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Significance

Retinal organoids are retinal-like 
tissues derived from human 
pluripotent stem cells (hPSCs) 
that effectively recapitulate the 
major stages of human 
retinogenesis. Several protocols 
have been developed to generate 
retinal organoids in vitro, yet few 
protocols have focused on 1) 
maximizing the efficiency of 
retinal organoid generation, 2) 
enhancing the reproducibility of 
individual organoids, and 3) 
elucidating the mechanisms 
underlying the earliest stages of 
retinal organoid specification. In 
this study, through regulation of 
multiple parameters, we have 
generated a more highly 
standardized and efficient 
method to yield consistently pure 
populations of retinal organoids 
of consistent size and shape 
across multiple cell lines.
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Human pluripotent stem cell (hPSC)-derived retinal organoids are three-dimensional 
cellular aggregates that differentiate and self-organize to closely mimic the spatial and 
temporal patterning of the developing human retina. Retinal organoid models serve 
as reliable tools for studying human retinogenesis, yet limitations in the efficiency and 
reproducibility of current retinal organoid differentiation protocols have reduced the use 
of these models for more high-throughput applications such as disease modeling and 
drug screening. To address these shortcomings, the current study aimed to standardize 
prior differentiation protocols to yield a highly reproducible and efficient method for 
generating retinal organoids. Results demonstrated that through regulation of organoid 
size and shape using quick reaggregation methods, retinal organoids were highly repro-
ducible compared to more traditional methods. Additionally, the timed activation of 
BMP signaling within developing cells generated pure populations of retinal organoids 
at 100% efficiency from multiple widely used cell lines, with the default forebrain fate 
resulting from the inhibition of BMP signaling. Furthermore, given the ability to direct 
retinal or forebrain fates at complete purity, mRNA-seq analyses were then utilized to 
identify some of the earliest transcriptional changes that occur during the specification 
of these two lineages from a common progenitor. These improved methods also yielded 
retinal organoids with expedited differentiation timelines when compared to traditional 
methods. Taken together, the results of this study demonstrate the development of a 
highly reproducible and minimally variable method for generating retinal organoids 
suitable for analyzing the earliest stages of human retinal cell fate specification.

organoid | stem cell | retina

The differentiation of human pluripotent stem cells (hPSCs) into three-dimensional retinal 
organoids has enabled unprecedented access into the study of human retinogenesis (1–5), 
as well as analyses of retinal degenerative diseases from patient-derived sources (6–10). 
Through the differentiation of retinal organoids, hPSCs differentiate into primitive retinal-like 
tissue in a manner that closely mimics the spatial and temporal development and organization 
of the human retina (1, 5, 11–16). As such, retinal organoids have served as an effective 
in vitro model for the study of features underlying human retinogenesis, as well as a platform 
to elucidate mechanisms associated with retinal degenerative diseases. Other studies have 
also explored the use of retinal organoids for pharmacological screening (2, 17, 18), as well 
as for cellular replacement in retinal diseases (19–22), further underscoring the tremendous 
potential of retinal organoids for a variety of translational applications.

While current retinal organoid differentiation protocols have allowed for many advances 
in the study of human retinal development and disease (3, 5, 12, 15, 23–26), shortcomings 
in the efficiency and reproducibility of these protocols have hindered their use for some 
translational applications. Existing protocols have demonstrated a great deal of variability 
in the efficiency of retinal organoid production, including from one cell line to another as 
well as among individuals performing the differentiation (23, 27). Additionally, even when 
retinal organoids are effectively formed, they often exhibit broad variability in their size and 
shape, making direct comparisons across organoids and experiments exceedingly difficult, 
particularly for more high-throughput applications (15, 23, 25). Thus, a great need exists 
to refine current protocols to increase the efficiency of retinal organoid production, as well 
as to minimize the variability observed among retinal organoids produced.

To address these shortcomings, we have advanced existing retinal organoid differenti-
ation protocols (5, 11, 12, 15) to generate 3D retinal organoids at 100% efficiency and 
with significantly greater reproducibility in their size, shape, and cellular composition, 
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while also demonstrating the ability to completely block retinal 
specification through the modulation of BMP signaling. To 
demonstrate the robustness of these approaches, we analyzed the 
ability to derive retinal organoids across six different lines of hPSCs 
(SI Appendix, Table S1), including both human embryonic stem 
cells (hESCs) and human induced pluripotent stem cells (iPSCs). 
These lines also represented those from both male and female cell 
donors, as well as cell lines previously described to be either “good” 
or “bad” producers of retinal organoids. Given this ability to mod-
ulate retinal organoid differentiation on demand to yield 100% 
purity of retinal organoids or conversely to completely prevent 
retinal organoid specification, we explored the ability to assess the 
earliest stages of human retinogenesis via RNA-seq analyses, high-
lighting important transcriptional signatures associated with the 
initial specification of a retinal fate from a more primitive neu-
roepithelial population. Upon long-term differentiation using 
these more standardized methods, retinal organoids also displayed 
expedited retinal neuron differentiation timelines compared to 
organoids differentiated using traditional methods. Taken together, 
the results of this study provide a more standardized and efficient 
method for generating highly reproducible retinal organoids, 
greatly facilitating the study of human retinogenesis and providing 
essential improvements for future disease modeling and pharma-
cological screening applications.

Results

Enhancing the Reproducibility of Early-Stage Cellular Aggregates. 
Previous studies have demonstrated that individual retinal 
organoids are often highly variable based upon their size and shape, 
confounding the application of retinal organoids for a variety of 
downstream studies (13–15, 23, 27). We theorized that this high 
degree of variability among retinal organoids was due, at least in 
part, to a high degree of variability introduced into the system at 
the earliest stages of differentiation. Indeed, following traditional 
differentiation protocols for the production of retinal organoids, we 
observed a great range of variability in the size and shape of hPSC 
aggregates from the start of the differentiation process, which was 
evident within the first few days of differentiation (Fig. 1A). As 
traditional methods often rely upon the use of proteolytic enzymes 
such as dispase to release hPSC colonies intact to form cellular 
aggregates (5, 15), and the size and shape of these aggregates are 
dependent upon the size and shape of the original colony, we sought 
to determine whether we can minimize variability at these early 
stages. To overcome this variability, we sought to generate cellular 
aggregates of consistent size and shape through dissociation of hPSC 
colonies into single-cell suspensions. Subsequently, singularized 
cells were seeded into low-adhesion 96-well U-bottom plates at 
defined cell numbers followed by centrifugation resulting in a forced 
reaggregation, producing aggregates that were more consistent 
in both their size and shape (Fig. 1B and Movie S1). Fusion of 
cellular aggregates can also lead to variability in their size and shape, 
particularly at the earlier stages of differentiation. Therefore, to 
combat this we transferred approximately 45 to 48 cellular aggregates 
to each of two 10 cm dishes on Day 1 and gently agitated the plates 
to prevent fusion every 2 to 3 d. Next, to determine whether this 
enhanced reproducibility of early hPSC aggregates was dependent 
upon their starting size, we tested a range of different cell densities 
(250, 500, 1,000, 2,000, 4,000, and 8,000) cells per well (cpw) 
and quantified the two-dimensional area and circularity at Day 
3 and Day 6 when differentiated using the standardized method 
compared to those grown via traditional methods (Fig. 1 J–O). We 
observed that while cellular aggregates grown via the traditional 
method exhibited a range of sizes and shapes, cellular aggregates 

grown via standardized methods at all seeding densities were much 
more highly reproducible among individual aggregates at both Day 
3 (Fig. 1 J–L) and Day 6 of retinal organoid differentiation (Fig. 1 
M–O).

As the above experiments were initially conducted with the 
H7 human embryonic stem cell line, we then sought to test 
whether these initial improvements in aggregate reproducibility 
could be similarly replicated across other hPSC lines. To further 
test the reproducibility of the standardized method, we selected 
two additional hPSC lines, including the H9 embryonic stem 
cell line as well as the PGP1 induced pluripotent stem cell line 
(SI Appendix, Table S1). These cell lines were then subjected to 
the same differentiation conditions and quantified as described 
above, with each of these additional cell lines demonstrating a 
very similar trend for greater reproducibility of the size and 
shape of cellular aggregates at both Day 3 and Day 6 of differ-
entiation (SI Appendix, Fig. S1), demonstrating the ability to 
minimize variability across a variety of cell lines, providing a 
more level starting point for subsequent retinal organoid 
differentiation.

Establishing an Appropriate Number of Cells Per Aggregate to 
Optimize Retinal Specification. Next, we wanted to explore whether 
the size of initial hPSC aggregates had any influence upon their 
ability to effectively give rise to retinal lineage cell populations. To 
achieve this, we leveraged a recently described SIX6:GFP reporter 
cell line as an indicator of effective retinal fate specification (28). 
As SIX6 is perhaps the earliest retinal lineage-specific transcription 
factor (5, 28, 29), the expression of GFP would indicate the earliest 
stages of retinal fate determination. Similar to the approaches 
described above, hPSCs were enzymatically dissociated into a 
single-cell suspension and reaggregated into aggregates of defined 
sizes, from 250 to 8,000 cpw (Fig. 2A). These aggregates were then 
differentiated according to defined retinal organoid differentiation 
protocols and assessed for the acquisition of a retinal fate based 
upon the expression of the SIX6:GFP reporter (Fig.  2). While 
GFP-positive retinal cells were identified in all experimental 
conditions, it was noteworthy that lower cellular densities (e.g., 
250 and 500 cells per well) yielded a reduced capacity for retinal 
differentiation (Fig. 2 B–H). Conversely, we reproducibly achieved 
100% efficiency of retinal lineage specification when the initial 
aggregate size was established between 1,000 cells per well to 
8,000 cells per well (Fig. 2 B and I–T), with all aggregates robustly 
expressing the SIX6-GFP reporter. Once we established that 1,000 
cells per well to 8,000 cells per well generated pure populations 
or retinal organoids, we decided to use a seeding density of 2,000 
cells/aggregate for further experiments, as this density appeared 
to provide the greatest reproducibility of early cellular aggregates 
(Fig.  1) as well as 100% efficiency of retinal fate specification 
(Fig.  2). To determine how many of the original 96 cellular 
aggregates per plate were conserved throughout differentiation, 
we then differentiated cellular aggregates using the standardized 
method and quantified the total number of cellular aggregates at 
Day 1 (after transferring from the 96-well plates), Day 8 (before 
plating), Day 16 (before lifting), and Day 20 (when a vesicle-like 
morphology can be identified), with these studies demonstrating 
that a large majority of initial cellular aggregates were retained 
throughout the differentiation process, and most loss of organoids 
was observed after lifting organoids on Day 16 (SI  Appendix, 
Fig.  S2). Taken together, these results overall demonstrated an 
important dependency of initial aggregate size upon their ability 
to effectively differentiate along the retinal lineage, providing 
promising opportunities for future studies of human retinogenesis 
and how tissue size may regulate retinal specification.
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Fig. 1.   Reproducibility of early-stage cellular aggregates. (A and B) Schematic of traditional and standardized methods of differentiation. The schematic shows 
representative images of cellular aggregates differentiated until Day 6 using the traditional and standardized methods. (C) Representative images of cellular 
aggregates differentiated until Day 3 using the traditional method. (D–I) Representative images of cellular aggregates at different densities (250, 500, 1,000, 
2,000, 4,000, and 8,000 cells per well) differentiated until Day 3 using the standardized method. (J–O) Compared to the traditional method, the standardized 
method is highly reproducible generating cellular aggregates that are more consistent in both their size and circularity at both Day 3 and Day 6. (Scale bars equal  
500 μm (A–C).) The scale bar in (C) applies to (D–I). n = 3 biological replicates for each cell line.
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Improved Efficiency and Reproducibility of Retinal Organoids 
Produced by Standardized Methods. With the ability to greatly 
reduce variability in early hPSC aggregates at the start of the 
differentiation process (Fig. 1), as well as the finding that initial 
aggregate size played an important role in the ability of aggregates to 
achieve a retinal fate (Fig. 2), we next sought to determine whether 
this improved reproducibility translated into any improvements in 
the variability of subsequently differentiated retinal organoids. To 
explore this possibility, we similarly used the IMR90-4 SIX6-GFP 
reporter cell line. Retinal organoids were differentiated by either 
traditional methods (TM) or standardized methods (SM) using 
an initial seeding density of 2,000 cells/aggregate and cells were 
directed to differentiate into retinal organoids until a total of 25 
d of differentiation. Using the expression of the SIX6:GFP as a 
specific retinal progenitor marker, we then sought to quantify the 
percentage of cellular aggregates that effectively differentiated into 
retinal organoids based on GFP expression. As previous studies 
have also shown that the precise timing of BMP4 treatment can 
enhance retinal organoid production (23, 30), we also tested a 
role for BMP4 signaling at early stages of retinal specification by 
treating cellular aggregates at Day 6 with either BMP4 (50 ng/mL) 
or the small molecule BMP inhibitor LDN-193189 (200 nM). 
Accordingly, when organoids were differentiated using the traditional 
method without BMP4 treatment, approximately 38.67% ± 6.12%  
(SEM) of organoids expressed the SIX6:GFP reporter (Fig. 3 A, 
B, and M). When early cellular aggregates differentiated using the 
traditional method and exposed to BMP4 at Day 6, the efficiency 

of retinal organoid differentiation increased to 84.33% ± 2.91% 
based on GFP expression (Fig. 3 C, D, and M). Next, we applied 
similar differentiation strategies to cellular aggregates generated 
using the standardized method of differentiation. When organoids 
were differentiated using the standardized method without BMP4  
treatment, approximately 51.67% ± 20.93% of organoids expressed 
the SIX6:GFP reporter (Fig.  3 E, F, and M). However, when 
aggregates were differentiated using the standardized method 
combined with BMP4 treatment at Day 6, the efficiency of retinal 
organoid production was enhanced to 100% in all experiments based 
on SIX6:GFP expression (Fig. 3 G, H, and M). Conversely, when 
BMP4 signaling was blocked using the small molecule BMP inhibitor 
LDN-193189, organoids differentiated using both the traditional 
and standardized method lacked any expression of the SIX6:GFP 
reporter (Fig. 3 I–M), demonstrating a necessity for BMP signaling 
in retinal specification. Interestingly, organoids that failed to adopt a 
retinal phenotype were found to exclusively adopt a cortical forebrain 
phenotype, based upon the expression of markers such as FOXG1 
and CTIP2 (SI Appendix, Fig. S3). In addition to the purity of retinal 
organoid differentiation through the use of the standardized method 
along with BMP4 exposure, we also sought to determine whether the 
standardized method also enhanced the reproducibility of individual 
retinal organoid size and shape. By quantifying the two-dimensional 
area and circularity of differentiated retinal organoids, we found that 
the standardized method was not only more efficient at generating 
retinal organoids but also produced more highly reproducible 
organoids based upon a more consistent size and circularity at Day 

Fig. 2.   Establishing the appropriate cell density for efficient retinal organoid formation. (A) Schematic demonstrating the process of establishing standardized 
cellular aggregates of defined cell densities for the subsequent differentiation of retinal organoids. (B) Quantification of retinal organoid differentiation efficiency 
based upon the size of original cell aggregates at Day 16, as determined by the expression of a SIX6:GFP reporter (n = 4 biological replicates). (C–T) Representative 
images at Day 16 by brightfield microscopy, fluorescence microscopy for SIX6:GFP expression, as well as merged images for each starting cell density. The yellow 
arrowhead indicates an aggregate that flattened out and failed to differentiate into retinal lineage. White arrowheads indicate aggregates that remained three-
dimensional but did not differentiate into retinal lineage. The scale bar equals 1,000 μm.

http://www.pnas.org/lookup/doi/10.1073/pnas.2317285121#supplementary-materials
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25 when compared to organoids differentiated using the traditional 
methods of differentiation (Fig. 3 N and O). Interestingly, aggregates 
differentiated using the standardized method without BMP4 were 
also variable in their individual organoid size and shape (Fig. 3 E and 
F), suggesting that perhaps some variability observed in traditional 
methods may be due to the presence of nonretinal populations 
influencing developing retinal organoids.

Next, we sought to confirm that this improved retinal organoid 
differentiation efficiency to 100% purity could be replicated across 
multiple other cell lines. Thus, we tested a total of six stem cell lines 
(SI Appendix, Table S1) and differentiated each cell line into retinal 
organoids until a total of 25 d of differentiation, using both the 
traditional and standardized methods. These cell lines were chosen 
to represent a variety of cell line characteristics, including both 
human embryonic stem cells and human induced pluripotent stem 
cells, as well as cell lines from both male and female sources. While 
many of these cell lines have been previously shown to effectively 
give rise to retinal organoids, we also included a line that we have 
observed to be typically inefficient at retinal organoid specification 
(WTC11). Finally, to ensure that our results were not solely due to 
the use of popular stem cell lines that have been widely used due to 
desirable differentiation characteristics, we also generated a newly 
reprogrammed iPS cell line (JM2019) and tested this cell line for 
its capacity for retinal differentiation. Retinal organoids were differ-
entiated via either traditional methods or with standardized methods 
at an original seeding density of 2,000 cells per well and stimulated 

to differentiate to a retinal lineage in the presence of BMP4, as 
described above. As these other cell lines lacked the SIX6:GFP 
reporter, retinal organoids derived from these cell lines were then 
fixed, cryosectioned, and stained for the retinal progenitor marker 
VSX2 (formerly CHX10) to determine retinal organoid differenti-
ation efficiency. Following the traditional method of retinal organoid 
differentiation, highly variable yields of retinal organoids were 
observed, ranging from as little as approximately 30% (WTC11) 
to greater than 80% efficiency (H7 and H9), depending on the cell 
line used (Fig. 4 A–F and M–R). Conversely, the differentiation of 
retinal organoids following standardized methods consistently pro-
duced 100% efficiency based upon VSX2 immunoreactivity across 
all hPSC lines (Fig. 4 G–L and M–R), demonstrating that the dif-
ferentiation of retinal organoids through these standardized meth-
ods enables the ability to derive retinal organoids at 100% efficiency 
across multiple hPSC lines.

Leveraging Efficient Retinal Organoid Formation As a Tool 
for the Study of Human Retinogenesis. Previous studies have 
leveraged retinal organoids as a model system to examine early 
stages of human retinogenesis (5, 11, 12, 14, 23), yet these 
studies were dependent upon the definitive identification of 
retinal organoids after at least a month of differentiation. Given 
the ability to now specify the differentiation of retinal organoids 
at 100% efficiency through the use of standardized approaches 
including early treatment with BMP4, as well as the ability to 

Fig. 3.   Highly efficient differentiation of retinal organoids via standardized methods. (A–L) Brightfield and fluorescent images of organoids at Day 25 differentiated 
using the SIX6-GFP reporter cell line by either the traditional method or the standardized method. (A, B, and M) Organoids differentiated using the traditional 
method without BMP4 treatment generated retinal organoids at an efficiency of 38.67% ± 6.12% expressing the SIX6:GFP reporter. (C, D, and M) Organoids 
differentiated using the traditional method with BMP4 supplementation improved the efficiency of retinal organoid differentiation to 84.33% ± 2.91% of organoids 
expressing SIX6-GFP. (E, F, and M) Organoids differentiated using the standardized method without BMP4 treatment generated approximately 51.67% ± 20.93% 
(SEM) of organoids that express the SIX6:GFP reporter. (G, H, and M) Organoids differentiated using the standardized method with BMP4 treatment improved the 
efficiency of retinal organoid production to 100% based upon SIX6-GFP expression. (I–M) Inhibition of BMP4 signaling with LDN-193189, using both the traditional 
and standardized differentiation methods, produced organoids that lacked expression SIX6-GFP, indicating an inability to differentiate toward a retinal lineage. 
(N and O) Quantification of the size and circularity of traditional vs. standardized methods of retinal organoid differentiation at Day 25. Error bars represent 
SEM (*P < 0.05, ***P < 0.001, and ****P < 0.0001). (Scale bars equal 500 μm (A–L) and n = 3 biological replicates (M–O).)

http://www.pnas.org/lookup/doi/10.1073/pnas.2317285121#supplementary-materials


6 of 12   https://doi.org/10.1073/pnas.2317285121� pnas.org

completely block retinal fate determination by inhibiting BMP 
signaling resulting in cortical forebrain differentiation, we chose to 
pursue the analysis of the earliest transcriptional events in human 
retinal fate determination. Previous studies have demonstrated 
that differentiating cells at Day 6 represents the most primitive 
stage of neuroepithelial specification (12, 31, 32), with the ability 
to give rise to retinal as well as other CNS lineages and thus, prior 
studies have leveraged this timepoint for treatment with BMP4 to 
induce greater retinal specification (23, 30). Thus, we decided to 
assess transcriptional features of retinal fate specification through 
RNA-seq analyses (33), comparing primitive neuroepithelial (Day 
6) with early retinal (Day 8 BMP4) and early cortical forebrain 
(Day 8 LDN-193189). Total RNA was collected from cellular 
aggregates on Day 6 before any treatment, and then also collected 
on Day 8 after treatment with either BMP4 or LDN-193189 at 
Day 6 (Fig. 5A). As the ability to completely modulate retina vs. 
cortical forebrain fate specification at 100% efficiency is essential 
for these experiments, we also maintained some of these cultures 
until Day 25 of differentiation, at which point we then confirmed 
that presumptive retinal organoids expressed SIX6:GFP at 100% 
efficiency before performing mRNA-seq analyses of Day 6 and 
Day 8 samples, while LDN-treated cortical forebrain organoids 
completely lacked GFP expression.

We initially analyzed Day 8 BMP4-treated (early retinal) com-
pared to Day 6 (primitive neuroepithelial) cultures to identify the 
earliest transcriptional changes associated with the acquisition of 
a retinal fate from a more primitive neuroepithelial population 
(Fig. 5 B and C). Intriguingly, after only 2 d of BMP4 treatment, 
we observed a significant upregulation in the expression of known 
retinal developmental genes including SIX6, RAX, LHX9, VSX2, 
and PAX6 (34, 35), as well as pathway analyses indicating an 
overall decrease in neuronal-associated differentiation signatures 
more associated with the forebrain at this developmental time-
point, in favor of signatures associated with BMP responsiveness 

as well as changes to the matrisome (Fig. 5 B and C). Interestingly, 
while expression of transcripts such as SIX6 was differentially 
expressed at Day 8, the expression of the corresponding protein 
was delayed until nearly Day 10, based upon timelapse imaging 
of the SIX6:GFP reporter (Movie S2). Additionally, some other 
differentially expressed genes (DEGs) were identified at this early 
stage that were less expected, including genes with known roles 
in the retina such as MAB21L2 and DIO3. Next, we sought to 
determine transcriptional changes associated with the acquisition 
of a cortical forebrain phenotype (Day 8 LDN-193189) compared 
to the more primitive neuroepithelial cultures (Day 6). In this 
context, we were able to identify the upregulation of numerous 
forebrain-associated transcripts, including FOXG1, NEUROD1, 
and MAP2 (36), as well as increased activation of biological path-
ways associated with neuronal maturation (Fig. 5 D and E). 
Finally, when comparing Day 8 BMP4-treated (early retinal) with 
Day 8 LDN-treated (early cortical forebrain), we observed an 
increase in many retinal-specific genes including VSX2, SIX6, 
and RAX, and a decrease in more cortical/forebrain-related genes 
including FOXG1 and MAP2 (Fig. 5 F and G). Interestingly, 
numerous matrisome-associated genes were also up-regulated in 
the early retinal population, perhaps suggestive of activation of 
key components associated with the high degree of cellular organ-
ization found within retinal organoids. Taken together, the ability 
to selectively differentiate retinal vs. cortical forebrain organoids 
at 100% efficiency from a common neuroepithelial progenitor 
allowed for the insight into some of the earliest transcriptional 
changes associated with retinal fate specification, long before  
any human donor tissue would normally be available for such 
investigations.

Expedited Retinal Ganglion Cell and Photoreceptor Differ­
entiation. To explore how this increased reproducibility of retinal 
organoids may contribute to their subsequent differentiation into 

Fig. 4.   Reproducibility of highly efficient retinal organoid differentiation with standardized methods across hPSC lines. (A–F) Organoids differentiated using the 
traditional method across multiple hPSC lines until Day 25. (G–L) Organoids differentiated using the standardized method across the same hPSC lines until Day 
25. (A–L) VSX2 is stained in green and DAPI is stained in blue. (M–R) Quantification of retinal organoid differentiation efficiency demonstrating that the traditional 
method of differentiation generated variable yields of VSX2-positive retinal organoids depending on the cell line used, while organoids differentiated using the 
standardized method produced 100% VSX2-positive organoids consistently across all hPSC lines. Error bars represent SEM. (*P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001). The scale bar equals 1,000 μm (A–L) and n = 3 biological replicates (M–R).

http://www.pnas.org/lookup/doi/10.1073/pnas.2317285121#supplementary-materials
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some of the major retinal cell types in a stratified manner, we 
further differentiated organoids for a total of up to 150 d, at which 
point major cell types including retinal ganglion cells (RGCs) and 
photoreceptors are specified (Fig. 6). Initially, we differentiated 
retinal organoids for a total of 30 d, at which point previous studies 
have demonstrated that RGCs have begun to be specified (3, 15, 23).  
At this stage, retinal organoids derived through standardized 

methods exhibited a greater degree of consistency in their size 
and shape compared to those derived from traditional methods 
(Fig. 6 A and B). To assess the differentiation state of RGCs as 
the first retinal cell type specified, we utilized a newly developed 
human induced pluripotent stem cell reporter line in which an 
EGFP reporter was edited into the 3′ end of the BRN3b locus, 
similar to prior studies that have used a tdTomato reporter in 

Fig.  5.   Standardized methods of retinal organoid differentiation allow for the analysis of transcriptional changes associated with the earliest stages of 
retinogenesis. (A) Schematic of organoid sample collection and RNA-seq analyses of early-stage cellular aggregates. (B–G) Volcano plots showing differentially 
expressed genes (DEGs) and associated pathway enrichment analyses that were significantly up-regulated (blue) or down-regulated between (aquamarine).  
(B and C) Day 8 after treatment with BMP4 and Day 6 untreated, (D and E) Day 8 after treatment with LDN193-189 and Day 6 untreated, and (F and G) Day 8 
after treatment with BMP4 and Day 8 after treatment with LDN-193189. DEGs, *Padj < 0.05, **Padj < 0.01. (Scale bars, 500 μm in (A) for Day 6 and 100 μm in 
(A) for Day 8 and Day 25.)
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human embryonic stem cells (37). Interestingly, while 30 d of 
differentiation is near the beginning of RGC differentiation in 
previous studies (3, 15, 23) as well as the current study using 
traditional methods, we found a much greater degree of RGC 
differentiation in retinal organoids derived using the standardized 
method (Fig. 6 C–F), suggesting that these standardized methods 
may also expedite the differentiation of retinal cell types. Indeed, 
qRT-PCR performed on organoid samples from both methods 
from 30 to 80 d of differentiation demonstrated an increased 
expression of BRN3b as an indicator of RGCs at earlier stages of 
differentiation when differentiated using standardized methods, 
while BRN3b expression in the traditional method catches up 
with the standardized method by Day 80 (Fig. 6G). Next, we 
sought to determine whether there was an additional pool of cells 
in the traditional method that did not exist in the standardized 
method and could account for the increase in BRN3b expression, 
such as a residual pool of VSX2-positive retinal progenitors. 
Interestingly, using qRT-PCR analyses, we did not observe a 
difference in VSX2 mRNA expression at Day 40 between the 
traditional and standardized methods, although BRN3b expression 
was significantly increased (SI  Appendix, Fig.  S4A). However, 

we found that the expression of SOX1 was significantly higher 
in the traditional method compared to standardized methods 
(SI Appendix, Fig. S4A), suggesting that the traditional method 
likely contains a small but present population of forebrain cell 
types that contaminate retinal populations, and further emphasizes 
the purity of retinal progenitors found in organoid populations 
derived through standardized methods.

Next, we examined whether this expedited differentiation at Day 
30 was carried forward into the differentiation of photoreceptors 
as a later generated retinal cell type. After a total of 60 d of differ-
entiation, a timepoint at which previous studies have demonstrated 
the onset of CRX expression as a marker of early photoreceptor 
progenitor cells (23, 25, 26), we observed that while retinal orga-
noids became somewhat more irregular in shape, they still appeared 
more consistent than those derived through traditional methods 
(Fig. 6 H and I). Additionally, while traditional methods typically 
resulted in a thin layer of CRX-positive photoreceptor progenitor 
cells along the apical edge of organoids, organoids derived from 
standardized methods had more robust expression of CRX along 
the apical edges, often consisting of multiple layers of CRX-positive 
cells (Fig. 6 J–M). Additionally, qRT-PCR analysis helped to 

Fig. 6.   Expedited retinal ganglion cell and photoreceptor differentiation. Retinal organoids at 30 d, 60 d, and 150 d of total differentiation, derived using both 
the traditional and standardized methods. (A and B) Brightfield images of retinal organoids at Day 30 of differentiation that were derived using a BRN3b:GFP 
reporter cell line, (C–F) whole sections and high magnification images of retinal organoids expressing the retinal progenitor marker VSX2 (magenta) and the 
retinal ganglion cell (RGC) marker BRN3b (green), identified with a BRN3b:GFP reporter. (G) qRT-PCR analyses of retinal organoids differentiated using both the 
traditional and standardized methods from Day 30 until Day 80 showing mRNA expression of BRN3b normalized to the Day 30 traditional method as the control. 
(H and I) Brightfield images of retinal organoids taken after 60 d of differentiation, (J–M) whole sections and high magnification images of retinal organoids 
expressing the cone and rod photoreceptor marker CRX (green) and the retinal ganglion cell (RGC) marker BRN3b:tdTomato (red). (N) qRT-PCR analyses of 
retinal organoids differentiated using both the traditional and standardized methods from Day 30 until Day 150 showing mRNA expression of CRX normalized 
to the Day 30 traditional method as the control. (O–R) Low-magnification and high-magnification brightfield images of retinal organoids at Day 150 showing 
photoreceptor outer segments. (S–X) Whole sections and high magnification images of retinal organoids at 150 d showing the expression of the cone and rod 
photoreceptor marker CRX (red), the rod photoreceptor markers NRL (purple) and Rhodopsin (blue), as well as the cone photoreceptor marker ARR3 (green). 
DAPI (blue) for all images. Error bars represent SEM. (Scale bars equal 500 μm (A, B, H, I, O, and P) or 100 μm (C and D) or 200 μm (J, K, S, and T) or 50 μm (E, F, L, 
M, Q, and R) and 20 μm (U–X). n = 3 to 6 biological replicates (G and N).

http://www.pnas.org/lookup/doi/10.1073/pnas.2317285121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317285121#supplementary-materials
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demonstrate that CRX expression was indeed initiated earlier in 
standardized method organoids, with the onset occurring before 
50 d of differentiation compared to 60 d in the traditional method 
(Fig. 6N). We similarly confirmed this expedited photoreceptor 
differentiation through analyses of OTX2 expression, in which 
qRT-PCR analyses demonstrated a significant increase in OTX2 
mRNA expression when organoids were differentiated using the 
standardized method at early stages compared to the traditional 
method (SI Appendix, Fig. S4B). However, at Day 90 no significant 
differences were observed in the expression of either OTX2 or 
CRX, suggesting that the traditional method of differentiation 
caught up with the standardized method (Fig. 6N and SI Appendix, 
Fig. S4B), further highlighting the expedited nature of develop-
ment within standardized method retinal organoids. Additionally, 
at later stages of differentiation using the standardized method, 
some but not all retinal organoids also formed clumps of retinal 
pigment epithelium (RPE), similar to the traditional method of 
differentiation (SI Appendix, Fig. S5).

Subsequently, we assessed the effects of standardized methods 
of differentiation upon later stages of photoreceptor differentiation, 
examining retinal organoids after a total of 150 d of differentiation, 
a timepoint at which previous studies have associated with the onset 
of rod photoreceptor differentiation. Initially, the most obvious 
difference at this stage was found in the appearance of photore-
ceptor segments extending out of the apical edge of retinal orga-
noids, with these extensions more prominent in organoids derived 
from standardized methods (Fig. 6 O–R). Additionally, 100% of 
all retinal organoids differentiated until Day 150 using the stand-
ardized method exhibited photoreceptor outer segments with a full 
brush border (meaning inner/outer segments were observed around 
the entire organoid), whereas 6.00% ± 3.79% of retinal organoids 
differentiated using the traditional method exhibited a full brush 
border of photoreceptor outer segments and 26.33% ± 15.30% 
(SEM) of traditional retinal organoids exhibited a partial brush 
border of photoreceptors (SI Appendix, Fig. S6). We also observed 
a greater degree of NRL expression along the outer edges of orga-
noids following standardized methods (Fig. 6 S and T), as well as 
more prominent expression of cone arrestin (ARR3), particularly 
in those segments extending outward from the organoid (Fig. 6 U 
and V). Finally, while NRL expression was observed at this time-
point following both traditional and standardized methods, the 
expression of rhodopsin was almost exclusively observed within 
standardized method organoids (Fig. 6 W and X), compared to 
later stages in retinal organoids derived using traditional methods, 
further supporting the expedited differentiation of cell types in the 
standardized approach.

Discussion

The results of the current study demonstrate robust improvements 
to existing retinal organoid differentiation protocols (5, 15, 23, 38) 
that greatly streamline the differentiation process, resulting in 
highly reproducible retinal organoids relative to their size and 
shape, and perhaps most importantly, at an efficiency of 100% 
purity across multiple cell lines. The ability to yield pure popula-
tions of retinal organoids with high consistency in their compo-
sition across multiple cell lines greatly reduces previous issues with 
efficiency between cell lines that were difficult to direct to a retinal 
lineage (27). Additionally, given the high degree of variability 
between individual retinal organoids following previous protocols 
(5, 15, 23), experimental comparisons often needed to be made 
between populations of organoids to account for this variability. 
However, with the more standardized methods outlined in the 
current study, it may now be possible in some applications to make 

comparisons more directly between individual organoids, as the 
variability between organoids with these technical improvements 
has been proven to be considerably reduced.

Throughout these studies, it became apparent that the size of 
initial cellular aggregates at the onset of differentiation was critical 
for their ability to effectively yield retinal lineages and organoids. 
Traditional differentiation methods introduce tremendous varia-
bility in the size of initial aggregates due to the use of enzymes 
such as dispase or collagenase that lift entire colonies of undiffer-
entiated stem cells from the plate to generate each aggregate  
(38, 39). Given the variability in the size of stem cell colonies, 
this variability was then carried forward into the differentiation 
process, hindering the ability to enhance retinal differentiation 
consistency within the cellular population. Through the use of 
quick reaggregation methods described in this study, we were able 
to tightly regulate the size of cellular aggregates at the onset of 
differentiation, thereby removing a considerable source of varia-
bility in subsequent retinal differentiation. Demonstrating the 
importance of the size of initial cellular aggregates, we observed 
that when cellular aggregates were constructed with too few cells 
(e.g., 500 cells per well or less), we lost the ability to achieve the 
100% purity of retinal organoid differentiation. By extension, it 
will be of interest in future studies to adopt these types of 
approaches to the study of microphthalmia/anophthalmia, par-
ticularly to better elucidate whether gene variants resulting in 
these disorders prevent retinal specification or simply reduce the 
size of the retinal progenitor pool and then consequently, this 
reduced retinal progenitor pool is insufficient to allow formation 
of 3D retinal tissue.

While we have found that the use of quick reaggregation meth-
ods using single-cell suspensions was critical to achieving the 
100% purity of retinal organoids with more highly consistent size 
and shape, this is not the first study to use this type of quick 
reaggregation method to yield retinal organoids. Indeed, several 
other studies to date have attempted to use these types of 
approaches as well, yet they have not achieved the purity of retinal 
organoid differentiation observed in this study (14, 25, 40). 
Several factors may contribute to these differences, including var-
iations in the underlying differentiation protocol used in which 
some protocols may be more robust to yield retinal organoids than 
others. It is also possible that some of the reagents used may vary 
in quality depending upon the commercial source, and we have 
noticed a decreased efficiency of retinal differentiation, for exam-
ple, depending on the source of recombinant BMP4 protein. 
Additionally, prior studies have often kept these cellular aggregates 
in the 96-well plates in some cases for several days (2, 41, 42), 
whereas our approaches have aggregated the cells for 1 d in the 
undifferentiated state in mTeSR1 maintenance medium before 
starting to transition into neural induction medium (NIM) for 
one more day before removing aggregates from the 96-well plate 
and transferring the population to a new culture dish. In this 
context, some of our preliminary studies kept aggregates in 96-well 
plates beyond the first day of differentiation, in which case we 
observed increasing variability among aggregates, suggesting that 
when aggregates were allowed exposure to paracrine signals early 
in a combined culture, these signals may aid in the synchronized 
differentiation of each developing organoid.

We also explored the dependency of retinal organoid differen-
tiation upon signaling from BMP4, which has been used to aid 
in retinal differentiation from hPSCs (23). This approach was 
initially incorporated into the differentiation process by Kuwahara 
et al. (30) and subsequently adopted by numerous other groups, 
including our own (8, 16, 43–45). However, while it has been 
demonstrated that BMP4 supplementation can enhance the 

http://www.pnas.org/lookup/doi/10.1073/pnas.2317285121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317285121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317285121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317285121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317285121#supplementary-materials
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differentiation of retinal organoids, it has not yet been shown that 
the retinal differentiation process itself is dependent upon BMP 
signaling. In the current study, we demonstrated that BMP4 sup-
plementation enhanced retinal differentiation in both traditional 
and standardized methods, while the inhibition of BMP signaling 
by the small molecule LDN-193189 completely inhibited retinal 
organoid differentiation. These results demonstrate that the der-
ivation of retinal organoids is dependent upon BMP signaling and 
that previous traditional methods of retinal organoid differentia-
tion that lacked exogenous BMP4 signaling must have leveraged 
the endogenous production of BMPs by the differentiating cellular 
aggregates.

Prior studies exploring the differentiation of retinal organoids 
often also observed the differentiation of other nonretinal, 
forebrain-like organoids in parallel with the derivation of retinal 
organoids (5, 38). These two parallel lineages have not necessarily 
been unexpected, as both the retina and the forebrain are derived 
from the early telencephalic region of the developing neural tube 
(35). As such, these lineages are closely related and likely segregate 
through only minor differences in their developmental trajectories. 
Through the use of newly standardized methods, we observed that 
the differentiation of cells to either retina or forebrain lineages 
could be tightly regulated in an “On/Off” fashion through the 
activation or inhibition of BMP signaling with the addition of 
either BMP4 or LDN-193189, respectively. Thus, we believed 
this to be an opportunity to explore the use of organoid models 
as a platform to study the earliest stages of human retinal fate 
specification, far earlier than would be possible with human donor 
tissue. Additionally, while some other studies have also attempted 
to explore differences between early retinal and forebrain lineages 
in this manner (5), those studies were entirely dependent upon 
the prior specification and phenotypic identification of these two 
populations, which is only possible more than 2 wk after this cell 
fate determination has occurred.

Thus, with our newfound ability to completely regulate the retina 
vs. forebrain cell fate determination event with standardized methods 
using either BMP4 or LDN-193189, we decided to explore the ear-
liest transcriptional changes that underlie these differentiation events 
through the use of RNA-seq approaches, exploring samples collected 
at either Day 6 or Day 8 of differentiation. Samples collected at Day 
6 represented a common progenitor with competency to yield either 
retina or forebrain (and likely other lineages given appropriate induc-
tion cues) prior to the addition of either BMP4 or LDN-193189. 
At Day 8 of differentiation, we collected samples that had been 
treated with either BMP4 or LDN-193189, representing some of 
the earliest changes that could be observed associated with the retina 
vs. forebrain fate determination, long before identifying features of 
each lineage were manifested in differentiating cultures. Within these 
experiments, it was noteworthy and somewhat surprising to observe 
the onset of gene expression clearly related to either retinal or fore-
brain lineages at such an early timepoint. Indeed, some expected 
genes were observed to properly segregate, such as the increased 
expression of VSX2, RAX, and MITF in Day 8 BMP4-treated 
cultures compared to both Day 6 as well as Day 8 LDN-193189-treated 
cultures. However, these approaches also uncovered the differential 
expression of other genes that may play influential roles in the for-
mation of retinal organoids, such as the increased expression of 
CDH6 that may contribute to the self-organization of cells within 
retinal organoids (46), as well as the expression of genes such as DIO3 
which may indicate a role for thyroid hormone signaling early in the 
separation of retina and forebrain lineages. The early expression of 
genes such as MAB21l2 [associated with microphthalmia (47)]  
and ABCA4 [mutated in Stargardt’s disease (48)] also suggests that 

perhaps some disease-associated changes may also be identified at 
these earliest differentiation stages. Interestingly, core matrisome- 
related genes that have previously been shown to be abundant in 
retinal ECM including collagen alpha-1 (COL12A1), the glycopro-
tein LAMA5, and the matrisome-associated annexins/plexins 
(ANXA2, PLXNB2, and PLXNA1) (49) were also up-regulated in 
the Day 8 BMP4-treated cultures, suggesting that these core matri-
some genes, as well as matrisome-associated genes, may also be 
important for retinal vs. forebrain specification and may contribute 
to the maturation and organization of retinal cells within retinal 
organoids.

Upon the differentiation of early retinal organoids, we also 
observed the expression of markers associated with fully differenti-
ated retinal cell types at stages earlier than those predicted by previous 
studies (15, 23). The use of cell type-specific fluorescence reporters 
such as the BRN3b:tdTomato:Thy1.2 or BRN3b:EGFP:Thy1.2 
reporters for RGCs allowed us to identify the differentiation of RGCs 
as early as 20 d of differentiation using standardized methods com-
pared to nearly 30 d of differentiation with traditional methods. This 
expedited differentiation was also associated with a maintained 
higher degree of consistency in the size and shape of retinal orga-
noids, with the organization of cell types appearing to be more con-
sistent as well. The expedited differentiation of cell types was not 
limited to RGCs, as we also observed an earlier start to the differen-
tiation of photoreceptors based upon the onset of expression of CRX, 
longer and more defined photoreceptor outer segments extending 
from the surface of retinal organoids, as well as the earlier expression 
of rhodopsin. While it is unclear exactly why cell types appeared to 
differentiate more quickly following newly standardized methods 
compared to the traditional methods, it is likely to be due at least in 
part to the greater synchronization of cells and their differentiation 
that is afforded by the more consistent size and shape from the outset 
of differentiation.

Prior studies have also suggested a staging system based upon 
the differentiation of various cell types within retinal organoids 
(23). These stages were not only based upon the presence of certain 
differentiated cell types and/or the expression of cell type-specific 
markers but also how long the organoids had differentiated. Given 
the expedited differentiation of cell types observed in the current 
study, these timepoints associated with retinal organoid stages do 
not neatly line up anymore. Indeed, it was previously suggested 
that “Stage 1” retinal organoids defined by the onset of RGCs and 
some rare starburst amacrine cells begins at Day 30 of differenti-
ation, whereas “Stage 2” retinal organoids began after 70 d of 
differentiation and are characterized by the presence of photore-
ceptor precursors in addition to RGCs. Within the current study, 
however, we began to observe RGC specification closer to 20 d of 
differentiation, earlier that the suggested start of “Stage 1” at Day 
30. Similarly, we observed the presence of photoreceptor precur-
sors, based upon the expression of CRX, as early as Day 40 of 
differentiation, far earlier than the previously described Day 70 
timepoint. Taken together, the results of the current study may 
necessitate a revisiting of these retinal organoid staging approaches, 
as initially recommended (23).

With the ability to yield retinal organoids at 100% efficiency 
with greatly enhanced reproducibility, it is still important to note 
that several parameters must be met in order to achieve this con-
sistency. Not unlike any other study with hPSCs, it is essential for 
the starting population of stem cells to be highly pure without any 
signs of spontaneous differentiation, as some trace amounts of 
spontaneous differentiation at the outset of differentiation can 
provide adverse signaling factors to inhibit retinal specification. 
Our results also demonstrate that the size of starting cellular 
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aggregates is critical for the 100% efficient yield of retinal orga-
noids, and we have recommended a starting cell density of 2,000 
cells per well that both ensures efficient specification of retinal 
organoids, while also being conservative in the overall number of 
cells needed for experimentation. Additionally, unlike prior studies 
that often maintain cell aggregates in individual wells for multiple 
days (41, 42), we found that the early removal of these aggregates 
after just 1 d of differentiation helped to maintain reproducibility 
while also retaining the highly efficient derivation of retinal orga-
noids. The results of these studies will be highly important for 
future applications of retinal organoids, in which the reduction of 
variability will likely facilitate not only the efficient derivation of 
retinal organoids across an array of cell lines, as well as enable more 
direct experimental comparisons to be made not only across larger 
populations of organoids, but also small numbers of organoids and 
even perhaps between individual organoids.

Materials and Methods

Maintenance of hPSC Cultures. hPSC lines used in this study included the 
embryonic stem cell lines H7 and H9, as well as iPSC lines IMR90-4, WTC11, 
PGP1, and JM2019 (SI Appendix, Table S1). These cell lines also represented both 
male (WTC11, PGP1, and IMR90-4) and female (H7, H9, and JM2019) sources. 
Among these, some cell lines were edited for some studies to express fluorescent 
reporters, including the H7 cell line (BRN3b-tdTomato-Thy1.2), IMR90-4 (SIX6-
GFP), and JM2019 (BRN3b-EGFP-Thy1.2). All hPSC lines were maintained on 
six well-plates coated with either Matrigel or Geltrex and grown in mTeSR1 or 
mTeSR PLUS medium. Media were changed daily to maintain the pluripotency 
of hPSCs. At approximately 60 to 70% confluency, hPSCs were passaged using 
either Accutase or ReLeSR, and either expanded in similar conditions or used for 
differentiation experiments.

iPSC Reprogramming. To establish the JM2019 iPSC line, human peripheral 
blood mononuclear cells (PBMCs) were obtained from StemCell Technologies (cat-
alog 70025.1), and iPSCs were generated by reprogramming of PBMCs using the 
CytoTune-iPS 2.0 Sendai Reprogramming Kit (Life Technologies catalog A16517) 
following the manufacturer’s instructions. Details of reprogramming process can 
also be found within SI Appendix.

CRISPR/Cas9 Gene Editing. Gene-edited cell lines used in this study included 
the H7 BRN3b-tdTomato-Thy1.2 reporter line, the IMR90-4 SIX6-GFP reporter 
line, and the JM2019 BRN3b-EGFP-Thy1.2 reporter line. The establishment of the 
first two lines was previously described (28, 37). For the editing of the JM2019 
iPSC line to possess the BRN3b-EGFP-Thy1.2 reporter, we followed strategies pre-
viously described by Sluch et al. (37), with the exception that the tdTomato gene 
was replaced with an EGFP sequence. Details regarding the process of CRISPR/
Cas9 gene editing of this cell line can be found within SI Appendix.

Retinal Organoid Differentiation from hPSCs. hPSCs were differentiated into 
retinal organoids using previously established protocols as a control “traditional” 
method of differentiation (5, 50, 51). For the establishment of the experimental 
“standardized” method of differentiation, hPSCs colonies at approximately 70% 
confluency were dissociated into single cells using Accutase and seeded at differ-
ent densities ranging from 250 to 8,000 cells per well. On Day 1 of differentiation, 
cellular aggregates were transferred to standard polystyrene 10 cm dishes, and 
all spent media were replaced with 6 mL of fresh mTeSR1/mTeSR PLUS, as well 
as 6 mL of fresh Neural Induction Medium (NIM). On Day 2, 6 mL of media 
was removed and 6 mL of fresh NIM was added to each dish, while on Day 3, 
aggregates were transferred to 12 mL of fresh complete NIM medium. On Day 
6, 12 mL of fresh NIM with either 50 ng/mL of BMP4 or 200 nM of LDN-193189 
was added to the cellular aggregates to either activate or inhibit BMP signaling, 
respectively. On Day 8 of differentiation, 500 µL of Fetal Bovine Serum (FBS) was 
then added directly to each well of a six-well plate to ensure cellular aggregates 
adhere to wells. On Day 16, organoids were manually removed from the plates 
and transferred to 10 cm dishes containing Retinal Differentiation Medium [RDM, 
consisting of DMEM/F12 (3:1), 2% B27 supplement, 1% MEM nonessential amino 
acids, and 1× anti-anti] with 1% fetal bovine serum (FBS). Further details of 

retinal organoid differentiation, including reconstitution of all supplements, are 
described in SI Appendix, Methods.

Immunocytochemistry and Microscopy Analyses. For brightfield imaging 
of retinal organoids, samples were imaged at indicated timepoints using a Nikon 
Eclipse TS2R-FL microscope, with images captured with a Nikon DS-Ri2 color 
digital camera. For histological analyses, retinal organoids were processed for 
immunocytochemistry and microscopy following previously described procedures 
(52). Detailed methods can be found in SI Appendix, and a list of antibodies used 
can be found in SI Appendix, Table S2.

RNA-Seq Analyses. To assess the transcriptional profile of cells at the earli-
est stages of retinal fate specification, hPSC aggregates were differentiated as 
described above for the first 6 d of the protocol and then split into three con-
ditions: Day 6 baseline, Day 8 BMP4 (treated from Days 6 to 8), and Day 8 LDN 
treated (treated from Days 6 to 8). Total RNA was collected from untreated aggre-
gates on Day 6 and treated aggregates on Day 8 using the Picopure RNA extraction 
kit (Life Technologies). mRNA-seq was then performed as previously described 
(53, 54). The GEO accession number for the bulk RNA-seq dataset is GSE254830. 
Additional detailed methods can also be found in SI Appendix.

qRT-PCR Analyses. For qRT-PCR analyses, ~10 retinal organoids per batch were 
collected at Days 30, 40, 50, 60, and 70, and total RNA was extracted using the 
Picopure RNA extraction kit (Life Technologies) following the manufacturer’s instruc-
tions. cDNA was then synthesized using the High Capacity RNA-to-cDNA Kit (Applied 
Biosystems), and qRT-PCR analyses were performed using a Quant Studio 7 Flex 
system (Applied Biosystems) with SYBR green (Life Technologies), using primers as 
specified in SI Appendix, Table S3. Gene expression was defined using a comparative 
Ct method, normalized to β-actin. The ΔCt value was normalized to the average 
ΔCt value of the traditional method Day 30 organoids to calculate ΔΔCt, and fold 
change was calculated using the formula (2−ΔΔCt), as previously described (55).

Quantification and Statistical Analysis. For imaging, cellular aggregates 
and organoids were swirled into the middle of the dish, and images were taken 
within the center of the aggregate and/or organoid population for representative 
purposes. All calculations were measured blinded to minimize bias. The size and 
circularity of hPSC-derived aggregates and/or organoids were quantified using 
ImageJ by calculating the area (mm2) and circumference, with details of these 
calculations found in Supplemental Information. To quantify the percentage of 
organoids that adopted a retinal fate based upon staining for VSX2, this was 
calculated by dividing the total number of VSX2 (green)-positive sections by 
the total number of DAPI sections (blue). Serial sectioning was performed for all 
organoids and cell lines. A Student’s t test or a one-way ANOVA followed by Tukey’s 
post hoc analysis was used for statistical analyses, as indicated.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information. RNA-seq data has been deposited to GEO 
under accession number GEO: GSE254830 (33).
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