNase-seq and RNA-seq tracks are shown, along with peak

regions and conservation. We observed two distinct conserved domains (CDs) in NRL and one in CRX promoter region.

(D) Expression heatmaps of putative regulators of NRL (left and middle panel) and CRX (right panel). Only TFBS with >99%mean conservation confidence were

plotted (middle panel).
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period, likely due to the onset of synaptogenesis between gan-

glion cells and the newly differentiating amacrine cells. The third

major epoch that is apparent from the RNA-seq reflects the pro-

duction and differentiation of photoreceptors, bipolar cells, and

M€uller glia. The basic sequence of gene expression follows

that of birthdating studies in model organisms (particularly that

of macaque), but in human retina it is surprising how the different

cell types and their characteristic genes come to dominate the

phases of retinal development. These basic epochs now provide

a way to stage development in retina derived from human plurip-

otent stem cells.

Recently, RNA-seq data were published (Aldiri et al., 2017) for

human fetal retina overlapping with the time course presented in

this report.We thus analyzed the data using our pipeline and per-

formed an initial comparison to evaluate whether addition of the

samples would enhance our analysis (Figures S4A and S4B).

Notwithstanding the two apparent outlier samples (FW10 and

FW18), the data between the two reports are concordant with

some reservations. Our data are very robust, showing the age

of the samples to be perfectly sequential using PCA (Figures

1B and S4B). The data in the Aldiri et al. report shows a similar

trend, although less of the variance is represented by this

component. We observed similar expression pattern in a major-

ity of key developmental genes from each of the SCs highlighted

in Figure 1C and known photoreceptor genes shown in Figure 4C

between the current report and the Aldiri et al. data (Figures S4C

and S4D).

A second important finding, which stemmed from the char-

acterization of spatiotemporal genesis of the major cell types,

was that the morphological differentiation of the fovea is com-

plete much earlier than other regions for all cell types. In fact,

molecular markers of distinct neurons could distinguish bound-

aries of ‘‘future’’ fovea by accelerated developmental timing

and establish the temporal sequence of differentiation, lamina-

tion, and synaptogenesis in the developing human retina. By

contrast, nasal retina at a similar distance from the optic disc

and the peripheral retina have a much more protracted

development.

The sequential appearance of genes associated with specific

cell types that we observed in the human retina also occurs in the

development of the mouse retina, and the overall pattern of gene

expression is quite similar between the species. Although at

early stages of development the similarity in timing of gene

expression between the species is quite high, the temporal cor-

relation between mouse and human becomes less distinct over

time. We initially ascribed this difference to the greater central-

to-peripheral developmental gradient in human retina, due in

part to the more protracted gestational period; however, we

were surprised by the very early onset of genes associated

with late born types in the human samples, and this led us to

explore divergence in the differentiation of the fovea and the

retinal periphery, as suggested previously by anatomical and

IHC studies (Hendrickson and Yuodelis, 1984; Provis et al.,

1985). Detailed in situ hybridization and IHC analyses of fetal

retina confirmed the accelerated development of the fovea/mac-

ula and the early appearance of even late-generated cell types,

such as bipolar cells. The foveal region was also precocious in

the loss of mitotic retinal progenitors and the cessation of neuro-

genesis. RNA-seq of microdissected retinal regions validated

these findings. Strikingly, fovea/macula differentiation precedes

that of even more central regions of the nasal retina, despite the

substantial central-to-peripheral gradient of development in the

human retina.

The accelerated developmental timing of the fovea may partly

explain its unique composition, particularly the lack of rod photo-

receptors, since these cells are among the later-generated cell

types. Given evidence of heterogeneity in retinal progenitor cells,

as well as progenitors elsewhere in the CNS, it is tempting to

speculate that progenitors in the fovea/macula may have

repressor(s) of the rod determination genes NRL and NR2E3,

or be devoid of specific signals that induce these genes.

Single-cell RNA-seq studies may shed light on this issue. The

rapid development of the fovea/macula is also of significance

when considering the factors that control developmental timing

in the nervous system. One important regulator of develop-

mental time is the heterochronic pathway (La Torre et al.,

2013), which seems to be important in the transition from pro-

duction of early cell fates (e.g., RGCs) to the genesis of late

cell types in mouse retina (Georgi and Reh, 2010; La Torre

et al., 2013). Components of this pathway (e.g., LIN28B and

PRTG) appear to be similarly expressed at the appropriate

time and may carry out a similar function in human retinal

development.

In addition to the accelerated foveal development, we were

also able to better characterize other developmental gradients,

such as the central-to-peripheral gradient in developmental

timing, and the nasal-temporal developmental gradient of posi-

tional determinants. IHC analysis further showed that the periph-

eral human retina is delayed by at least 50 days from central

regions in the appearance of most cell types defined by specific

cell markers, e.g., ONECUT2, TFAP2A, and PROX1, and synap-

tic markers, e.g., SLC17A7. In many cases, the expression

pattern of these markers in the periphery at D110 was similar

to D59 fovea. The large central-to-peripheral gradient in human

retina was also clear from the RNA-seq of microdissected retinal

regions, and consistent with previous studies comparing gene

expression in adult human tissue between the fovea and periph-

eral retina (Li et al., 2014). The differences in the timing of gene

expression between central and peripheral retina and nasal

versus temporal retina can also be factored into assessment of

the stage and position of retinal organoids. For example, the

onset of rod genes, such as NRL and NR2E3, could be used to

define the approximate region of retina produced in vitro, while

the relative expression of FOXG1 and FOXD1 can define its

position along the nasal-temporal axis.

Further integration of transcriptome data, being presented

here, should help in constructing developmental gene networks

that are associated with functional maturation of specific cell

types in human retina. The combination of RNA-seq, IHC, and

DNase-seq provides the first detailed analysis of human fetal

retinal development. Previous RNA-seq studies of human retina

have focused on adult tissue or retinal organoids, highlighting

novel transcripts, splice variants, and potential gene networks

(Farkas et al., 2013; Kaewkhaw et al., 2015, 2016; Karali et al.,

2016; Li et al., 2014; Pinelli et al., 2016; Whitmore et al., 2014).

The generation of mature retinal circuits from pluripotent cells

is still a work-in-progress; however, some types of retinal dis-

eases can already be modeled in iPSC-derived retinal tissue. It
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is not yet known what developmental stage these cultured cells

can reach, partly because of a lack of reliable data to stage them.

Up until now, these studies have relied on a fewmarkers to stage

the embryonic stem cell-derived retinae, and define their

regional specification, but the information in this report will

now provide a benchmark to more accurately compare retinal

tissue derived from pluripotent stem cells with that developed

in vivo.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

AIPL1 Gift from Dr. V. Ramamurthy N/A

CABP5 Gift from Dr. F. Haeseleer N/A

CTBP2 BD Biosciences 612044; RRID: AB_399431

DLG4 (6G6-1C9) Abcam AB2723; RRID: AB_303248

ELAVL3/4 Invitrogen A-21271; RRID: AB_221448

GNAO1 Chemicon Mab3073

MKI67 Abcam ab15580; RRID: AB_443209

NR2E3 Perseus Proteomics PP-H7223-00; RRID: AB_1964331

ONECUT2 R&D AF6294; RRID: AB_10640365

OPN1MW/LW Gift from J. Saari N/A

OPN1SW (N-20) Santa Cruz sc-14363; RRID: AB_2158332

OTX2 R&D Systems BAF1979; RRID: AB_2157171

OTX2 Abcam AB21990; RRID: AB_776930

PAX6 Developmental Systems Hybridoma Bank RRID: AB_528427

PAX6 Covance PRB-278P; RRID: AB_291612

PCNA(PC10) Santa Cruz sc56; RRID: AB_628110

PH3 Novus NB600-1168; RRID: AB_10002855

POU4F2 Santa Cruz Biotechnology SC-6026; RRID: AB_673441

PROX1 R&D Systems AF2727; RRID: AB_2170716

RCVRN Chemicon AB5585; RRID: AB_2253622

RHO Clone 4D2 Gift from Dr. R. Molday N/A

RLBP1 Abcam ab15051; RRID: AB_2269474

SLC17A7 Synaptic Systems 135304; RRID: AB_887878

SOX2 Santa Cruz sc-17320; RRID: AB_2286684

SOX9 Temecula/Millipore AB5535; RRID: AB_2239761

SYP Sigma S5768; RRID: AB_477523

TFAP2A Developmental Systems Hybridoma Bank 5E4; RRID: AB_528085

VSX2 Exalpha Biologicals X1179P

Donkey anti-goat 488 Life Technologies A11055; RRID: AB_142672

Donkey anti-goat 568 Life Technologies A11057; RRID: AB_142581

Donkey anti-goat 647 Jackson Immuno 705-605-147; RRID: AB_2340437

Donkey anti-mouse 488 Jackson Immuno 715-546-151; RRID: AB_2340850

Donkey anti-mouse 568 Life Technologies A10037; RRID: AB_2534013

Donkey anti-mouse 647 Jackson Immuno 715-605-150; RRID: AB_2340862

Donkey anti-rabbit 488 Life Technologies A21206; RRID: AB_141708

Donkey anti-rabbit 568 Life Technologies A10042; RRID: AB_2534017

Donkey anti-rabbit 647 Thermo Fisher Scientific A-31573; RRID: AB_2536183

Donkey anti-sheep 568 Life Technologies A21099; RRID: AB_141474

Donkey anti-sheep FITC ICN 55811; RRID: AB_2334657

DAPI Sigma D9542

Biological Samples

Fetal eyes Birth Defects Research Laboratory at the

University of Washington

N/A

C57BL/6 Jackson Laboratory 000664

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resource and reagents should be directed to andwill be fulfilled by the LeadContact, Dr. Thomas

Reh (tomreh@uw.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Fetal Retina

Human conceptal eyes with no identifiers between post-conception D52–150 were recovered under an approved protocol through

the University of Washington (UW5R24HD000836). The age for human specimens was estimated by a combination of clinic intakes,

gestational ultrasound, crown-rump, and fetal foot length measurements where possible (FitzSimmons et al., 1994; Shepard, 1975).

The gender was determined by either anatomic identification or PCR detection of Y-specific sequences using standard methods.

Mice

All procedures involving the use of mice were approved by the Animal Care and Use Committee of the National Eye Institute of the

NIH. Mice of C57BL/6 genetic background were purchased from Jackson Laboratory (Bar Harbor, ME).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Trizol Invitrogen 15596026

Paraplast X-tra McCormick Scientific 39503002

Paraformaldehyde Electron Microscopy Sciences RT-15710

Digoxigenin-11-UTP Sigma 11209256910

Roche Blocking Reagent Sigma 11096176001

Normal goat serum Millipore S26-100ML

anti-Digoxigenin-AP, Fab fragments Sigma 11093274910

BCIP/NBT Liquid Substrate Sigma B1911-100ML

Formamide, deionized Fisher AM9344

50% Dextran Sulfate Millipore S4031

50x Denhardt’s Fisher 750018

Yeast tRNA Invitrogen 15401-029

20x SSC Sigma 11666681001

Critical Commercial Assays

miRNeasy Micro kit Qiagen 217084

TruSeq RNA Sample Prep Kit-v2 Illumina RS-122-2001

MAXIscript kit Ambion AM1324 or AM1320

Deposited Data

RNA sequencing of human fetal whole and dissected

retina

GSE104827 N/A

RNA sequencing of mouse whole retina GSE101986 N/A

Software and Algorithms

R version 3.4.0 https://www.r-project.org N/A

Adobe Creative Suite 4 Adobe N/A

Microsoft Office 2013 Microsoft N/A

Image J NIH N/A

Other

FastQC version 0.11.5 N/A N/A

Trimmomatic, version 0.36 Bolger et al., 2014 N/A

STAR, version 2.5.2a Dobin et al., 2013 N/A

RSEM, version 1.2.31 Li and Dewey, 2011 N/A
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METHOD DETAILS

RNA-Seq

Whole human fetal retina samples [spanning 14 time points: D52/54, D53, D57 (2 samples), D67 (2 samples), D70, D80, D87, D94

(2 samples), D105, D107, D115, D125, D132 and D136] or dissected retinal regions [at four time points: D59 (periphery and central,

2 samples each), D73 (periphery and fovea/macula), D96 (periphery, fovea/macula, and nasal central) and D132 (periphery, fovea/

macula, and nasal central)] were dissected and homogenized in Trizol (Invitrogen, Carlsbad, CA) and stored at �80�C. Total RNA

was extracted following manufacturer’s instructions. RNA integrity number (RIN) and quantity of RNA was assessed using Bio-

analyzer RNA 6000 Pico Assay (Agilent Technologies, Santa Clara, CA). Average RIN for all samples was 8.6 and ranged from

6.8–10. Strand-specific libraries were constructed with 100 ng of total RNA using TruSeq Stranded mRNA Library Preparation Kit

(Illumina, San Diego, CA). Paired-end sequencing was performed at a length of 125 bases on HiSeq2500 (Illumina).

Retinae of C57Bl/6 mice for embryonic days E11, E12, E14, E16 and postnatal days P0, P2, P4, P6, P10, P14, P21, and P28 were

excised rapidly, frozen on dry ice, and stored at �80�C until use. Fresh frozen mouse retinae were lysed with a mortar and pestle in

Trizol, and total RNA was isolated per manufacture’s protocol (Invitrogen). RNA quality and quantity were assessed with RNA 6000

Nano Kit (Agilent). Quantitative data from RNA-seq analysis was performed as previously stated (Veleri et al., 2017).

Analysis of RNA-Seq Data

An overview of the RNA-seq data analysis workflow is provided in Figure S1A. FASTQ files were evaluated for quality control using

FastQC (v0.11.5) (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and raw reads were trimmed for Illumina adapter

(SLIDINGWINDOW:4:5; LEADING:5; TRAILING:5; MINLEN:25) in Trimmomatic (v0.36) (Bolger et al., 2014). Sequence alignment

was performed using STAR (v2.5.2a) with reference assembly GRCh38.p3 and Ensembl annotation 82 with ENCODE options. Per

sample, 2-pass transcriptome guided mapping (Dobin et al., 2013) was used. RSEM (v1.2.31) was used to estimate gene and

transcript expression levels (Li and Dewey, 2011).

All secondary analyses were performed in the R statistical environment (www.r-project.org). Genes with more than 1 count per

million (CPM) in at least four samples were retained for further analysis. PCA was performed using normalized log2 CPM values

with pca3d (v0.8) package. Expected counts from RSEM output were TMM normalized using edgeR (v3.16.5) (McCarthy et al.,

2012; Robinson et al., 2010). Statistical analysis for differentially expressed genes was performed with limma (v3.30.12) (Law

et al., 2014). A generalized linear model was set upwith time as co-factor, dispersion estimation was performed using the voom func-

tion, and statistical analysis was performed using eBayes. A genewas considered differentially expressed (DE) if absolute value of the

log2 fold change was > 1 and Benjamini-Hochberg false discovery rate was% 5%.

Clustering and Pathway Analysis

Affinity propagation (AP) clustering was performed on Z-score of the expression from DE genes using R package apcluster (v1.4.3)

with ‘‘corSimMat’’ function. The resulting dendrogram was cut at a height of 0.125 yielding 16 aggregated SCs; six largest SCs were

non-trivial and analyzed further. GO and KEGGpathway analysis was performed using goana and kegga function in limma. To reduce

redundancy of the significant GO terms (< 1% FDR), the end-of-branch terms were chosen as representatives.

IHC and Microscopy

Whole eyes were fixed in fresh 4% paraformaldehyde for 30 minutes to 1 hour at room temperature. The eyes were cryoprotected,

embedded in OCT compound for freezing, then serially sectioned at 14–20 mm thickness. Only sections containing the fovea were

used for this study. Sections were rinsed and incubated in blocking solution containing 10% normal horse serum and 0.5% Triton

X-100 in phosphate buffered solution (PBS) for 1 hour at room temperature. Slides were labeled with primary antibodies diluted in

blocking buffer overnight at 4�C. The primary antibodies used in this study are listed in the Key Resources Table 1. The following

day, sections were washed with PBS and incubated for 1 hour at room temperature with appropriate secondary antibodies

conjugated to 488/568/647 fluorophores and 4’,6-Diamidino-2-Phenylindole (DAPI, Sigma, St. Louis, MO) to counterstain nuclei.

Subsequently, sections were rinsed in PBS, coverslipped, mounted in Fluoromount-G (SouthernBiotech, Birmingham, AL), and

imaged using an Olympus FluoView FV1000 confocal microscope (Olympus, Tokyo, Japan). Images were processed using ImageJ

(NIH, Bethesda, MD) and Adobe Photoshop. We defined the fovea of younger retinae (D59–D73) as an area where the subset of gene

expression was higher than that of the periphery, the nuclear layers were clearly more developed, and only a single layer of cone

photoreceptors were present (Hendrickson, 2016; O’Brien et al., 2003; Xiao and Hendrickson, 2000). At later stages, the fovea

was identified as the area containing a single layer of cone photoreceptors that weremostly negative for OPN1SW and NR2E3 immu-

noreactivity (Bumsted O’Brien et al., 2004; Xiao and Hendrickson, 2000).

In Situ Hybridization

Whole eyes were fixed in Modified Carnoy’s Fix (60% ethanol, 30% formaldehyde, 10% glacial acetic acid) overnight at 4�C, then

dehydrated in 70% ethanol (2 x 15 minute washes), 90% ethanol (2 x 15 minute washes), and 100% ethanol (2 x 30 minute washes

followed by an overnight wash at 4�C). The eyes were then washed in xylene (3 x 15 minutes) and paraffin at 65�C (3 x 30 minutes)

before being embedded in paraffin. Blocks were stored at 4�C until use.
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Clones for human NRL and ATOH7 were obtained from Dharmacon, Clone ID numbers: 3866588 and 5580461, respectively. The

plasmids were linearized with Sal1 and the anti-sense probe made using digoxigenin-11-UTP with MAXIscript kit (Invitrogen) and T7

RNA polymerase.

Eyes were sectioned at 8 mm, dewaxed, and hybridized at 68�C as previously described (Hayashi et al., 2007). In situ product was

visualized using anti-DIG alkaline phosphatase conjugated secondary antibody (Roche, Basel, Switzerland) with color development

using NBT (nitro blue tetrazolium)/BCIP (5-bromo-4-chloro-3-indolyl phosphate) solution (Sigma). After color development, the slides

were washed and fixed with 4% PFA for 15 minutes and mounted with Flouromount-G (Southern Biotech).

Comparison of Human and Mouse Retinal Transcriptomes

Open-Ended Dynamic time warping (OE-DTW) analysis (Giorgino, 2009) was performed using the R package dtw (v1.18-1) on

expression profiles of human development spanning from D52 through D136 days and mouse retina development between E11

through P28 (M.J.B., V.C., and A.S., unpublished data). Utilizing the 3072 genes identified as differentially expressed in the human

fetal development data, we selected themouse orthologs using one-to-onemapping fromHOM_MouseHumanSequence.rpt file ob-

tained from Mouse Genome Informatics (http://www.informatics.jax.org). OE-DTW analysis was performed on the resulting 2661

genes to find an optimal alignment between the human and mouse retina development. To independently validate this observation,

we performed Spearman correlation with 109 genes involved in retinal development (Table S4) that exhibited mouse-human

homology.

A gene-wise Pearson’s correlation coefficient (r) was calculated for the orthologous DE genes between the human fetal develop-

ment andmouse development samples. The spline function in R was used to interpolate the mouse samples so that they would be of

the same sample number as the human data. Genes were assigned to correlated (rR 0.7), semi/non-correlated (-0.7 < r < 0.7), or

anti-correlated (r% -0.7) groups. The AP clustered heatmap presented was as previously mentioned with the exception of the semi/

non-correlated genes, which were then clustered with reference to the mouse samples.

DNase Hypersensitivity and Network Analysis

Details of protocols and standards for DNase-seq are described by ENCODE (https://www.encodeproject.org/). All replicates of

DNase-seq samples were combined prior to analysis for D74 and D125 time points. BWA-backtrack algorithm was implemented

to align 36-bp paired-end reads to human (GRCh38.p3) reference genome. One mismatch was allowed during alignment and reads

that were uniquely and pair-mapped (read mapped n proper pair) were used for further downstream analysis. An additional filter for

mapping quality (q R 30) was applied to eliminate low quality alignments. The ‘MarkDuplicates’ utility in Picard (v2.9.2) (http://

broadinstitute.github.io/picard) was used to eliminate PCR or optical duplicates.

Gene regulatory network was inferred based on the presence of potentially functional (expression correlation) and physical binding

(presence of TFBS in the promoter region) evidence. For inferring physical binding, TFBS using models from HOCOMOCO database

(Kulakovskiy et al., 2016) were scanned in the open chromatin within the promoter region (defined as 3 kb upstream and 100 bp

downstream) of 135 retinal genes (Table S5) (Kim et al., 2016b; Xiang, 2013) using the ‘FIMO’ utility in MEME (v4.11.2) suite (Bailey

et al., 2009; Grant et al., 2011). For every TFBS, mean conservation score was generated for alignments between six vertebrate

genomes (Chimp, Rhesus, Dog, Mouse, Rat, and Opossum) and the human genome. Only those TFBS with mean conservation

scoreR 0.9 were selected for further downstream analysis. For every pair of genes that had evidence for potential physical binding,

we computed the Pearson’s correlation across the time-series expression data. An absolute expression correlation score R 0.75

was applied to infer the final network.

DATA AND SOFTWARE AVAILABILITY

NGS data reported here are available under the Gene Expression Omnibus accession numbers GEO: GSE104827 (Human fetal

RNA-seq) and GSE101986 (Mouse RNA-seq). Additionally, the FASTQ and BAM files, as well as interactive data accession, are

available at NEI Commons (https://neicommons.nei.nih.gov).
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