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SUMMARY
Retinal ganglion cells (RGCs) are the projectionneurons of the retina and transmit visual information to postsynaptic targets in the brain.

While this function is shared among nearly all RGCs, this class of cell is remarkably diverse, comprised of multiple subtypes. Previous

efforts have identified numerous RGC subtypes in animal models, but less attention has been paid to human RGCs. Thus, efforts of

this study examined the diversity of RGCs differentiated from human pluripotent stem cells (hPSCs) and characterized defined subtypes

through the expression of subtype-specific markers. Further investigation of these subtypes was achieved using single-cell transcriptom-

ics, confirming the combinatorial expression of molecular markers associated with these subtypes, and also provided insight into more

subtype-specific markers. Thus, the results of this study describe the derivation of RGC subtypes from hPSCs and will support the future

exploration of phenotypic and functional diversity within human RGCs.
INTRODUCTION

Retinal ganglion cells (RGCs) are the projection neurons of

the visual system responsible for transmission of signals

from the retina to the brain (Levin, 2005; Rokicki et al.,

2007).While long-distance connectivity with postsynaptic

targets is common to all RGCs, these cells may differ in

their physiological roles exhibiting varied responses to vi-

sual stimuli. Traditionally, these functional differences

among RGCs have been characterized by physiological pa-

rameters as well as variation in their dendritic arborization

within the inner plexiform layer (Berson, 2008; Dhande

et al., 2015; Jacoby and Schwartz, 2017; Sanes and Mas-

land, 2015; Sümbül et al., 2014; Struebing et al., 2016).

More recently, a number of molecular markers have been

described to further classify different subtypes of RGCs,

with more than 30 different subtypes identified to date

(Huberman et al., 2009; Kay et al., 2011; Kim et al., 2008;

Rousso et al., 2016; Sanes and Masland, 2015; Siegert

et al., 2012; Sweeney et al., 2017).

Many previous studies focused upon RGC subtypes have

relied upon the use of animal models, leading to the ability

to identify these cells and study their functional character-

istics (Dhande et al., 2015; Sanes andMasland, 2015). How-

ever, the study of RGC subtypes in the human system has

been lacking, due to the limited availability of adult tissue

and the inaccessibility of the human retina at early devel-

opmental stages. Human pluripotent stem cells (hPSCs)
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provide a powerful tool for studies of cell-type diversity,

as they have the ability to self-renew and give rise to all

cell types of the body (Takahashi et al., 2007; Trimarchi

et al., 2007, 2008; Yu et al., 2007). Many previous efforts

have examined the ability of hPSCs to give rise to RGCs

(Gill et al., 2016; Ohlemacher et al., 2016; Riazifar et al.,

2014; Sluch et al., 2015; Tanaka et al., 2016; Teotia et al.,

2017). However, this differentiation has focused upon the

generation of RGCs as a whole, without a focus on the

numerous subtypes that are known to exist. The ability to

generate these cells from hPSCs allows for the study of

the cellular mosaicism that exists among RGCs of the

human retina, with important implications for how these

cells differ in their function as well as how they may be

affected in disease states.

To address these shortcomings, efforts of the current

study were focused upon the identification of multiple

RGC subtypes derived from hPSCs. Numerous RGC sub-

types were identified within cultures of hPSC-derived

RGCs based upon their expression of characteristic genes,

including the combinatorial expression of molecular

markers allowing for their classification into a proper sub-

type class. The results of this study explored the identifica-

tion of RGC subtypes within hPSC-derived retinal cultures.

This study also provides the foundation for amore compre-

hensive analysis of hPSC-derived RGCs in future studies,

including the investigation of important functional and

physiological differences between RGC subtypes.
Author(s).
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RESULTS

Cellular Diversity of RGCs Derived from hPSCs

RGCs serve as the functional connection between the eye

and the brain, extending lengthy axons vital for the trans-

mission of visual information (Levin, 2005; Rokicki et al.,

2007). As such, the ability to derive RGCs from hPSCs has

been an increasingly important field of research in recent

years, with the potential to use these cells not only for

cellular replacement, but also for their use in disease

modeling and pharmacological screening. Previous

studies that have investigated the derivation of retinal cells

from hPSCs have largely focused upon these populations

as a whole (Hirami et al., 2009; Lamba et al., 2006; Meyer

et al., 2011; Meyer et al., 2009; Ohlemacher et al., 2015,

2016; Osakada et al., 2009; Sridhar et al., 2013, 2016;

Zhong et al., 2014), with the identification of RGCs relying

solely upon the expression of BRN3, a transcription factor

specific to such cells in the retina. However, as the

projection neurons of the retina, RGCs exhibit numerous

morphological, phenotypic, and functional differences

associated with the roles they play in visual transduction.

Thus, initial efforts were undertaken to examine hPSC-

derived RGC populations for differences in their transcrip-

tional profiles to identify genes that may constitute a

core network of genes associated with a variety of RGC

subtypes, as well as those that may be expressed in subsets

of RGCs.

hPSC-derived RGCs exhibited elaborate morphological

features including the extension of lengthy neurites within

the first 80 days of differentiation (Figure 1). These RGCs

exhibited numerous characteristic features, with large

three-dimensional somas interconnected by long neuronal

processes (Figure 1A). The RGC fate of these cells was

confirmed by the expression of RGC-associated proteins,

including transcription factors such as BRN3, ISL1, and

SNCG, as well as long and interconnecting neurites ex-

pressing a variety of cytoskeletal markers (Figures 1B–1D).

More so, the diversity among RGCs was demonstrated by

co-staining four of the most common RGC-associated

markers and indicated a variation in expression levels

throughout the RGC population (Figures 1E–1J). The

resultant RGCs were found to express a complete profile

of RGC-associated features and demonstrated a unique

diversity in RGC-associated gene expression.

The transcriptional profiles of these hPSC-derived RGCs

were analyzed by single-cell RNA sequencing (RNA-seq),

with numerous genes found to be expressed in all RGCs,

while others were expressed within subsets of the complete

RGC population (Figure 2). Spearman’s rank correlation co-

efficient analysis (SRCCA), a technique used to find genes

that correlate most closely with one or more designated

target genes across the entirety of a single-cell RNA-seq
dataset (Phillips et al., 2017), was used to elucidate single-

cell data. Commonly studied genes associated with RGCs

were used as target genes and SRCCA was performed to

identify those genes whose expression was strongly corre-

lated with the expression of these targets across the entire

dataset (Figures 2A–2C). Results of these analyses revealed

evident clustering of expression patterns within RGCs.

More so, SRCCA correlations from multiple target genes

can be combined to identify genes specific to a given cell

type. To identify unique RGC markers, SRCCA identified

the 200 genes most strongly correlating with BRN3B,

ISL1, SNCG, and RBPMS. This analysis revealed 11 genes

strongly correlated with each of the 4 target genes (Fig-

ure 2D), including several with known roles predominantly

in neuronal cell types. This analysis not only revealed

numerous similarities in RGC gene expression but also

indicated a distinct heterogeneity within this population

of cells in which numerous genes were found to be corre-

lated with only some of the target genes. Thus, these differ-

ences were explored to identify RGC subtypes within the

hPSC-derived RGC population.

Identification of Defined RGC Subtypes within

hPSC-Derived Cultures

Although some previous studies have demonstrated the

ability of hPSCs to give rise to RGCs (Gill et al., 2016;

Ohlemacher et al., 2016; Riazifar et al., 2014; Sluch et al.,

2015; Tanaka et al., 2016; Teotia et al., 2017), the diversity

of subtypes among RGCs has been largely overlooked.

More than 30 different subtypes of RGCs are known to

exist, varying in their gene expression patterns, morpho-

logical features, and functionality (Dhande et al., 2015;

Sanes and Masland, 2015). Given the variability in gene

expression observed among hPSC-derived RGCs (Figure 2),

efforts were undertaken to further examine the specific

RGC subtypes present within these cultures based on the

expression of genes characteristic for each class (Table

S1). Direction-selective RGCs (DS-RGCs) constitute a group

of cells capable of responding to preferred directional

motion in response to bright and dark stimuli, with the

identification and functionality of these cells previously

explored in animal models (Cruz-Martı́n et al., 2014;

Huberman et al., 2009; Kay et al., 2011; Sanes andMasland,

2015; Wei and Feller, 2011). However, such cells have not

been definitively identified in human RGCs. DS-RGCs

have been divided into two groups: ON-OFF DS-RGCs

capable of detecting preferred directional motion to bright

and dark stimuli, and ON DS-RGCs which respond to the

directional motion of a bright stimulus. Each category of

DS-RGC has been identified by the expression of specific

molecular markers, such as CART, CDH6, and FSTL4, and

further characterized into subgroups based upon preferred

directional motions (dorsal, ventral, nasal, and temporal)
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Figure 1. hPSC-Derived RGCs Display Elaborate Morphologies and Diversity of Gene Expression
(A) Differential interference contrast (DIC) imaging demonstrated morphological characteristics of hPSC-derived RGCs with large three-
dimensional cell bodies, projecting numerous lengthy neurites.
(B–D) Immunocytochemistry confirmed the RGC identity of these cells through the expression of specific markers such as (B) BRN3,
(C) ISL1, and (D) SNCG, as well as the extension of long processes indicated by cytoskeletal markers.
(E–I) In addition, analysis of RGC markers revealed varying degrees of co-expression within the RGC population, (E) ISL1 and BRN3,
(F) RBPMS and BRN3, (G) SNCG and BRN3, (H) SCNG and ISL1, and (I) RBPMS and ISL1.
(J) Quantification of immunocytochemistry results verified variation in RGC-associated gene expression among hPSC-derived RGCs.
Scale bars, 50 mm in (A)–(D), 25 mm in (E)–(I); the scale bar in (B) applies to (B)–(D); the scale bar in (E) applies to (E)–(I). Error bars
represent SEM (n = 27 technical replicates from 3 biological replicates for each bar using miPS2, H9, and H7 cell lines).
through the combinatorial expression of specific genes

(De la Huerta et al., 2012; Huberman et al., 2009; Kay

et al., 2011; Yonehara et al., 2008).

DS-RGC-like cells could be identified in hPSC cultures

within the first 80 days of differentiation, with the expres-

sion of BRN3 serving as confirmation of their RGC lineage.

Presumptive ON-OFF DS-RGCs were identified based upon

their expression of CART in 25.95% ± 0.46% of the BRN3-

positive RGC population (Figures 3A and 3D). DS-RGCs

can also be further divided into ON-OFF as well as ON sub-

groups, identifiable based on the expression of genes such

as CDH6 and FSTL4, respectively. Thus, a more detailed

analysis of hPSC-derived RGCs revealed that CDH6-posi-

tive ON-OFF DS-RGC-like cells were identified within

17.16% ± 0.51% of the BRN3-positive RGC population
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(Figures 3B and 3D). Similarly, the expression of FSTL4,

indicative of ON DS-RGCs, was found within 30.49% ±

0.58% of BRN3-positive RGCs (Figures 3C and 3D). As

the combinatorial expression of several genes is often

required for the identification of some RGC subtypes,

single-cell qRT-PCR confirmed the combined expression

of numerous DS-RGC markers within individual RGCs

(Figure 3E).

a-RGCs represent another RGC subtype which vary in

their response to bright and dark stimuli with their re-

sponses, including transient OFF, sustained OFF, and ON

(Dhande et al., 2015; Krieger et al., 2017). Previous studies

have demonstrated high levels of SPP1 expressed in

a-RGCs, with this gene currently serving as the main iden-

tifier of this class of cells (Duan et al., 2015; Pang et al.,



Figure 2. hPSC-Derived RGCs Demonstrate Unique Transcriptional Profiles
(A–C) Spearman’s rank correlation coefficient analysis (SRCCA) was performed on single-cell RNA-seq data using RGC-specific target genes,
(A) ISL1 (B) SNCG and (C) RBPMS. Cells were ranked from highest to lowest expression and transformed into Z scores. Results were
constructed into a heatmap, with the top 20 correlating genes shown for each RGC marker. Corresponding color key histograms for (A)–(C)
are displayed in a–c.
(D) The combination of SRCCA from four RGC target genes for the top 200 correlating genes revealed differential gene expression as well as
a core set of 11 genes highly expressed within RGCs. n = 3 biological replicates using the H9 cell line.
2003). Additional markers such as KCNG4 and CB2 have

also been identified to further classify a-RGCs (Duan

et al., 2015; Huberman et al., 2008). Thus, the presence of

a-RGCs within the hPSC-derived RGC population was

investigated using these genetic markers.

Presumptive a-RGCs were identified by the combinato-

rial expression of a-RGC-associated genes in conjunction

with the pan-RGC marker, BRN3. SPP1 expression was

discovered in 21.10% ± 0.42% of the BRN3-positive RGCs

(Figures 4A and 4C). Further analysis demonstrated the

expression of CB2, which identifies a subset of a-RGCs

with the capability of having a transient response to dark

stimulus, co-localized in 15.72% ± 0.45% of BRN3-RGCs

(Figures 4B and 4C). More so, single-cell qRT-PCR analyses

confirmed the combinatorial expression of SPP1 and

KCNG4 within individual RGCs, characteristic of a-RGCs,

in addition to the expression of a variety of other RGC-

associated markers (Figure 4D).

Intrinsically photosensitive RGCs (ipRGCs) constitute an

additional RGC subtype, with the unique ability to directly

respond to light stimuli with the photopigment OPN4

(Hattar et al., 2003; Schmidt et al., 2011). Various subtypes

of ipRGCs have been shown to control aspects of circadian

rhythm aswell as pupillary reflexes by projecting to various
non-image processing areas in the brain (Chew et al., 2017;

Panda et al., 2002; Sweeney et al., 2014). Previous studies

have discovered ipRGC subcategories (M1–M5), which

vary in their genetic signature, light response, and physio-

logical functions, although studies of human ipRGCs have

been more limited (Ohlemacher et al., 2016; Sluch et al.,

2015). As such, a detailed analysis was performed to explore

the presence and transcriptional profile of ipRGC-like cells

within the hPSC-derived RGC population.

OPN4 was expressed either with or without the co-

expression of BRN3, consistent with previous studies that

have demonstrated BRN3 expression confined to only

some types of ipRGCs (Schmidt et al., 2011) (Figures 5A

and 5B). This OPN4 expression was observed in 1.17% ±

0.06% of all cells in conjunction with BRN3, while

2.75% ± 0.13% of all differentiated retinal neurons

expressed OPN4 in the absence of BRN3 (Figure 5C).

Single-cell transcriptional analyses verified the expression

of OPN4 within individual RGCs in combination with

BRN3, as well as with the combinatorial expression of other

RGC-related markers (Figure 5D).

Furthermore, a variety of other RGC subtypes have been

previously identified including PV-, W3B-, and J-RGCs

(Goodman et al., 2016; Kim et al., 2008; Kim and Jeon,
Stem Cell Reports j Vol. 10 j 1282–1293 j April 10, 2018 1285



Figure 3. hPSCs Give Rise to Multiple DS-RGC Subtypes
(A and B) ON-OFF DS-RGCs were identified by the co-expression of
the RGC marker BRN3 with either (A) CART or (B) CDH6.
(C) ON DS-RGCs were identified by the expression of FSTL4
co-localized with BRN3.
(D) Quantification of immunocytochemistry results identified the
expression of CART, CDH6, and FSTL4 within the BRN3-RGC popu-
lation at 25.95% ± 0.46%, 17.16% ± 0.51%, and 30.49% ± 0.58%,
respectively.
(E) Single-cell qRT-PCR analysis demonstrated the combinatorial
expression of DS-RGC markers, in conjunction with RGC-associated
markers. Error bars represent the SEM (n = 36 technical replicates
from 3 biological replicates for each bar using miPS2, H9, and H7
cell lines).
Scale bars, 20 mm.

Figure 4. Identification of a-RGCs in hPSC-Derived RGCs
(A and B) a-RGCs were identified by the co-localization of BRN3
with either (A) SPP1 or (B) CB2.
(C) Quantification of immunocytochemistry results indicated SPP1
and CB2 were co-expressed with BRN3 in 21.10% ± 0.42% and
15.72% ± 0.45% of all cells, respectively.
(D) Single-cell qRT-PCR analyses demonstrated the combinatorial
expression of a-RGC markers, along with the expression of pan-RGC
markers. Error bars represent the SEM (n = 36 technical replicates
from 3 biological replicates for each bar using miPS2, H9, and H7
cell lines).
Scale bars, 30 mm.
2006; Krishnaswamy et al., 2015). Single-cell qRT-PCR ana-

lyses demonstrated the expression of parvalbumin, SDK2,

and JAM-B, which indicated the presence of such subtypes

within hPSC-derived cultures, respectively (Figure S1).

Investigation of Additional Molecular Markers for

DS-RGCs

The ability to reliably identify specific RGC subtypes based

on the expression of molecular markers has only recently

been described (Dhande et al., 2015; Sanes and Masland,

2015), with a relatively limited set of markers associated

with these subtypes (Table S1). The investigation of addi-

tional molecular markers strongly correlated with these

subtypes would not only provide for a greater ability to

identify specific types of cells, but could also provide

some insight into differences in functionality between

these cells. SRCCA approaches provide the power to eluci-

date transcriptional differences between individual cell
1286 Stem Cell Reports j Vol. 10 j 1282–1293 j April 10, 2018
types and, as such, provide an advantageous tool for the

identification of molecular markers associated with indi-

vidual RGC subtypes. As DS-RGCs were among the most

prevalent subtypes identified within cultures of hPSC-

derived RGCs (Figure 3C), efforts were made to identify

those genes that were most closely correlated with this

phenotype. Additional analyses were also performed to

identify those genes most strongly correlated with markers

of additional RGC subtypes (Figure S2).

For analysis of DS-RGCs, SRCCA was performed to iden-

tify those genes that weremost strongly correlated with the

expression of FSTL4, BRN3B, and SNCG, with numerous

genes strongly correlated with the three target genes (Fig-

ure 6A). Furthermore, combined SRCCA was performed

with FSTL4 and genetic markers for retinal progenitors,

RPE, and photoreceptors. Overlap between FSTL4 and

markers for each of these latter cell typeswasminimal, indi-

cating a strong degree of specificity for FSTL4 expression in

RGCs (Figures 6B–6D). The results of this analysis provided

a total of 148 genes that could serve as genetic identifiers

for DS-RGCs. Of these genes, DCX was further explored.

Previous studies have identified a role for DCX in the early

neurogenesis of the CNS; however, its pattern of expression

in the retina has not been studied in great detail with its



Figure 5. Characterization of Intrinsically Photosensitive RGCs
Derived from hPSCs
(A and B) A subset of hPSC-derived cells exhibited the expression of
melanopsin co-expressing either (A) with or (B) without BRN3.
(C) Quantification of immunocytochemistry results was performed
as a percentage of the total DAPI-positive population and mela-
nopsin-positive/BRN3-negative cells comprised 2.75% ± 0.13% of
all cells, while melanopsin-positive/BRN3-positive comprised
1.17% ± 0.06% of all cells.
(D) Single-cell qRT-PCR revealed the combinatorial expression of
melanopsin with a variety of other RGC-related markers. Error bars
represent the SEM (n = 36 technical replicates from 3 biological
replicates for each bar using miPS2, H9, and H7 cell lines).
Scale bar, 50 mm.
expression found in the RGC layer in only a small number

of studies (Gleeson et al., 1999; Rachel et al., 2002; Trost

et al., 2014). Therefore, the association of DCX with a spe-

cific subtype of RGC, namely DS-RGCs, was further investi-

gated in hPSC-derived cells. Immunocytochemistry results

revealed DCX expression highly co-expressed with DS-

RGCmarkers such as FSTL4 (Figure 7A), but only in a subset

of BRN3- and SNCG-expressing RGCs (Figures 7B and 7C).

BRN3-expressing RGCs co-immunostained for DCX in

42.61% ± 1.88% of the population and SNCG-positive

RGCs expressed DCX in 53.57% ± 1.88% of the RGCs.

More so, quantification revealed that FSTL4-positive

RGCs co-localized with DCX at 82.48% ± 1.66% (Fig-

ure 7D). In addition, single-cell RNA-seq demonstrated

the specificity of DCX expression with DS-RGCs apart

from other RGCs and retinal cell types (Figure 7E). Thus,

the results of this analysis have identified DCX as a poten-

tially useful marker for DS-RGCs.
DISCUSSION

The ability to derive RGCs fromhPSCs has been the subject

of several recent studies, as these cells function to transmit
visual information between the eye and the brain, and are

functionally compromised in several blinding disorders

(Levin, 2005; Rokicki et al., 2007). However, these studies

have investigated RGCs as a generic population (Gill

et al., 2016; Ohlemacher et al., 2016; Riazifar et al., 2014;

Tanaka et al., 2016; Teotia et al., 2017), with little emphasis

upon the diversity of RGCs known to exist. To date,

numerous RGC subtypes have been identified within ani-

mal models based upon morphological features as well as

functional properties (Dhande et al., 2015; Sanes and

Masland, 2015), although such subtypes within human

RGCs have been much less characterized. Serving as the

projection neuron of the retina, RGC subtypes vary in their

functional properties andwork cohesively in order to prop-

erly transmit visual information to the brain (Huberman

et al., 2008). The generation of hPSC-derived RGCs in a

manner that represents the diversity of RGC subtypes pro-

vides a more reliable and realistic model for studying the

development of RGCs, with important implications on

how individual subtypes may be differentially affected in

various disease states. The recent discovery of molecular

markers for specific RGC subtypes facilitates the ability to

identify these populations within hPSC-derived RGCs

(Dhande et al., 2015; Sanes andMasland, 2015). The results

of this study represent efforts to extensively investigate

and identify RGC subtypes within hPSC-derived retinal

cells. Furthermore, these studies also contribute to a greater

characterization of human RGC subtypes, with results

identifying additional molecular markers for major classes

of these cells.

RGCs exhibit numerous unique characteristics that set

them apart from other retinal cell types, such as their

morphological appearance and their transcriptional profile.

The expression ofmany genes can be used to identify RGCs,

although the expression of BRN3B, ISL1, SNCG, andRBPMS

have been among the most widely utilized molecular

markers. Each of these markers was observed within popu-

lations of hPSC-derived RGCs, although RBPMS was

observed less frequently than the other RGC markers.

Traditionally, RBPMS is considered to be a pan-RGCmarker,

therefore the reduced expression of this gene is a likely

indicator that RBPMS is expressed somewhat later than

the other RGC markers analyzed. Thus, when studying

early stages of RGC development with hPSCs, the use of

RBPMS likely underestimates the total RGC population.

SRCCA analysis was used in the current study to confirm

the expression of a number of other RGC-associated genes

that were highly correlated with these four commonly uti-

lized RGCmarkers. Interestingly, however, themost highly

correlated genes associated with each of these four markers

revealed striking differences in the transcriptional profiles

of these cells, suggesting diversity among the RGC popula-

tion. In addition, the diversity among RGCs became more
Stem Cell Reports j Vol. 10 j 1282–1293 j April 10, 2018 1287



Figure 6. Identification of DS-Associated Markers Using Single-Cell RNA-Seq Analysis
(A) SRCCA from FSTL4, BRN3B, and SNCG were combined for the top 1,000 correlating genes, and 148 genes were found to be commonly
expressed between the 3 populations.
(B–D) In addition, SRCCA for FSTL4 was combined with (B) retinal progenitor genes, (C) RPE genes, and (D) photoreceptor genes and
demonstrated minimal overlapping expression. n = 3 biological replicates using the H9 cell line.
apparent when SRCCA analysis from the four target

genes was combined for the top 200 genes correlating

with all of these markers. These results displayed heteroge-

neity within RGCs through the differential expression of

correlating markers, and this diversity among RGCs could

potentially be explained by the presence of numerous

subtypes within the RGC population. Thus, the results

displayed by single-cell RNA-seq analysis prompted the

exploration of RGC subtypes within hPSC-derived cells.

The varied subtypes of RGCs have received greater atten-

tion in recent years, as they each play important but func-

tionally distinct roles in the visual transduction pathway

(Dhande et al., 2015). Traditionally, efforts have relied

largely on dendritic morphology to identify and charac-

terize RGC subtypes, with different subtypes encompassing

unique sizes, shapes, and arborization within the inner

plexiform layer (Dhande et al., 2015; Sanes and Masland,
1288 Stem Cell Reports j Vol. 10 j 1282–1293 j April 10, 2018
2015; Triplett et al., 2014). For example, many primate

RGCs have often been clustered into categories including

midget RGCs or parasol RGCs based upon suchmorpholog-

ical features (Croner and Kaplan, 1995; Kaplan and Benar-

dete, 2001; Leventhal et al., 1981). Such studies have been

more complicated for human RGC subtypes, due to a more

limited access to the retina for experimental investigation.

More recently, the development ofmolecular markers asso-

ciated with specific subtypes in rodent models has facili-

tated the ability to identify these cells more readily (Sanes

and Masland, 2015). However, such molecular markers

remain largely unexplored for primate RGCs, including hu-

mans (Rousso et al., 2016). The results of this study show

that molecular markers for major subtype classes could be

utilized to readily identify RGC subtypes in hPSC-derived

RGCs, representing exciting new avenues for research in

RGC diversity. In addition, the opportunity exists to study



Figure 7. Identification and Confirmation of DCX as a DS-RGC
Marker
(A–C) DCX was highly co-localized with (A) FSTL4, while its co-
expression with pan-RGC markers (B) BRN3 and (C) SNCG demon-
strated less correlation.
(D) Quantification of immunocytochemistry results indicated that
DCX expression correlated with 82.48% ± 1.66% of FSTL4-positive
RGCs, while it was identified in subsets of BRN3- and SNCG-positive
RGCs at 42.61% ± 1.88% and 53.57% ± 1.88%, respectively.
(E) Single-cell RNA-seq values demonstrate expression of DCX
correlated with other DS-RGC markers, but was found exclusive of
markers of other RGC subtypes and retinal cells.
Scale bars, 50 mm. Error bars represent SEM (n = 30 technical
replicates from 3 biological replicates for each bar using miPS2, H9,
and H7 cell lines).
species-specific differences in the expression of molecular

markers corresponding to RGC subtypes. In the current

study, some molecular markers that have been used to

identify mouse RGC subtypes (for example, HB9 and

HoxD10) were not found to be expressed in hPSC-derived

RGCs. While this difference could possibly be due to a
degree of maturation, it is also possible that these proteins

do not serve as effective markers for RGC subtypes in hu-

man cells, highlighting the importance of examining these

molecular markers among many different species.

Furthermore, a more enhanced characterization of RGC

subtypes was performed in the current study through the

analysis of single-cell transcriptional profiles, with this

exploration providing the ability to identify molecular

markers of RGC subtypes, particularly those for human

RGCs. In combination with the RGC-specific marker

BRN3B, SRCCA analyses performed with multiple RGC

subtype-specific genes revealed identifiers for major sub-

type classes. In particular, the combination of BRN3B and

SNCG with the direction selective-RGC marker FSTL4

demonstrated a high number of similarly correlated genes,

as opposed to a very limited number of correlated genes

when FSTL4 was paired with molecular markers of other

retinal cell types. As such, this list of genes highly corre-

lated with the expression of BRN3B, SNCG, and FSTL4

could provide important information about the function-

ality of these cells, as well as provide candidates to serve

as molecular markers. Among these highly correlated

genes, DCX was identified as an intriguing candidate

within the list of genes highly correlated with both FSTL4

and BRN3B. Previous work has demonstrated a role for

DCX in neurogenesis in the CNS, and its expression has

also been observed within the RGC layer in a limited num-

ber of studies (Gleeson et al., 1999; Rachel et al., 2002; Trost

et al., 2014). In the current study, DCX expression was

found to be exclusively expressed within RGCs, although

only a small subset of RGCs expressed DCX, indicating

the specificity of DCX expression within a given RGC sub-

type. In addition, a high degree of correlation was observed

between DCX- and FSTL4-positive DS-RGCs, demon-

strating the possible utility of DCX as a molecular marker

for DS-RGCs. Thus, the observed expression of DCX is

likely indicative of a particular subset of RGCs, rather

than an indicator of their degree of maturation. These

results highlight the use of SRCCA for the discovery and

validation of additional genes expressed within specific

RGC subtypes.

The identification of RGC subtypes using molecular

markers can also reveal numerous aspects of RGC develop-

ment that have not been explored to date. The use of hPSCs

as amodel systemprovides a powerful tool to study some of

the earliest events in human retinal development (Keller,

2005). The identification of RGC subtypes using molecular

markers early in retinal development can also uncover

important signaling pathways that could lead to the

differentiation of one subtype over another, with varying

subtypes requiring different signaling cues for proper

development. Furthermore, as each subtype varies in

their functional characteristics, more detailed analyses of
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individual subtypes allows a greater understanding of their

specific roles in the visual transduction pathway.

In addition, blinding diseases which cause degeneration

and eventual death of RGCs often appear to preferentially

target one subtype over others (Duan et al., 2015; El-Danaf

and Huberman, 2015; Majander et al., 2017; Ohlemacher

et al., 2016; Puyang et al., 2017). With the advancement

of patient-specific hPSCs, RGC subtypes can be identified

using molecular markers in disease models such as glau-

coma,with an emphasis onwhether one subtype is predom-

inantly targeted for degenerative effects compared with

other subtypes. The ability to investigate the effects of

degenerative diseases on specific RGC subtypes allows for

a more refined and targeted approach to eventual treat-

ments for optic neuropathies, including the development

of pharmaceutical and cell replacement strategies to counter

the degenerative processes observed in each subtype.
EXPERIMENTAL PROCEDURES

Maintenance of hPSCs
Human pluripotent stem cell lines miPS2, H7, and H9 (Sridhar

et al., 2016; Thomson et al., 1998) were grown and maintained

in their pluripotent state following previously described protocols

(Meyer et al., 2009, 2011; Ohlemacher et al., 2015). In brief, hPSCs

were maintained upon Matrigel-coated six-well plates in mTeSR1

medium (STEMCELL Technologies). Cells were passaged upon

reaching approximately 70% confluency. Undifferentiated cells

were examined before passaging for areas of spontaneous differen-

tiation, and such areas were marked and mechanically removed.

Colonies were then enzymatically lifted using dispase for approx-

imately 15 min, and hPSCs were then replated at a 1:6 ratio.
Differentiation of hPSCs
Retinal differentiation of hPSCs was accomplished with modifica-

tions to previously described protocols (Meyer et al., 2009, 2011;

Ohlemacher et al., 2015). Differentiation was initiated via the

formation of embryoid bodies, which were then transitioned

over a 3-day period frommTeSR1medium to neural inductionme-

dium ([NIM]: DMEM/F12 [1:1], N2 supplement, minimal essential

medium [MEM]nonessential amino acids, heparin [2mg/mL], and

penicillin-streptomycin). After a total of 7 days of differentiation,

embryoid bodies were induced to adhere to a six-well plate using

10% fetal bovine serum (FBS) in NIM overnight. The next day,

FBS was removed and cells were grown in NIM until day 16, with

a media change every other day. At this time point, colonies

were mechanically lifted and transferred into suspension culture

as cell aggregates in retinal differentiation medium ([RDM]:

DMEM/F12 [3:1], MEM nonessential amino acids, B27 supple-

ment, and penicillin-streptomycin). Suspension cultures yielded

the formation of both retinal organoids and non-retinal forebrain

neurospheres, with the retinal organoids identified and isolated

based on their morphological characteristics within 30 days of

differentiation. After a total of 40 days of differentiation, retinal

organoids were dissociated into a single-cell suspension using
1290 Stem Cell Reports j Vol. 10 j 1282–1293 j April 10, 2018
Accutase and plated on coverslips at a concentration of 50,000 cells

per 12-mmcoverslip. Cells weremaintained up to 80 days of differ-

entiation using BrainPhysNeuronalMedium,with amedia change

twice a week.

Immunocytochemistry
Cultures of RGCs at 80 days of differentiation were fixed with 4%

paraformaldehyde in PBS for 30min at room temperature. Samples

were then washed three times with PBS, followed by permeabiliza-

tion using 0.2% Triton X-100 solution for 10 min. Cells were then

blocked with 10% donkey serum at room temperature for 1 hr.

Primary antibodies (Table S2) were diluted in 5% donkey serum

and 0.1% Triton X-100 and applied to cells overnight at 4�C. The
following day, cells were washed three times with PBS and blocked

with 10% donkey serum for 10 min. Secondary antibodies were

diluted at a concentration of 1:1,000 in 5% donkey serum and

0.1% Triton X-100 and added to cells for 1 hr at room temperature.

Cells were then washed three times with PBS before mounting

onto slides for microscopy.

Microscopy and Data Quantification
Following immunostaining, RGCs were imaged using a Leica

DM5500 fluorescence microscope. Four regions from multiple

coverslips were imaged for the expression of the RGC marker

BRN3 and various subtype markers, and these experiments were

replicated three times using separately differentiated batches of

cells. The number of RGCs were quantified based upon BRN3

expression using ImageJ cell counter plugin, and subtype markers

were quantified according to their co-expression with BRN3. The

average number of cells expressing each subtype marker in

conjunction with BRN3 was quantified along with the SEM were

determined using GraphPad Prism software.

Single-Cell qRT-PCR Data Collection and Analysis
Within 80 days of differentiation, hPSC-derived RGCs were dissoci-

ated with Accutase for 10 min. Single cells were sorted using the

SORP Aria cell sorting machine. A total of 10,000 cells were loaded

into capture sites of the C1 Single-Cell Auto Prep fluidic circuit.

After loading, individual capture sites from theC1 plate were exam-

ined and the contents of each capture site was recorded (0 cell, 1

cell, more than 1 cell, or debris). Reverse transcription and cDNA

amplification was completed on each capture site of the C1 circuit.

The amplified cDNA was then loaded into the Biomark qRT-PCR

machine with pre-designed RGC-specific and RGC-subtype

primers. Any values from a wells with zero or more than one cell

were discarded in the analyses. The Ct values from the Biomark

qRT-PCR analysis were sorted based on the expression of BRN3B

and their expression levels were further constructed into heatmaps

of specific RGC subtype classes using GraphPad Prism software.

Single-Cell RNA-Seq Data Collection and SRCCA

Analysis
SRCCA was performed using published scRNA-seq datasets from

day 70 hPSC retinal cultures (n = 3), and detailed methods for

single-cell capture, cDNA preparation and library generation,

sequencing, read mapping, quality control, and gene expression

quantification were reported previously (Phillips et al., 2017). In



brief, cell capture and library preparations were performed with the

Fluidigm C1 system according to manufacturer’s instructions.

cDNA was generated with the SMARTer PCR cDNA Synthesis kit

(Clontech) and amplified with the Advantage 2 PCR kit (Clontech).

Single-cell cDNA libraries were fragmented and amplified with the

Nextera XTDNA sample preparation and index kit (Illumina), mul-

tiplexed (24–48 libraries per lane), and 51-bp single-end reads were

sequenced (Illumina HiSeq 2500 System). FASTQ files were gener-

ated by CASAVA (v.1.8.2) and mapped using Bowtie (v.0.12.8).

RSEM (v.1.2.3) was used to calculate normalized gene expression

values in transcripts per million. Quality control analysis was

performed using the SinQC program (Jiang et al., 2016). SRCCA

analysis of RGC target genes was performed by R programming lan-

guage (http://www.R-project.org/). Correlating genes were ranked

based on Spearman’s correlation coefficients (rho) from high to

low values. To determine overlap between SRCCA lists from multi-

ple target genes, gene lists were imported into Venny 2.1 (http://

bioinfogp.cnb.csic.es/tools/venny/) or Meta-Chart Venn diagram

generator (https://www.meta-chart.com/venn#/display). Single

cell RNA-seq reads were submitted to GEO: GSE98556.
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