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ABSTRACT OF THE THESIS 

 

 

Validation of Human Retinal Organoid Derived Photoreceptors through Single-Cell RNA 

Sequencing 

 

 

by 

 

 

Manan Chopra 

 

Master of Science in Biology 

 

University of California San Diego, 2024 

 

Professor Karl Jonas Wahlin, Chair 

Professor Michael William Perry, Co-Chair 

 

 Retinal degeneration (RD) is a leading cause of vision impairment and blindness 

worldwide. Diseases which cause RD, including glaucoma, retinitis pigmentosa (RP) and 

age-related macular degeneration (AMD) are characterized by dysfunction and/or loss of 

key retinal neurons. Studying these human diseases in model organisms is useful but often 

approaches a limit at which the model organism does not sufficiently capture the human 

context. Many groups are utilizing in vitro methods to study the human retina, the most 

prominent being human induced-pluripotent stem cell (iPSC) derived neurons and iPSC-

derived 3D retinal organoids (rORGs). A key first step to studying diseases like AMD and 
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RP is establishing the accuracy of these kinds of in vitro models that can recapitulate the 

complexity of the retina and its many cell types. To address this need, I explored 

transcriptomic patterns in rORGs focusing on photoreceptors (PRs). I found that the 

rORG-derived PRs (O-PRs) exhibited a PR-like identity with both rod and cone markers 

detected. Importantly, I also compared these in vitro O-PRs with in vivo datasets and found 

that they share similarities in their transcriptomic profiles. This work is intended to serve 

as a resource for scientists seeking to perform similar analyses on retinal datasets as well as 

cell types beyond the nervous system. Toward this goal, I have documented all the code 

used to generate results in a publicly available repository with guides on how to perform 

the analysis regardless of prior bioinformatics experience.  
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Introduction 

 Retinal degenerative diseases often result in vision impairment or complete 

blindness, conditions which are estimated to affect almost 285 million adults worldwide.1 

Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are among the 

most prevalent causes of blindness and are both characterized by dysfunction of key retinal 

neurons.2 This has led to a large effort by many groups to explore ways to rescue or 

regenerate lost neurons. If successful, this may reverse retinal degenerations (RDs) caused 

by a disruption of the intricate interplay between neurons and other cells in the retina.  

The retina is a highly organized, layered tissue that lines the inside of the eye. 

Through a process known as phototransduction, light is converted by the retina into 

electro-chemical signals that filter through different retinal cell types and are sent to the 

brain. Briefly, light enters the eye through the cornea and is first detected by the 

photoreceptors (PRs), which are supplied with nutrients and support by the retinal pigment 

epithelium (RPE).3 The PRs then propagate electrical signals to bipolar cells, which 

synapse with retinal ganglion cells (RGCs). RGC axons bundle together to form the optic 

nerve, which exits the back of the eye and sends electrical signals to the brain. Amacrine 

and horizontal cells serve to refine vision through lateral inhibition and/or 

neuromodulation, and Müller glia (MG) provide support and maintain retinal homeostasis 

(Fig 1a).4 During retinal development, these retinal cell types arise in overlapping waves, 

broadly classified into early and late retinogenesis. RGCs, horizontal cells, amacrine cells 

and cone PRs develop in the first wave, followed by amacrine cells, bipolar cells, MG and 

rod PRs in the second.5 These developmental waves have also been observed in retinal 
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organoids (rORGs) (Fig 1b).6,7 In RD diseases such as AMD, PRs can die from a lack of 

nutrients due to loss of support from the RPE,8 whereas in glaucoma, RGCs experience 

axonal damage and apoptosis, thus disrupting communication to the brain.9 With the 

understanding that these cells play critical roles in RD progression, creating systems to 

understand the developing human retina in vitro is a pressing need.  

One promising goal for RD research is to harness the potential of regeneration to 

combat cell death in RD diseases. MG are non-neuronal cells that span the width of the 

retina and are critical in maintaining homeostasis of the eye. In many non-mammalian 

species, MG respond to retinal injury by undergoing cell proliferation and gaining stem 

cell-like identity in order to replenish the depleted neurons.4 Although MG do not exhibit 

these proliferative capabilities in humans, human induced pluripotent stem cells (iPSCs) 

can be used to investigate the transcriptomic patterns necessary for the differentiation of 

specific cell types. iPSCs are stem cells generated through the reprogramming of somatic 

cells to revert them back to a pluripotent state.10 Understanding the transcriptomic patterns 

necessary for iPSCs to differentiate reliably to specific cell types could pave the way for 

inducing MG-directed regeneration of cells in the human retina. This would be desirable as 

a much less invasive clinical technique compared to stem cell injections and prosthetics.   

While animal models have been helpful for studying many retinal diseases,11–14 the 

complex genetic nature of RD renders these models suboptimal for elucidation of 

underlying mechanisms of human development and disease.15 As such, in vitro models 

such as iPSC-derived organoids have gained popularity because of their human 

background. Concurrently, rapid progress in the field of bioinformatics has allowed for 
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many new insights into the developing human retina. Single-cell RNA sequencing 

(scRNA-seq), in particular, has led to new high-resolution insight into the way distinct cell 

populations within the retina change over time.16–19 Even more recently, advances in 

machine learning (ML) and artificial intelligence (AI) have begun to pave the way for new 

and efficient ways of processing data.20,21 In Python, the scvi-tools package can be used for 

many types of probabilistic analyses using neural networks,22 such as integration of data23 

and label transfer.24 These kinds of new tools allow researchers to derive more information 

from biological data, alleviate technical noise and uncover true biological trends hidden 

beneath the surface. 

In this thesis, I examine PRs purified from iPSC-derived rORGs (O-PRs). rORGs 

are formed by aggregating iPSC cells and allowing them to spontaneously differentiate and 

develop into the maturing retina, with notable features like the PR outer segment and RPE. 

The presence of a CRX-mRuby3 reporter built into the original iPSCs allows PRs to be 

identified based on fluorescence (Fig 1c). For this project, the purification of O-PRs was 

performed by fluorescent activated cell sorting (FACS) with mRuby3 red fluorescence (Fig 

1d). Purified O-PRs were processed for scRNA-seq (Fig 1e) at days 90 and 120 to validate 

the cellular identity of these cells. These timepoints were chosen because they represent a 

critical juncture in rod and cone PR development, wherein cones have begun maturing and 

rods have just started to appear. Analyzing multiple timepoints allows for a more in-depth 

analysis where development of O-PRs can be explored through elucidation of trends in 

gene expression patterns and functional pathways. Additionally, understanding the patterns 

and key developmental timepoints of PRs, including rod and cones, in rORGs could lead to 
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a better understanding of possible MG trans-differentiation strategies, contributing to the 

long-term goal of rescuing RD disease phenotypes in humans. 

Analysis of O-PRs by scRNA-seq (Fig 1f) confirmed their PR-like identity. I found 

that cone marker genes (e.g. PDE6C, ARR3) were expressed convincingly in day 90 and 

120 O-PRs, while rod marker genes (e.g. NR2E3, NRL) did not show significant expression 

until day 120. These observations were in line with the timeline of rod and cone PR 

development (Fig 1b).  Importantly, once expressed, both rods and cones were present in 

distinct clusters. O-PRs were also compared to published in vitro and in vivo datasets 

through integration and ML-based label transfer, which further confirmed PR-like identity 

and developmental trajectory.   

Along with the explosion in popularity with single-cell technology comes a need 

for reproducibility in publications utilizing the various tools being rapidly developed. 

Recently, the National Institutes of Health (NIH) introduced the Rigor and Reproducibility 

policy for grant submissions,25 and high-impact journals such as Cell and Nature have 

adopted the FAIR (Findable, Accessible, Interoperable, Repeatable) standards26 for the 

articles they publish. A secondary goal of this work is to provide a template for the 

computational analysis of human cell-type models, retinal or otherwise. Towards the 

aforementioned goals of reproducibility, all the code used in the analyses presented in this 

thesis has been documented and published on GitHub with the goal of enabling scientists 

without a bioinformatics background to perform their own analysis on their data27.    
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Materials & Methods 

Retinal Organoid Culture 

Organoids were grown using a modified version of previously published 

protocols.28,29 Briefly, iPSCs with the endogenous CRX-mRuby3 and ARR3-TagBFP2 

reporters were grown to 70% confluence and dissociated to single cells, counted, and 

seeded into each well of a non-TC 96-well U-bottom plate at 2,000 cells per well in 

mTeSR plus 2µM Thiazovivin. Aggregates formed overnight and were then gradually 

transitioned into 100% Neural Induction Media (NIM) from day 1 to day 3. NIM consisted 

of DMEM/F12 (Life technologies catalog #11330-057), 1% N2 supplement, 1% MEM 

non-essential amino acids, 1% anti-anti, and heparin (2 µg/ml). On day 6, the NIM was 

supplemented with 1.5nM BMP-4. On day 8, organoids were plated on FBS-coated plates 

and allowed to attach and develop until day 16, while BMP4 was gradually depleted. On 

day 16, organoids are lifted from the plate, and transferred into a 1% FBS Retinal 

Differentiation Media (RDM). RDM consisted of DMEM/F12 (3:1), 2% B27 supplement, 

1% MEM non-essential amino acids, and 1x anti-anti) with 1% fetal bovine serum (FBS). 

From days 16 to 25, the FBS concentration was gradually increased to 10%. From day 25, 

organoids were fed with Long Term Retinal media (LTR). LTR consisted of a 3:1 mix of 

DMEM (Invitrogen #11965): F12 (#11765: Invitrogen) with 1% B27 (#17504044: 

Invitrogen), 10% heat inactivated FBS (#16140071; Invitrogen), 1 mM pyruvate (#11360; 

Invitrogen), 1xNEAA (#11140, Invitrogen), 1X Glutamax (#35050061; Invitrogen) and 

1 mM taurine (#T-8691; Sigma). From days 50 to 120, the LTR was supplemented with 

All-Trans Retinoic Acid (ATRA).  
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Fluorescence Activated Cell Sorting (FACS) of Retinal Organoids 

iPSC-derived rORGs with the built in endogenous CRX-mRuby3 and ARR3-

TagBFP2 reporters were grown to timepoints day 90 and 120 for FACS. At these 

timepoints, organoids were dissociated using papain and loaded into a Biorad S3 FACS 

sorter to isolate CRX+ PRs and CRX+/ARR3+ cones. The ARR3-TagBFP2 reporter did not 

produce a pure population of cone PRs, likely due to the immature nature of rod and cone 

PRs at days 90 and 120. For further analysis, all the FACS samples were pooled, yielding a 

CRX-mRuby3 positive PR population with both rods and cones. 

 

Single-cell RNA Sequencing (scRNA-seq) of O-PRs 

scRNA-seq of CRX+ FACS-purified O-PRs was performed at organoid days 90 and 

120 (n=1, 2) to investigate the crucial timepoint when PRs emerge and begin to mature. 

For each replicate, 5,000 cells were collected in 5uL of cell resuspension buffer for 

particle-templated instant partition sequencing (PIP-seq)30.  Cells were captured, lysed and 

libraries were prepared according to manufacturer’s instructions (PIPseq™ T2 3’ Single 

Cell RNA Kit v4.0). Briefly, mRNA was captured from samples via addition of breaking 

buffer to disrupt the stable emulsion, and cDNA was amplified and isolated from the PIPs 

by SPRI magnetic bead purification. The quality and quantity of cDNA was assessed using 

a 4150 TapeStation with the D5000 ScreenTape (Agilent Technologies). Samples with 

>10ng cDNA and peaks within the acceptable range were carried forward for library 

preparation. Fragmentation, end repair, A-tailing and adapter ligation were carried out 
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followed by sample index PCR with unique dual index combinations. Sequence-ready 

libraries were again tested for quality and quantity on the TapeStation with a high-

sensitivity D1000 ScreenTape. Sequencing was performed on a NovaSeq 6000 (100-bp 

paired-end reads, Illumina) at the UCSD Institute for Genomic Medicine (IGM) Core to 

obtain 150-200 million reads per sample.  

 

scRNA-seq Analysis of O-PRs 

Processing of raw reads was carried out using Pipseeker (v3.0.5, 

FluentBiosciences) to obtain filtered count matrices. Briefly, barcodes and molecular 

identifiers were assigned to reads, reads were mapped to the reference genome using 

STAR,31 transcripts were quantified, and cell calling was performed using a knee plot at 

multiple sensitivity levels. For each sample, cell calling was checked manually to ensure 

that the tradeoff between number and quality of cells was acceptable. After Pipseeker 

processing, filtered count matrices were loaded into R (Seurat v4.4)32 or Python (Scanpy 

v1.10.1)33, and basic filtering and preprocessing was carried out. Briefly, barcodes were 

made unique, outliers in total RNA and cells with high mitochondrial gene expression (> 

5%) were filtered out. Next, dimensionality reduction was performed by first calculating 

principal components and then using uniform manifold approximation and projection 

(UMAP) to visualize the cells in 2D space. Additionally, clustering was performed with the 

Louvain algorithm to color cells that were most similar to each other. From this point, 

various analyses were carried out, including gene expression analysis, pathway analysis, 

integration and label transfer.  
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Gene Expression and Pathway Analysis 

Gene expression and pathway analysis was done with Seurat (v4.4). Gene 

expression was visualized with the DotPlot function. Additionally, UMAPs were plotted 

using the DimPlot and FeaturePlot functions to highlight Louvain clusters and expression 

of specific genes in each cell, respectively. Retinal progenitor cells (RPCs) were identified 

in two Louvain clusters based on their lack of expression of typical PR markers (e.g. CRX, 

NEUROD4) and expression of immature RPC markers (e.g. HES5, PAX6). Pathway 

analysis was then performed between different groups (retinal progenitors, day 90 O-PRs 

and day 120 O-PRs) by first generating lists of group-specific markers with the 

FindMarkers function. The resulting markers for each group were sorted by their log2FC to 

create a ranked list of genes that were differentially expressed in that group of interest. 

From there, gene set enrichment was performed with the gseGO function from the 

clusterProfiler (v4.12.0)34 package to obtain top enriched pathways for each group, which 

were then plotted with barplots sorted by net enrichment score (NES). Barplots were 

generated in Python (v3.9) using the seaborn (v0.13.2) barplot function.35 Heatmap of 

select genes from each group was plotted by generating pseudobulk data with the 

AverageExpression function.   

 

Integration Analysis 

Integration was carried out using Seurat (v4.4). First, the SelectIntegrationFeatures 

function was used to select features that showed high variance in each dataset. Next, 
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anchors for each dataset are found using FindIntegrationAnchors. These anchors represent 

pairs of cells across the two datasets which are determined to represent a similar biological 

state. Selecting them as anchors allows for harmonization of the data, which is done using 

the final function IntegrateData, which performs integration based on the anchor set. After 

these steps, the integrated data is processed as normal by performing scaling, 

dimensionality reduction and clustering, and then visualized on a UMAP colored for the 

original sample to determine overlap. This overlap can show us which cells in each dataset 

are similar to each other, making it a useful tool for comparisons between datasets.  

 

Label Transfer Analysis of day 120 O-PRs 

Label transfer was done in Python (v3.9) with scanpy using the scvi-tools package 

(v1.1.2)22. Briefly, day 120 O-PRs and previously published reference datasets were 

loaded, and reference data was subsetted to keep only rod and cone PRs. The data was then 

filtered for outliers, including total genes expressed and mitochondrial gene percentage, 

and the reference data was concatenated with day 120 O-PRs. The resulting anndata object 

was setup for label transfer using the model.SCVI.setup_anndata function. Next, a 

variational autoencoder (VAE) model was generated from the anndata object using the 

model.SCVI function, and this model was trained using the train function. The function 

model.SCANVI.from_scvi_model was then used to generate a VAE from the datasets, and 

finally after another training round labels were predicted for day 120 O-PRs using the 

predict function. UMAPs were used to visualize the unlabeled versus labeled day 120 O-

PRs, as well as the original references datasets 
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Data and Code Availability 

Single-cell data matrices from day 90 and 120 O-PRs as well as all code used to 

generate figures is publicly available in a GitHub repository.36 All external datasets used in 

this work can be found in the references of this manuscript as well as in the same GitHub 

repository.   
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Results 

O-PRs Display PR-like Identity 

 To assess the transcriptional identity of organoid-derived PRs (O-PRs), scRNA-seq 

was carried out on O-PRs sorted from both day 90 and 120 rORGs using CRX as a reporter 

for PRs. Cells were clustered using the Louvain algorithm and projected into two-

dimensional space by a uniform manifold approximation and projection (UMAP) to 

visualize the clustering pattern and gene expression of O-PRs (Fig 2a,b). Cell type marker 

analysis across all clusters revealed that most clusters displayed strong neuronal (DLG4, 

MAP2, TUBB3)37 and PR (CRX, OTX2, NEUROD4, RCVRN)37–39 marker gene expression. 

Markers for glial (S100B, PDGFRA, OLIG2)37, amacrine (GAD1, TFAP2B, TFAP2C)37, 

horizontal (LHX1, CALB1, PTF1A)37, bipolar (NETO1, PCP2)37,40 and RGC (POU4F1, 

SNCG, NEFL)37 were not expressed to any meaningful levels, as expected. This confirmed 

the purity of the O-PR population. Notably, clusters 8 and 9, made up of cells from both 

day 90 and 120 O-PRs, expressed retinal progenitor cell (RPC) markers VIM, PAX6, SOX2 

and VSX2 (Fig 2b).41,42 VSX2 was also observed to a lesser degree in clusters 1, 5 and 6, 

indicating that some cells in these clusters were at some state between an RPC and a 

committed PR. Additionally, cluster 10 clustered closer to the RPC than the PR clusters on 

the dotplot. Cluster 10 did express small amounts of PR and RPC markers, but its identity 

was unclear because of low marker expression across the board, as well as a low number of 

cells (22 cells, or only 0.58% of the total). It is possible that it represents a different group 

of RPCs than those present in clusters 8 and 9.    
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To further explore this progenitor identity, gene set enrichment analysis (GSEA) 

was carried out to identify biological pathways that were upregulated in clusters 8 and 9. 

Genes were ranked by their differential expression in clusters 8 and 9 versus all other 

clusters, and the top 10 pathways by net enrichment score (NES) were visualized with a 

bar graph. Top pathways included many proliferation and developmental processes, such as 

regulation of neural precursor cell proliferation (GO:2000177), regulation of cell 

population proliferation (GO:0042127) and tube morphogenesis (GO:0035239) (Fig 2c). 

Similar analysis was conducted on day 90 O-PRs versus RPCs and day 120 O-PRs vs 

RPCs to assess enriched biological mechanisms in the two timepoints. Top pathways 

enriched in day 90 O-PRs included many neuronal mechanisms related to synaptic activity 

and chemical transmission, while the top day 120 O-PR mechanisms showed terms more 

indicative of photoreceptors, including sensory perception of light stimulus (GO:0050953) 

and visual perception (GO:0007601), showing a clear increase in PR-like activity from day 

90 to 120 (Fig 2c). Looking past the top 10 pathways in each group showed that while not 

as significantly enriched as in day 120, day 90 O-PRs still showed upregulation of 

photoreceptor-specific pathways. Enrichment plots for the detection of light stimulus 

(GO:0009583) term were generated for RPCs, day 90 O-PRs and day 120 O-PRs. While 

the pathway was downregulated in RPCs, both day 90 and 120 O-PRs showed significant 

enrichment of the process, with day 120 showing a larger presence of genes in the gene set, 

especially towards the top of the ranking. Ten functionally important genes for PR 

development (e.g. PRPH2, RCVRN, ROM1) from the detection of light stimulus pathway 

were plotted in a heatmap to highlight the upwards trend of genes involved in visual 
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perception by averaging gene expression of cells in each group (Fig 2d). This scRNA-seq 

data thus showed convincing evidence that day 90 and 120 O-PRs display a strong PR-like 

identity, using marker gene expression and pathway analysis.  

Many types of RD specifically affect one PR subtype more severely. For example, 

RP often leads to night blindness and loss of peripheral vision, symptoms associated with 

rod PR degeneration.43 Given the importance of rod and cone PR subtypes, I next set out to 

investigate the ability of O-PRs to recapitulate this subtype diversity found in typical PRs.  

 

O-PRs Show Signs of Rod and Cone Photoreceptor Subtypes  

 UMAPs were once again generated and visualized for cell populations (day 90/120 

RPCs, day 90 O-PRs and day 120 O-PRs) as well as Louvain clusters (Fig 3a). Gene 

expression of cone (GUCA1A, PDE6C, GNAT2, ARR3) and rod (NR2E3, NRL, PDE6B, 

GNAT1) markers were plotted in a dotplot across all Louvain clusters. Clusters 0, 2 and 4 

showed strong expression of cone markers, while clusters 6 and 7 showed the strongest rod 

marker expression. Out of these 5 clusters, only cluster 0 was from the day 90 O-PRs, 

indicating that most clusters expressing specific cone or rod markers were from the more 

mature day 120 O-PR group (Fig 3b). Additionally, almost all cells expressing significant 

levels of rod markers were from the day 120 group, which aligns with the developmental 

timeline of the retina, in which cones develop first and rods begin to develop only around 

day 100. To elucidate the maturity of the rod and cone populations in O-PRs, a UMAP was 

plotted, and cells were colored according to how many of the 4 cone or rod marker genes 

they expressed. Arrows were drawn on the UMAP to highlight maturation trends. These 
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trends indicate that the rods and cones present in O-PRs have not arrived at a steady state 

and are likely to still be maturing (Fig 3c,d). In a fully mature retina, the gene expression 

would reach this ‘steady state’ where distinct trends would not be observed. Notably, there 

was significantly less expression of rod markers overall compared to the cone markers, 

which is consistent with the developmental timeline, in which cones begin developing 

earlier than rods. More mature timepoints up to and past day 200 would likely be necessary 

for full maturation of rod and cone PRs. This is consistent with previous studies that show 

the transcriptome of rORGs do not stabilize until as late as days 210-270.18 

 Up until this point, I have assessed the PR-like identity of O-PRs through 

investigations centered around expression of specific cell type markers. While this is a 

good benchmark, comparison of O-PRs to other published datasets, especially those 

generated from in vivo methods (fetal and adult donors) offer the best tools for assessing 

validity of induced cell types. In fact, the fetal retina has been found to closely match the 

developmental steps of rORGs.39  

 

O-PRs Integrate Well with in vivo Datasets 

 In order to test the compatibility of O-PRs with human fetal data, recently 

published scRNA-seq gene expression matrices were obtained at fetal timepoints day 82 

and 105,39 to be compared with day 90 and 120 O-PRs, respectively. Day 90 O-PRs 

integrated well with the PR population from day 82 fetal retina, and day 120 O-PRs 

integrated similarly with day 105 fetal retina, with slightly less overlap possibly due to the 

larger difference in the timepoint (8 days versus 15 days) (Fig 4a). PR populations were 
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determined by expression of markers OTX2 and RCVRN, as was done in the original 

study.39 Overlap and nearby clustering of cells from the two datasets tells us about the 

similarity of the two groups. Dataset integration occurs through the elucidation of 

integration anchors, pairs of cells that represent similar biological states across the groups. 

Using these anchors, I harmonized the datasets together and plotted them. After these 

steps, similar cells will cluster very close to each other, or even overlap. Thus, this 

integration analysis was performed to show that O-PRs at both day 90 and 120 are similar 

to fetal PRs at similar timepoints. However, the integration does not tell us anything 

regarding the cone and rod PR subpopulations present in O-PRs since the reference dataset 

was not labeled for rod and cone subtypes.  

 

Reference Datasets Highlight both Rod and Cone PR Populations in day 120 O-PRs 

 Rod and cone O-PR populations were investigated through marker gene expression 

and resulted in the elucidation of distinct clusters. However, this analysis is limited by the 

small number of genes analyzed.  Label transfer analysis takes a pre-labeled reference 

dataset and transfers these labels onto unlabeled experimental data using a ML model. 

Since this ML model is trained on all dimensions of the reference data, using this strategy 

to identify rod and cone populations in our dataset compliments marker gene analysis by 

utilizing cells’ entire gene expression vectors. In order to confirm that day 120 O-PRs 

contain distinct rod and cone PR populations, reference data from iPSC-derived rORG 

PRs18 and adult human PRs44 were both used to separately label day 120 O-PRs using a 

machine learning model. Label transfer with both references resulted in similar 
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classification of rod and cone PRs in day 120 O-PRs (Fig 4b,c), showing that both cell 

types in day 120 O-PRs mimic in vitro and in vivo datasets further confirming their validity 

as a model for human PRs. Additionally, this result implied that rods and cones contain 

similar characteristics in in vitro and in vivo models, although a more comprehensive study 

focused on this would need to be carried out to confirm.   
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Discussion 

 

O-PRs as a Model for Human PRs  

 In this work I analyzed O-PRs to assess their suitability as in vitro models of human 

PRs. Using multiple analytical methods, I concluded that O-PRs do recapitulate PR 

identity. This was shown through analysis of the transcriptomic patterns of the O-PRs, as 

well as investigation of enriched biological pathways based on differentially expressed 

genes. Through similar analysis, I also found that the O-PRs showed distinct rod and clone 

clusters. Rod specific marker genes such as NRL and NR2E3 have been shown to turn on 

around the day 100 mark in organoids6 and around day 80 in fetal retina,45,46 which is 

consistent with the fact that there was not a significant level of rod marker (e.g. NRL, 

NR2E3) expression apparent in day 90 O-PRs, while day 120 O-PRs showed some clusters 

with significant expression of these markers. Cones, on the other hand, are known to 

develop earlier5 and as such showed strong marker (e.g. GUCA1A, ARR3) expression in 

both day 90 and 120 O-PRs. In general, cells with cone markers were more abundant than 

those with rod markers, even when looking only at day 120 O-PRs. 

Day 90 and 120 O-PRs reflect human PRs at comparable stages in development, 

but importantly, they do not recapitulate fully mature PRs, nor did I expect them to. This 

lack of maturity was evident when looking at the upwards trend in PR-specific functional 

pathways,  as well as the progression of specific pathways through the RPC, day 90 O-PR 

and day 120 O-PR groups. A lack of maturity was additionally evident in pseudotime 

analysis of rod and cone markers. Pseudotime analysis is a popular method for inferring a 

developmental trajectory of cells at some singular timepoint,47 and it works by identifying 
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key ‘ordering genes’ and generating a trajectory based on trends in their expression. In this 

work, I performed a much-simplified version of this kind of analysis by visualizing co-

expression of four rod and four cone markers using UMAPs. If O-PRs were fully mature, I 

would expect to see a ‘steady-state’, wherein no trends would be observed within clusters. 

However, the plots indicate clear trends of less-to-more marker gene expression, 

confirming the ongoing maturation at this timepoint.  

Another indication that day 90 and 120 O-PRs have not finished development was 

the presence of a distinct RPC cluster in the data. Retinal cell differentiation from RPCs is 

a complex topic. Multiple methods of differentiation have been proposed, mainly: multi-

potent RPCs whose competency changes intrinsically with time to allow for generation of 

different cell types, fate-restricted RPCs with intrinsic patterning that give arise to specific 

retinal subtypes and multipotent RPCs whose fates are determined by extrinsic 

environmental cues.48 Growing evidence, however, lends to the conclusion that the true 

mechanism is that RPCs go through different states of competency which allow to give rise 

to specific cell types.49–52 In agreement with this model, we see RPC clusters in both day 

90 and 120 O-PRs, indicating that through these two timepoints a small population of 

RPCs continues to be present, further confirming the conclusion that day 120 O-PRs have 

not reached maturity. Interestingly, expression of some of the RPC markers used (e.g. VIM, 

VSX2) was detected to some degree in clusters outside of 8 and 9, possible highlighting 

RPCs at various stages of differentiation. Why RPCs were detected in our dataset is not 

completely clear since cells were based on FACS sorted CRX-mRuby3+ expression. One 

possibility is that CRX negative cells  were not gated as stringently as possible. On the 
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other hand, some of the progenitors did express CRX which calls into question how mature 

CRX+ cells are at the time of collection. Regardless, the presence of these RPCs is useful 

for the interpretation of the state of day 90 and 120 O-PRs and strengthens the conclusion 

that O-PRs are indeed a good model for PRs. 

In summary, in this thesis I show that O-PRs do capture PR-identity, including the 

presence of rods and cones, and that at day 90 and 120 they are still developing and not 

fully mature. This also implies that rORGs at this timepoint likely lack many other late-

born retinal cells such as MG and bipolar cells. 

 

Purification of O-PRs 

 While previous work has been carried out analyzing PRs in whole retinal 

organoids,18,39 my work importantly analyzes O-PRs that have been physically purified 

from non-PR retinal cells before sequencing and subsequent analysis. The ability to purify 

these PRs with the CRX-mRuby3 cassette is an important step towards studying PRs in 

vitro. Although purification of the PR population was successful, the purification of rod 

and cone PRs as separate fractions using an endogenous ARR3-tagBFP cassette did not 

yield completely pure populations. Though ARR3 was expressed in cone clusters, some 

mixed expression due to the immaturity of the PR subtypes likely contributed to its non-

specificity.  It is possible that upon repetition of this experiment with later, more mature 

timepoints, the ARR3-TagBFP2 reporter would allow for FACS separation of rods and 

cones.  
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Future Induced PR Studies and Retinal Organoids as a Model for Regeneration 

The long-term goal for rORGs is to use them as a drop-in replacement for the in 

vivo human retina. In vitro trans-differentiation of MG into specific cell types that have 

been lost to injury is the holy grail of retinal regeneration and is a highly complex task. The 

entire process can be divided into two main steps: dedifferentiation of MG to a 

proliferative, stem-cell like state and the differentiation of these cells into the cell type of 

interest, in this case, PRs. Many groups have been working on the first step by studying the 

proliferative potential of MG in different models.53–57 On the other hand, this work 

presents insight on the second step of the process, wherein the proliferative cells must 

differentiate into PRs. Understanding the developmental trajectories and transcriptomic 

patterns of O-PRs could conceivably aid in the elucidation of differentiation pathways. 

However, for these O-PRs to be fully established as a good model more timepoints beyond 

day 90 and 120 must be studied to get a complete picture of the maturation of these O-PRs 

into late-stage maturity. Additionally, further analysis can be done on the data generated 

from the day 90 and 120 O-PRs regarding functional activity of the PRs, and de novo 

discovery of important genes. Once these necessary steps have been taken, experiments on 

overexpression of key genes to push proliferating MG into a PR-fate could begin to take 

place. 

 

scRNA-seq as a Viable Technology 

 As with many studies in the field of retinal development, and especially retinal 

organoid-based studies, this work relies entirely on scRNA-seq for its analysis. While it is 



21 

 

a powerful tool with many capabilities, like many technologies, one leg can be hard to 

stand on. Compared to traditional (bulk) RNA-seq, scRNA-seq poses a problem of 

significantly lower sequencing depth. Whereas a typical RNA-seq dataset could garner 20-

50+ million reads per sample, single cell sequencing studies often fall around 100,000 

reads per cell. This significant drop in coverage means that relatively lowly expressed 

genes that would make it into an RNA-seq dataset could get dropped from a scRNA-seq 

dataset, perhaps due to bias introduced during amplification. 

Additionally, problems may arise for datasets with a homogenous population. With 

a highly similar dataset, like a pure population of one cell type, the similarities between 

cells often outweigh the differences, leading to unexpected clustering behavior unhelpful to 

answering questions about the biological state of the cells. While this study did contain a 

mostly pure population of PRs, the rod and cone subtypes were distinct enough to add 

some heterogeneity to the dataset. In a recently published study on induced RGCs (RGC-

iNs),37 scRNA-seq was used to successfully look at the developmental trajectory of RGC-

iNs through three weeks. The scRNA-seq was also able to unveil some details about the 

types of subtypes that may be present. However, unlike PRs, RGC subtypes are not as well 

understood, and have many overlapping markers and transcriptomic profiles. As such, 

attempts to extract distinct cell type populations in RGC-iNs was inconsistent. On the other 

hand, highly heterogenous datasets like whole-organoid data produce extremely relevant 

clusters because of the relatively large gap in transcriptomic profiles. Researchers should 

be cautious when planning experiments and deciding if scRNA-seq alone is the best 

approach. Often, the best option is using both RNA-seq and scRNA-seq to compliment and 
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enrich each other. On this note, a key step in bolstering the work done in this study will be 

to perform bulk-RNA-seq to add confidence to the conclusions put forth here.  

  



23 

 

Figures 

Figure 1: Experimental overview 

(A) Drawing depicting the layered anatomy of the retina. (B) Overview of the CRX-

mRuby3 reporter system and its PR-specific labeling. (C) Developmental timeline of 

retinal organoids, including four main phases. Timepoints sequenced in this study are 

shown in red underneath the timeline. (D) Overview of fluorescence activated cell sorting 

(FACS) workflow used to sort out CRX-mRuby3 positive cells, resulting in a pure PR 

population. (E) Particle templated instant partition sequencing (PIPSeq) workflow by 

which sorted PRs were prepared for sequencing. (F) Schematic depicting the single-cell 

RNA sequencing workflow.
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Figure 2: Single cell sequencing of O-PRs reveals PR-like identity. 

(A) UMAPs of O-PRs colored by timepoint (top) and louvain clustering (bottom). (B) 

Dotplot indicating expression of select cell type marker genes in each louvain cluster (top) 

and UMAPs displaying expression of neuronal (MAP2), photoreceptor (CRX) and retinal 

progenitor (VIM) markers. (C) Barplots depicting top 10 gene ontology pathways  by net 

enrichment score (NES), generated from list of genes ranked by their differential 

expression in the  putative progenitor clusters (8, 9) versus all other clusters (left), day 90 

O-PRs versus all other clusters (middle) and day 120 O-PRs versus all other clusters 

(right). (D) GSEA enrichment plots of the Detection of Light Stimulus pathway 

(GO:0009583) across progenitors, day 90 O-PRs and day 120 O-PRs (left) and heatmap of 

normalized counts of select genes from the pathway 

 

 



26 

 



27 

 

 

Figure 3: Day 90 and 120 O-PRs show evidence of maturing rod and cone 

populations. 

(A) UMAPs of O-PRs colored by population (left) and Louvain clustering (right). (B) 

Dotplot indicating expression of retinal progenitor, cone, rod and photoreceptor markers in 

each louvain cluster. (C) UMAP highlighting the overlap of select cone markers 

(GUCA1A, PDE6C, GNAT2, ARR3). (D) UMAP highlighting the overlap of select rod 

markers (NR2E3, NRL, PDE6B, GNAT1). (C-D) Genes were considered expressed if they 

had normalized count > 1. Arrows indicate maturation trends within clusters. 
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Figure 4: Day 90 and 120 O-PRs compared with fetal, adult and organoid Datasets. 

(A) Integration of day 90 (left) and day 120 (right) O-PRs with human fetal retina scRNA-

seq data taken from Sridar et. al., 2020. PR population is circled, as determined by 

expression of markers OTX2 and RCVRN. (B-C) Label transfer of day 120 O-PRs using 

(B) retinal organoid data from Cowan et. al., 2020 and (C) human adult retina data from Li 

et. al., 2023 as references. PR populations are circled, determined by labels from reference 

datasets.  
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