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ABSTRACT OF THE THESIS

Investigations Into Factors Regulating Early Retinal Development

by

Kevin W. Mazo

Master of Science in Biology

University of California San Diego, 2024

Professor Karl Wahlin, Chair
Professor Nicholas Spitzer, Co-Chair

Retinogenesis, the development of the retina, is regulated by dynamic changes in transcriptional
expression and the chromatin landscape. While model organisms have contributed significantly to
understanding retinal development, they do not allow studies of human-specific conditions. We utilized a
SIX6-eGFP/VSX2-tdTomato dual fluorescent pluripotent stem-cell (PSC) line and grew retinal organoids
(ROs) through 45 days. RNA- and ATAC-seq analyses through 45 days revealed transcriptomic and
chromatin-landscape regulatory changes thatdriveretinal developmentandthe activation of retinal specific

pathways. To study an early modifier of retinal development we also investigated the Sonic Hedgehog
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(Shh) signaling pathway by modulating the timing and concentration of a smoothened agonist (SAG) in
SIX6-eGFP/POU4F2-tdTomato dual reporter ROs. Early SAG treatment led to the development of non-
retinal tissue while later treatment favored retinal development, indicated by robust POU4F2-td Tomato
expression. To investigate factors governing the formation of retinal ganglion cells (RGCs; the first cell
born in the eye), we developed an inducible transgene cassette expressing the transcription factors (TFs)
NEUROG2-ATOH7-I1SL1-POU4F2 which, in combination with Bone Morphogenic Protein (BMP)
inhibition, led to robust formation of RGC-like neurons in as little as one week. An RGC-like identity was
validated via fluorescent reporter expression, transcriptomic analysis, and electrophysiology. Our findings
provide a better understanding of the complex interplay of transcriptional regulation, chromatin dynamics,
and microenvironmental cues in RO development and advancing our understanding of retinal biology.
Generating RGC-iNs illuminates factors governing RGC formation and provides insight into the early

formation of the ey

Xiii



Chapter1  INTRODUCTION

Human Retina Organization, Cell Types, and Lamination.

Vertebrate visual sensation occurs in the retina of the eye. Cells of the vertebrate retina are
stratified into clearly defined layers. These layers include the outer nuclear layer (ONL) housing
photoreceptors (PRs), outer plexiform layer (OPL) composed of horizontal cells (HCs), inner
nuclear layer (INL) containing bipolar cells (BCs), inner plexiform layer (IPL) consisting of
amacrine cells (ACs), and ganglion cell layer (GCL) populated with retinal ganglion cells (RGCs)
[1] (Figure 1A). During phototransduction, photoreceptors detect photons and initiate a messaging
cascade that converts photons into cyclic GMP, which ultimately works to close calcium ion
channels [2]. This closure induces a hyperpolarization of PRs, leading to decreased action potential
activity that signals to BCs. Thus, photoreceptors are turned off (not activated) in response to light.
BCs are classified into on-bipolar cells and off-bipolar cells. Off-bipolar cells are activated by
glutamate signaling, indicating a lack of photon detection in PRs, while on-bipolar cells contain
an inhibitory mGIluR6 glutamate receptor which inhibits action potential activity in the presence
of glutamate thereby inhibiting action potential activity in the dark [3]. BPs subsequently signal to
RGCs, which consist of a variety of distinct subtypes. Three RGC subtypes include midget (M-)
ganglion cells, parasol (P-) ganglion cells, and intrinsically photosensitive (ip-) retinal ganglion
cells, with these cell types comprising 90%, 5%, and 1% of RGCs respectively [4; 5]. Finally, the
axons of RGCs then bundle together to form the optic nerve, which projects to the Lateral
Geniculate Nucleus of the hypothalamus, establishing connectivity to the brain for further

processing.



Transcription Factors Involved in Ventral Central Nervous System Patterning.

The transcription factors Six3 and Six6 regulate the growth of retinal progenitor cells
(RPCs) as well as the hypothalamus and pituitary [6; 7]. As the retina further develops, distinct
cell types are born. Around 12 weeks of human development retinal progenitor cells begin to
express Atoh7 which is required for RGC formation in all vertebrates [8]. RGC formation is
followed by the birth of CRX expressing cones, Prox1 expressing HCs, Pax6 expressing ACs, Nrl
expressing rods, and Vsx2 expressing BCs [9]. While these factors are exclusive to the mature
retina, RPCs express many of these cell type markers including Pax6 [10]. Many of these factors
are individually expressed in a variety of tissues, such as SIX6 in both the hypothalamus and retina
or POU4F2 expression in both RGCs and the cortex[11; 12]. The co-expression of SIX6 and
POUA4F2, however, is exclusive to the retina. This necessitates a combinatorial expression of these
transcription factors for retinal development. Each of these transcription factors work to regulate
signaling pathways that are important for terminal cell type differentiation [13] (Figure 1D). Pax6
expression, for example, is regulated by bone morphogenetic protein (BMP) and works to regulate
Shh activity.

Ventral/Dorsal Patterning.

In early central nervous system (CNS) development, three primary brain vesicles form -
the prosencephalon, mesencephalon, and rhombencephalon [14] (Figure 1B). These primary
vesicles then further develop into secondary vesicles, with the prosencephalon splitting into the
telencephalon and diencephalon, the mesencephalon remaining, and the rhombencephalon
dividing into the metencephalon and myelencephalon. These secondary vesicles further develop
into different regions in the adult brain. The telencephalon develops into the cerebrum, the

diencephalon develops into the eye/thalamus/hypothalamus, the mesencephalon develops into the



midbrain, the metencephalon develops into the pons and cerebellum, and the myelencephalon
develops into the medulla oblongata [15] [16] [17]. During this process, pathway patterning
orchestrated by factors such as the wingless/integrated (Wnt), Shh, and BMP pathways plays a
major role in distinguishing between different vesicles of the CNS and determining the specific
tissue types that arise from these vesicles [13]. Within the diencephalon, these pathways
distinguish between ventral and dorsal tissues, with Wnt and BMP promoting a dorsal fate and
Shh promoting a ventral fate [18] (Figure 1C). Other factors work to promote dorsalization and
ventralization within the eye. During the development of the retina, an asymmetric distribution of
gene T-box transcription factor -2 (TBX2), -3 (TBX3), and -5 (TBX5) within the GCL coordinate
to promote a dorsal retina-cell fate [19]. The ventral anterior homeobox -1 (VAX1) and -2 (VAX2)
genes work in conjunction to ventralize the developing eye field and promote the formation of the
optic nerve via an inhibition of the gene paired box 6 (PAX6) [20].

Retinal Organoids.

While animal models have made invaluable contributions to scientific research, there are
certain research questions that animal models fail to address. Animal models fail to mimic human-
specific biological processes due to genetic differences and fail to allow for precise regulation of
small molecule concentrations and gradients. This underscores a need for alternative research
platforms. Furthermore, stem cell-based models allow research to be performed with human cells,
enabling greater manipulation and control over experimental variables. While PSC culture
techniques and protocols have been used for research purposes as far back as 1981, the use of
human-based stem cells has been controversial due to ethical concerns associated with harvesting
embryonic stem cells [21]. With the discovery of the Yamanaka factors Oct3/4, Sox2, KIf4, and

c-Myc in 2006, so-called induced pluripotent stem cells (iPSCs) could now be derived from



somatic tissues such as fibroblast or blood cells simply by the transient expression of these factors
[22]. Subsequent advances in stem cell research have led to development of organoid based
research models. Inthe eye field, human iPSC derived optic vesicles were first generated in 2009
by Meyer and colleagues, and the first retinal organoid (RO) was differentiated in 2012 by Nakano
and colleagues by modulating the expression of Wnt and Shh pathways [23; 24]. Wnt activity was
inhibited via the small molecule IWR-1-endo during early differentiation, and this was followed
by an activation of the Shh pathway via the small molecule SAG to push organoids towards retinal
formation. While RO protocols typically donot add SAG until one week of development, previous
studies generating hypothalamic organoids have taken advantage of early Shh activation to do so
[24; 25]. Hypothalamic organoids are generated by treating with SAG, often in combination with
other Shh activators such as purmorphamine and even SHH itself, often as early as the day of
differentiation [26] [27]. Temporal dynamics of SAG treatment cause major changes in the

development of 3D ROs, which implies a critical window for SAG timing.



Chapter 2 GENERATION AND BIOINFORMATIC
ANALYSIS OF EARLY ORGANOIDS
Generation of Human Stem Cell Derived Retinal Organoids.

Retinogenesis, the formation of the retina, involves the division and specialization of cells
into a complex and multilayered structure. While the mechanisms regulating retinogenesis are not
well understood, ongoing studies suggest that it is regulated by spatiotemporal changes in
transcription factor and signaling pathways. Recent advancements in the use of human PSCs have
allowed for novel methods to study retinogenesis in a human context. While many studies have
identified transcriptomic changes in later organoids, there has been less emphasis on earlier stages
of eye field development. To address this, we performed both bulk RNA-seq to identify
transcription factor expression changes and ATAC-seq (Assay for Transposase-Accessible
Chromatin sequencing) to identify changes in chromatin accessibility and regulatory elements of
the transcriptome. Specifically, we sought to identify transcription factors expressed early in
retinal development. To ensure that we were studying retinas, and no other neural cell types, we
used a dual reporter PSC cell line which expressed the early eye field marker SIX6 as early as 15
days in conjunction with the expression the retinal progenitor marker VSX2 as early as day 25. To
create this line, an IMR90.4 PCS line expressing eSpCas9 and rtTA at different alleles of the
AAVS1locus was used as the background for CRISPR-Cas9 based integration of a p2A-h2b-eGFP
sequence at the endogenous SIX6 locus (Figure 2A) [7]. This line was hereafter referred to as
SIX6-GFP. Next, a p2A-tdTomato sequence was introduced into the VSX2 locus just before the
stop codon (Figure 2B). To validate these changes, we grew organoids as described in the methods

section through day 50, imaged for fluorescent expression of SIX6-GFP and VSX2-tdTomato



(Figure 2C-L), and performed both bulk RNA-seq and ATAC-seq at five-day intervals from days
0-25 as well as day 35 and day 45 [25] [28].
Transcriptomic Sequencing of Early Eye Field Development.

To identify transcriptomic changes that occur in early retinal development, we analyzed
bulk RNA and ATAC-seq datasets described above. For RNAseq transcript, raw reads were
trimmed with TrimGalore and quality assessed with FastQC. Transcripts were aligned to the
reference hg38 human genome using HISAT2[29]. HISAT2 outputs were fed into featureCounts
for transcript quantification [30]. Subsequently, the count tables were input into the DESeq2
statistical package for determination of differential transcript expression between samples [31].
For ATAC-seq, peak calling, peak height measurements and motif analyses were done using a
sliding window of 400 bp in HOMER [32]. Alignment of ATAC-seq peaks with the hg38 human
genome revealed distinct patterns (Figure 3A). Principal component analysis (PCA) of both the
RNA-seq and ATAC-seq of organoids from days 0-25 showed a clear temporal trajectory of both
RNA expression and epigenetic accessibility. Notably, tight clusters were observed among
replicates at each time point (Figure 3B). We found that chromatin accessibility peaks were mostly
localized within intergenic sites (44.16%), introns (39.61%), and promoters (10.08%), and there
were relatively fewer peaks found within exons (2.511%), transcriptional termination sites
(1.29%), 3’-UTRs (1.06%), non-coding sequences (0.82%), and 5’-UTRs (0.47%) (Figure 3C).
We verified SIX6 and VSX2 expression by fluorescence microscopy and analyzed changes in
chromatin accessibility mRNA transcript expression by ATAC-seq and RNA-seq respectively.
While SIX6 had accessible chromatin peaks at its promoter from days 5-25, VSX2 did not have any
accessible peaks through day 25 (Figure 3D). This is consistent with RNA-seq data, which

confirmed S1X6 expression beginning at day 5 through day 25. VSX2 expression, however, did



not onset by day 25 suggesting that there was a decoupling between chromatin accessibility and
MRNA expression.

To gain additional insight into unknown patterns of gene expression, we next sought to
identify new differentially accessible regions (DARs) and differentially expressed genes (DEGS).
Comparative analyses of ATACseq and RNAseq datasetsbetweenday 25 and day0 revealed 2138
differentially accessible peaks (JlogFC|>0.58, p-value<0.050) and 1333 differentially expressed
genes (|logFC|>0.58, FDR<0.05) with 326 of these in common (Figure 3E). Genes that were both
differentially accessible and differentially expressed betweendays 0 and 25 notably included many
known biologically relevant transcription factors and signaling pathways. For example, DLX5,
which is a key component of the BMP signaling pathway, was differentially accessible and
differentially expressed between days 0 and 25 [33]. DLX5 increased from day 0 to day 25 from 0
counts per million (cpm) to 25.75cpm (Log2FC=26.75). This was accompanied by an increase in
motif enrichment, with an increase from FC=1.15 to FC=1.39 in the number of target sequences
containing the DLX5 motif compared to those containing background motifs (Figure 3F).
Pathway Analysis of Early Eye Field Development.

Common DAR/DEGswere used to perform pathway analysis using DAVID (The Database
for Annotation, Visualization and Integrated Discovery) [34]. DAVID identified 1487 pathways
from KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways, Gene Ontology (GO) terms,
and Uniprot (UP) keywords, of which 68s pathways were statistically significant (FDR<0.1)
(Figure 4A) [35] [36] [37] [38]. Notably, several significant pathways included the biologically
relevant pathways of regulation of axonogenesis (-log10FDR=9.98), negative regulation of mitotic
cell cycle (-logl0OFDR=6.34), and dendrite development (-loglOFDR=5.42). As organoids

develop, they undergo a loss of pluripotency and transition toa post-mitotic state. This is evidenced



by a decrease in the expression of pluripotency markers such as OCT4, THY1, and EPCAM
between days 0-25 combined with an increase in the expression of neural progenitor markers such
as HES5, SIX3, and NCAM1 (Figure 4B) [39] [40]. Further significant pathways were nervous
system development (-logl0FDR=6.59), axonogenesis (-logl0FDR=1.48), and axon guidance (-
loglOFDR=2.92). This underscores ongoing retinal differentiation characterized by the
upregulation of pathways that promote crucial steps of axon and neuron maturation that are
necessary for retinal maturation [41]. The downregulation of pluripotency genes, in combination
with the upregulation of axon guidance genes, indicates a shift away from pluripotency towards a
retinal specific fate.

Motif Discovery and Analysis.

HOMER was used to perform peak calling and motif discovery on peak tag directories at
each timepoint to characterize and elucidate relevant transcription factor and gene motifs within
the chromatin landscape [32]. Atearly timepoints such as days 0 and 5, we found that pluripotency
related motifs such as OCT4-SOX2-TCF-NANOG were highly enriched, which coincided with a
decrease in peak heights at pluripotency factor transcriptional start site accessibility. At later
timepoints we found that while pluripotency factors such as POU5F1, TCCF7, and NANOG had
decreased chromatin accessibility and motifs for retinal transcription factors such as NeuroD1 and
NeuroG2 were more highly enriched. This corresponded to an increase in the accessibility peak
heights of these retinal transcription factors (Figures 4C-D). The concurrent decrease in expression
and accessibility of pluripotency factors in combination with an increase in expression and
accessibility of retinal transcription factors, upregulation of neurogenic pathways, and changes in
motifs during retinal development suggests that chromatin accessibility and transcriptional

regulation play important roles in governing retinal development.



Discussion.

The use of organoid protocols that combine a SIX-eGFP reporter with a VSX2-td Tomato
reporter allow for studies of retinal development at the earliest stages of pluripotency and onset of
retinogenesis. We were able to perform bioinformatic analyses of early developing retinal
organoids (ROs) and identified pathways such as pluripotency and Wnt signaling that participate
in early retinal development. Organoid variability within and between experiments, however,
remains an obstacle to studies designed to use PSC based models to recapitulate human retinal
development and diseases. Some studies attribute variability as intrinsic to cell lines [42; 43], while
others attribute it to differences in differentiation itself [44; 45]. Our approach using dual stage-
specific reporters allows us to mitigate variability by selecting only for organoids expressing both
reporters, thus ensuring a retinal phenotype. Furthermore, the dual approach of RNA-and ATAC-
seq enables a complementary gene regularity study that elucidates the nature of these gene
regulatory interactions. While the abundance of peak accessibility and gene transcripts of SIX6 at
early stages is concordant with the observed eGFP fluorescence, the low levels of VSX2
accessibility peaks and transcripts at day 25 is contradictory to the observed tdTomato expression.
While this is surprising, previous studies have identified a disconnect between gene expression
and chromatin accessibility, with studies even suggesting that the chromatin accessibility profile
of the retina does not necessarily match the cell-type abundance of the retina[46; 47].

Further motif analysis performed using HOMER highlighted that chromatin accessibility
alone does not imply high gene expression. While a few genes such as NEUROG2 and NEUROG1
had significantly positive correlations between chromatin accessibility and gene expression, many
others did not. Interestingly, TCF4 had a strong negative correlation between accessibility peaks

and transcripts, implying that transcription factors may be binding to the TCF4 promoter and



preventing its transcription. While the parallel use of both ATAC- and RNA-seq helps reveal
functionally relevant chromatin landscape changes, there is some ambiguity left in this analysis.
Our study does not allow cell type specific investigations that are difficult to identify with bulk
sequencing. A combination of single cell/nuclear RNA sequencing with single cell ATAC
sequencing can be performed in the future to reveal cell type specific gene regulation, chromatin
accessibility, and cell heterogeneity. Future studies can combine chromatin immunoprecipitation
sequencing (ChlP-seq) assays to further experimentally validate the role of specific transcription
factor motifs that drive retinogenesis.

Pathway analysis of developing organoids highlights the role of developmental pathways
in retinogenesis. Pathways for neuron development involving axonogenesis, dendrite genesis, and
decrease of pluripotency are found to be relevant during organoid growth. The prevalence of these
neuron-specific pathways underscores the importance of neuron formation and neuron maturation
in retinal development. A downregulation of pluripotency pathways in combination with an
upregulation of neuronal pathways indicates that a shift away from pluripotency and towards
neurons plays a critical role in retinogenesis.
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Chapter 3 THE ROLE OF SONIC HEDGEHOG
SIGNALING IN EARLY RETINAL DEVELOPMENT
Retinal Embryogenesis.

During embryogenesis and further retinal formation, regulation in the expression of
morphogens and growth factors orchestrates the differentiation of human pluripotent stem cells
(hPSCs) into various tissue and cell types. Embryogenesis begins with the development of three
germ layer tissues (endoderm, mesoderm, and ectoderm) which give further rise to the entire
organism. The ectoderm undergoes additional specialization into the central nervous system
(CNS), giving rise to the three primary vesicles of CNS development: the prosencephalon,
mesencephalon, and telencephalon. The prosencephalon undergoes a secondary division into the
secondary vesicles of the telencephalon and diencephalon. The diencephalon in turn gives rise to
the eye, thalamus, and hypothalamus. Morphogen, growth factor, and signaling molecule
regulation works to determine the terminal fate of PSCs during differentiation.

Sonic Hedgehog Orchestration of Retinal Development.

Sonic Hedgehog (SHH) signaling plays a critical role in determining the fate of PSCs
during CNS development [48]. The SHH pathway is highly tuned in vivo and promotes a ventral
fate in developing systems. The earliest protocols used to generate human-derived ROs relied on
an activation of the SHH pathway with the small molecule Smoothened Agonist (SAG) in
combination with an inhibition of the Wingless/Integrated (WNT) pathway [24]. The timing of
SAG treatment is important for proper development in the context of ROs protocols. Protocols for
generating hypothalamic organoids require a treatment with SHH activators during the early stages

of differentiation, often as early as the first day of differentiation [27]. The significant impact of
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small temporal changes in SAG treatment induction suggested a critical window for SAG
treatment that determines the fate of 3D ROs.
The Role of SAG Timing in Retinal Organoid Development.

To investigate the impact of SAG timing on cell fate we grew ROs while beginning SAG
treatment at various timepoints in the span of initial eye field formation. We found that organoids
that were not treated with SAG had dim levels of SIX6-eGFP fluorescence at 15 days, but this
fluorescence did not sustain through 45 days (Fig. 5A-C) indicating a non-retinal phenotype.
Treatment of SAG beginning at early timepoints (days 1-6) which is then sustained through 15
days of differentiation led to an early and bright expression of SIX6-eGFP at day 15 (Fig. 5D-E).
Despite sustained SIX6 expression through day 45, POU4F2-tdTomato expression was absent
suggesting differentiation into SIX6-expressing non-retinal cells (Fig. 5F). Organoids treated with
SAG beginning at intermediate timepoints (days 7-10) sustained through 15 days had dim SIX6-
eGFP fluorescence at 15 days (Fig. 5G-H), with increased fluorescent intensity at 45 days
combined which with an expression of POU4F2-tdTomato fluorescent reporter expression
indicates a retinal lineage (Fig.51). Organoids treated with SAG beginning at a later timepoint
(days 11-14) sustained through 15 days had dim SIX6-eGFP fluorescence at day 15 (Fig. 5J-K),
which somewhat sustained expression through 45 days and was extended to a subsequent
development of dim POU4F2-tdTomato fluorescence (Fig. 5L). This suggests a development of
ROs that is less robust than intermediate SAG treatment. Quantitative analysis of GFP intensity
was performed using an ImageXpress Micro Confocal High-Content Imaging System (Molecular
Devices) for image acquisition and the MetaXpress software package with a custom module to
segment and mask GFP + areas. We measured the GFP fluorescent intensity in arbitrary units of

each organoid and found that organoids treated with SAG at earlier timepoints tended to have
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greater a slightly greater average, minimum, and maximum GFP fluorescent intensity than any
other treatment group (Fig. 5SM-P). Organoids treated at intermediate and later timepoints had
similar average, minimum, and maximum GFP intensity to the control organoids. Increased
fluorescent reporter expression of SIX6-eGFP suggests that while all ROs express SIX6, the
expression of SIX6 does not conclusively indicate a retinal identity.
The Role of SAG21k Timing in Retinal Organoid Development.

To investigate the differences between cell fate in response to SAG21k treatment timing
we grew ROs with SAG21K treatment intervals beginning at various timepoints in the span of
early to late eye field formation. We found that organoids that were not treated with any SAG21k
had no expression of SIX6-eGFP fluorescence at timepoint from 15 days through 45 days (Fig.
6A-C) indicating a non-retinal phenotype. Organoids treated with SAG21k beginning at either an
early (beginning at days 1-6) or intermediate (beginning at days 7-10) sustained through 15 days
of differentiation had an early and bright expression of our SIX6-eGFP reporter at day 15 which
was sustained through 45 days (Fig. 6D-1) despite an absence of POU4F2-td Tomato expression.
This indicated a non-retinal phenotype. The limited red fluorescent expression that appeared by
day 45 did not appear to be confined to any cells, but rather appears to be diffusely expressed and
indicative of necrotic tissue. Organoids treated with SAG21k beginning at a later timepoint (days
11-14) sustained through 15 days had some dim SIX6-eGFP fluorescence at day 15 which
diminished through 45 days, which when coupled with diffuse POU4F2-td Tomato fluorescence at
day 45 is suggestive of necrotic tissue (Fig. 6J-L). Quantitative analysis of GFP intensity was
performed using an ImageXpress Micro Confocal High-Content Imaging System (Molecular
Devices) for image acquisition and the MetaXpress software package with a custom module to

segment and mask GFP + areas. We measured the GFP fluorescence of each organoid in arbitrary
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unit and found that organoids treated with SAG21k at earlier and intermediate timepoints had a
greater average, minimum, and maximum GFP fluorescent intensity when compared to other
treatment groups (Fig. 6M-P). Organoids treated at any later timepoints had similar average,
minimum, and maximum GFP intensities as the control organoids However, this was often due to
from autofluorescence resulting from cell death. The failure of any organoids to develop
convincing POU4F2-td Tomato expression indicates that treatment with 100nM SAG21k prevents
organoids from developing into a retinal fate.

Intermediate Organoid Treatment with SAG Concentration Gradients.

We treated organoids with varying concentrations of SAG from days 8 through 15 to
investigate the impact that different levels of SHH signaling have on organoids at an intermediate
timepoint. While untreated ROs failed to develop any SIX6-eGFP or POU4F2-tdTomato
fluorescence at any timepoint (Fig. 7A-B), organoids treated with any concentration of SAG
between 9.4nM and 1200nM developed SIX-eGFP fluorescence by day 15 that was sustained
through 45 days (Fig. 7C-H). All organoids treated with 9.4-1200nM SAG from days 8 through
15 further developed POU4F2-td Tomato fluorescence, indicating a retinal phenotype. Organoids
treated with higher concentrations of SAG (2400-4800nM) initially developed SIX-eGFP
fluorescence by day 15, but this expression did not sustain through 45 days. The organoids further
failed to develop POU4F2-td Tomato fluorescence (Fig. 14G-H). The lack of POU4F2-td Tomato
fluorescence suggests that they have a non-retinal phenotype. Quantitative image analysis of GFP
fluorescence using an ImageXpress Micro Confocal High-Content Imaging System (Molecular
Devices) for image acquisition and the MetaXpress software package (Fig. 7Q-S) validated the
observed trends regarding the impact of SAG concentration on organoids.

Intermediate Organoid Treatment with SAG21k Concentration Gradients.
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We treated organoids with varying concentrations of SAG21k from days 8 through 15 to
investigate the impact that different levels of SHH signaling have on organoids at an intermediate
timepoint. While untreated organoids failed to develop any SIX6-eGFP or POU4F2-td Tomato
fluorescence at any timepoint (Fig. 71-J), organoids treated with any concentration of SAG
between 3.1nM and 800nM developed S1X-eGFP fluorescence by day 15 (Fig. 7K-P). Quantitative
image analysis of GFP fluorescence using an ImageXpress Micro Confocal High-Content Imaging
System (Molecular Devices) for image acquisition and the MetaXpress software package (Fig.
7W-Y) validated the observed trends regarding the impact of SAG concentration on organoids.
Elucidation of the Role of Sonic Hedgehog Signaling in Organoid Development.

The profound influence that SAG and SAG21k treatment had on the GFP intensity of ROs
indicates a key role that SHH signaling plays during retinal development. The observed
morphological differences between early treated and later treated organoids suggests that there is
an important timing window for SHH signaling which determines the neural tissue that develops.
Early induction of SHH signaling in combination with inhibition of WNT signaling primes
organoids to develop into hypothalamus [49]. Delaying SAG treatment, however, enabled a shift
to a retinal fate. This shift suggests that the timing of hedgehog signaling is critically important.
Furthermore, modulations in the levels of SAG exposure of organoids changes the type of tissue
that develops, which mimics the importance of SHH gradients that in vivo change which type of

tissue develops [50].

One limitation of our study was the growth of multiple optic vesicles in one organoid. Our
RO protocol leads each organoid to grow multiple vesicles which can grow subsequently into a
variety of tissues including retina, hypothalamus, and cortex. Each of these tissues secrete factors

which often inhibit the growth of other tissue types. Manual excision of optic vesicles to reduce
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the mass of growing organoids is typically performed between 10-15 days, with each optic vesicle
being isolated and grown separately. Organoids that fail to develop fluorescent reporter expression
are further segregated and discarded to prevent the secretion of factors that inhibit retinal growth.
This allows for a more controlled analysis of individual tissue types and their respective
developmental trajectories. Our study, however, did not excise optic vesicles due to issues of
scalability. In order to screen such a large range of temporal and concentration conditions,
organoids were grown at an extremely high throughput in terms that rendered optic vesicle
excision highly impractical, It is worth noting that there are RO generating protocols which do not
require optic vesicle excision [51]. In hindsight, these protocols may have offered technical
advantages by reducing variability. Unknown factor secretions may be interacting with the retinal
tissues in complex ways which can mask the precise impact that changes in SAG treatment have
on RO growth and differentiation. Furthermore, non-retinal vesicles on an organoid may be
secreting factors that promote the growth off non-retinal tissue. This would mean that our study
into the role of SAG signaling may be investigating the role of SHH signaling on non-retinal
tissues. Another challenge with our study is the inherent variability associated with organoid
culture. Organoids are notorious for their complexity and variability which can affect experimental
outcomes. To mitigate issues of variability, we grew multiple biological replicates that
successfully developed dual fluorescent reporter expression (n=3). While we were able to
successfully grow multiple replicates that expressed both SIX6-eGFP and POU4F2-tdTomato, a
substantial number of additional replicates failed to exhibit any retinal-specific fluorescent reporter
expression. The observed variability between differentiations highlights the inherent challenges in

organoid research and suggests a need for protocol standardization and optimization to increase

17



experimental reproducibility and reliability. This standardization may include investing other

factors known to be involved in retinal development such as BMP signaling.

Despite flaws in our study, it does shed light on the role of SHH signaling in retinal
development. While we elucidate the role of SHH signaling in the retina, we acknowledge that we
failed to explore the influence of other morphogens that have been previously implicated in retinal
differentiation protocols. We did not investigate the role of BMP signaling, for example, which is
used in vivo to promote a dorsal fate and has recently been used in protocols to promote a dorsal
retinal differentiation [51]. Future investigations could use concentration gradients of SAG and
BMP7 to create a more physiological retinal differentiation protocol. Techniques such as 3D
bioprinting and factor-soaked alginate beads offer promising avenues for the generation of SAG
and BMP7 gradients that would offer precise environmental control over organoid development.
Culturing organoids with these more physiological morphogen gradients would allow a generation

of more specific ROs that have an either ventral or dorsal morphology.
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Chapter 4 GENERATION OF INDUCED RETINAL
GANGLION-LIKE CELLS

Generation of Human Stem Cell Derived Induced Retinal Ganglion Cells.

A permanent deathand loss of retinal ganglion cells (RGCs) characterize many irreversible
causes of blindness. Strategies such as cell transplantation and endogenous regeneration offer
promising possibilities for treating blindness yet require a complete understanding of the
developmental program used for RGC differentiation and maturation. While these programs
remain elusive, they likely require precise orchestration of developmental transcription factors.
Early in eye development, morphogens and transcription factors such as Lhx2, Pax6, and Six6
work to coordinate early eye field and forebrain development [52]. At later stages of development,
a different network of transcription factors including Neurogenin-2 (Neurog2), Atonal homolog-7
(Atoh7), Islet-1 (Isl1), and POU class 4 homeobox 2 (Pou4f2) work to guide neural progenitor
cells (NPCs) towards a RGC-specific state [53]. Neurog2 drives neurogenesis and cell type
specification, while Atoh7 primes the induction of immature RGCs. Atoh7 then stimulates the
expression of downstream transcription factors Isl1 and Pou4f2, culminating in RGC maturation.
In mice, Isll and Pou4f2 expression disruptions during development leads to errors in axon
pathfinding and causes inadequate optic nerve development [34].

Existing protocols for generating human PSC-derived RGCs are slow and require
immunopanning to obtain high purity [54]. To enhance and expedite the creation of enriched RGC
populations, we engineered hPSCs with doxycycline (dox) inducible transgene cassettes
containing NEUROG2, ATOH7, ISL1, and POU4F2 either individually or in combination and
integrated the cassettes into the CLYBL safe harbor (Figure 8A). We found that a synergistic
approach of pre-patterning with the BMP blocking small molecule LDN-193189 (LDN) in

combination with the overexpression of NEUROG2, ATOH?7, ISL1, and POU4F2 generates RGC-
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like induced-neurons (RGC-iNs) with long, branched neurites and POU4F2-tdRomato reporter
expression in 94% of cells. Validation of RGC-like identity was further corroborated by
transcriptional profiles as determined by RNA-seq and single-cell RNA-seq (scRNA-seq) as well
as electrophysiological studies.
Direct Conversion of RGC-iNsvia NEUROG2, ATOH7, ISL1, and POU4F2 overexpression.
To explore the contributions of NEUROG2, ATOH7, ISL1, and POU4F2 in RGC
development and maturation we generated a polycistronic cassette that uses a dox-inducible
promoter coupled (TetO) coupled to NEUROG2, ATOH7, ISL1, and POU4F2 (NAIP2) and
transfected it into POU4F2-p2A-tdTomato cells. While untreated control cells had PSC-like
morphology, dox treated transiently transfected cells had limited populations of neurons among
PSC-like cells (Figures 8A-B). Encouraged by the partial conversion of transiently transfected
cells into neurons, we then stably integrated the NAIP2 cassette into the CLY BL safe harbor using
a high-fidelity EnCas12a (Figure 8C). We then selected for stably integrated cells by using zeocin
resistance and found that NAIP2 integrated cells treated with 1.0pg/mL dox and 100nM LDN
developed long branched neurites by day 6 while treated control cells did not. Furthermore, among
all transcription factor combinations tested, only NEUROG2 and NAIP2 produced high levels of
neurons (Figures 8D-L). Interestingly, only NAIP2 cells expressed the POU4F2-td Tomato RGC
reporter (Figure 8M). NAIP2 cells generated dual TUJ+/POU4F2+ cells at conversion efficiencies
of 88%, 94%, and 90% in IMR90.4, GM23720 and WAOQ09 PSCs respectively. While multiple
transcription factor combinations can efficiently generate neurons, only the NAIP2 combination is

able to generate POU4F2+ RGC-like cells.

RNA-seq Analysis of RGC-iNs.
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We performed RNA-seq on PSCs (n=3) and dox-treated controls (CTL, n=5), NEUROG2
expressing cells (h=4), NEUROG2and ATOH7 expressing cells (NA, n=4), and NAIP2 expressing
cells (n=4) to identify the transcriptional identity of our induced-neurons. Principal component
analysis (PCA) from DESeq2 showed consistent clustering of biological replicates for each
condition, with separate clusters delineated for PSCs, controls, and induced neurons. Within the
induced-neuron cluster, NEUROG2, NA, and NAIP2 groups exhibited distinct separation from
each other (Figure 9A). This was further confirmed by visualization of the expression of the top
500 most highly expressed genes in the NAIP2 group across all treatment groups (Figure 9B).
While pan-neuronal markers such as RBFOX3, TUBB3, SYT1, and DLG4 were detected in all
induced neuron groups (i.e. NEUROG2, NA, NAIP2), RGC specific markers such as POU4FL1,
POUGF2, and NRN1 were much more highly upregulated in the NAIP2 treatment group than in
any other induced-neuron group (Figures 9C-D).

Pathway Analysis of RGC-iNs.

When we performed pathway analysis on NAIP2 treated cells using RNA-seq data, we
found an enrichment of pathways that are biologically relevant for neurons. Among these pathways
were calcium signaling pathway, neuroactive ligand-receptor, ion channel, and cAMP/MAPK
signaling (Figure 10A). RNA-seq data depicted an active process of axonogenesis and axon
outgrowththat occurs during RGC development. Many genes involved in RGC axonogenesis such
as ISLR2 and ELAVL3 were expressed in NAIP2 cells but not found in PSCs, CTLs, or other non-
RGC neurons (Figure 10B). RGC-iNs expressed functional guidance cues that steer axons either
towards or away from specific molecular signals. While some ephrin ligands, which are involved
in cell-to-cell communication, are expressed in both neuronal and non-neuronal populations (e.g.,,

EFNB1, EFNB2, EPHA2), others like EFNA3, EFNB3, EPHA5, and EPHB2 were upregulated in
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our neuronal populations and with an increased expression in RGC-iNs at week 4 compared to
week 1 (Figures 10B-C). Signaling factors known to mediate RGC axonogenesis were further
regulated over time. The RGC axon guidance receptors ROBO2 and ROBO3 were expressed at 1
week of development and decreased in expression over time. Interestingly, their ligands SLIT1 and
SLIT2 increased in expression through week 4 (Figure 10D). The class 3/4/6 inhibitory axon-
guidance semaphorin proteins and their plexin family receptors regulate optic chiasm decussation
during RGC axon finding. We found that semaphorins and plexins increased in expression from
week 1 through week 4 (Figures 10E-G) [55]. Interestingly, the class 6 semaphorin gene SEMAGA
was expressed in the non-neuronal PSCs and CTLs, but not in RGC-iNs. This, however, is
consistent with previous reports [56].
Temporal Analysis of RGC-iNs.

We performed RNA-seq on NAIP2 cells (n=4) through 4 weeks and CTLs (n=4) through
3 weeks to evaluate temporal transcriptomic changes occurring in RGC formation. Comparing
RGC-iNs with CTLs revealed a diverging trajectory over time (Figure 11A). We looked at the
expression profiles of different retinal cell type markers to validate an RGC-like phenotype in
NAIP2. We found that while RGC-iNs express pan-neuronal markers (e.g., SYN1, DLG4, and
RBFFOX3) and RGC markers (e.g., POU4F1, POU4F2, SNCG), they do not express any
photoreceptor (e.g., RHO, CRX, ARR3, LHX4), bipolar cell (e.g.,, NETO1, VSX2, OTX2),
amacrine cell (e.g., GAD1, TFAP2B, TFAP2C), horizontal cell (e.g., LHX1, CALB1, PTF1A), or
glial markers (e.g., S100B, OLIG2, GLAST, GFAP) (Figure 11B). RGC-iNs expressed excitatory
and inhibitory neuron markers, further suggesting an RGC-like transcriptome. Analysis of the
expression of individual NAIP2 factors showed that while NEUROG2, ATOH7, and ISL1 all

peaked in expression at one week when dox treatment is stopped, POU4F2 expression peaked at
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four weeks (Figure 11C). Notably, although the NAIP2 factors decreased in expression after one
week, their expression was still maintained. NAIP2 expression was sustained through three weeks,
and even increases at week four. The same trend was observed with neurotrophic receptors, which
play a vital role in neural and neuroprotective function [57]. Neurotrophic receptors including the
nerve growth factor (NGF) receptor NGFR, and the ciliary neurotrophic factor (CNTF) receptor
CNTFR are expressed at one week and then decrease in expression through week three followed.
This is followed by a peak in expression at week four. Other neurotrophic receptors such as the
NGF receptor NTRK1 (TrkA), the neurotrophin-3 (NT-3) receptor NTRK3 (TrkC), and the glial
cell line-derived neurotrophic factor (GDNF) receptor GFRAL all peaked in expression at one
week and decreased in expression through four weeks. Interestingly, the Brain Derived
Neurotophic Factor (BDNF) receptor NTRK2 (TrkB) increased in expression over the course of 4
weeks (Figure 11D). It is possible, however, the reason that NTRK2 was the only neurotrophic
receptor to increase over time is due to a positive selection of NTRK2 in response to BDNF
treatment through four weeks. RGC-iNs further expressed genes involved in packing, docking,
release, and reuptake of neurotransmitters that enable action potential.

Electrophysiological Activity of RGC-iNs.

Afterlooking at neurotrophic receptor expression, we then looked for the expression of ion
channels in RGC-iNs to indicate their capability for electrophysiological activity. We found that
our RGC-iNs express a variety of ion channels responsible for electrophysiological activity in
neurons (Figure 12A). We detected voltage-gated sodium (e.g., SCN2A/Nav1.3a, SCN3B/Bav1.3b,
SCN9A/Navl.7) and potassium channels (KCNA2/Kv1l.2, KCNA3/Kv1.3, KCNA6/Kv1.6,
KCNC4/Kv3.4, KCND1/Kv4.1, KCND4/Kv4.3) which modulate and regulate the amplitude and

duration of action potential trains. To assess the electrophysiological function of RGC-iNs, we
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performed current clamp and whole-cell voltage clamp recordings at two weeks and four weeks.
Current clamp recordings showed that RGC-iNs were capable of firing repeated action potentials,
while voltage-lamp recordings revealed sodium and potassium currents that were characteristic of
RGCs with increasing maturity from two weeks to four weeks (Figures 12B-C). To investigate the
presence of functional glutamate receptors, we transiently applied puffsof AMPA. We observed
that AMPA treatment caused large inward currents with a reversal potential of OmV on a linear |-
V trace (Figure 12D), This is consistent with the functional activation of GIuA2 receptors [58].
We also observed spontaneous excitatory post-synaptic currents (SEPSCs) which indicates the
potential for RGC-iNs to form synapses (Figure 12E). These sEPSCs displayed fast kinetics that
were blocked by the AMPA antagonist DNQX, which is consistent with AMPA -mediated synaptic
events[59].
Single Cell Sequencing of RGC-iNs.

We performed particle-templated instant partition sequencing (PIP-seq) of RGC-iNs at 7,
14, and 21 days to identify any subtype specific diversity that may exist in RGC-iN populations
[60]. For day 7 (n=3) we obtained 3,440 cells (31,880 median transcripts/cell), for day 14 (n=2)
we obtained 1,665 cells (39,208 median transcripts/cell), and for day 21 (n=3) we obtained 2,380
cells (31,880 median transcripts/cell). Cells from each timepoint were clustered using the Louvain
algorithm and projected onto 2D space by UMAP (uniform manifold approximation and
projection) to visualize cell clusters and marker gene expression (Figure 13A). While RGC-iNs
had sustained expression of pan-neuronal markers (e.g., TUBB3, MAP2, SYT1) and RGC specific
markers (e.g., STMN2, GAP43, SNCG), there was no discernible expression of cell type specific
markers for other retinal cell types (e.g., photoreceptors, bipolar cells, amacrine cells, horizontal

cells, and glia) (Figures 13B-C). We compared RGC-iN scRNA-seq at two weeks data to publicly
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available human retinal SSRNA-seq datasets (including 45 day old retinal organoids (ROs), 59 day
old fetal RGCs, and 40 day old iPSC-derived RGCs) and found that RGC-iNs integrated well
within each of these datasets [61; 62; 63] (Figure 13D). Analysis showed that RGC-iNs express
subtype specific markers for both alpha- (e.g., SPP1, PIGO, RPP14) and directionally sensitive
(DS)- (e.g., DCX, CDH6, JAM2) subtype RGCs (Figure 13E). These subtype specific markers,
however, were distributed across many clusters. The murky distribution of alpha- and DS- subtype
specific markers across clusters suggests that it may be difficult to resolve functional
classifications of human RGCsbased upon sequencing dataalone. We took a previously annotated
human scRNA-seq dataset, extracted the top 2000 highly variable genes at day 21 of our dataset,
and used a machine learning based predictive label transfer model to explore whether other
morphology based classification systems may be better suited for categorizing RGC-iNs, [5; 64].
While the human adult retina contains 90% midget (M)-type RGCs, 5% parasol (P)-type RGCs,
1% intrinsically photosensitive (ip) RGCs, and 4% undefined RGC subtypes, we found that RGC-
iNs were composed of 40% M-type, 13% P-type, 7% ipRGC, and 40% undefined RGC subtypes
(Figure 13F). While the predictive label transfer found that 7% of RGC-iNswere ipRGCs, we did
not find any expression of the ipRGC marker OPN4 in our dataset, suggesting that the label transfer
approach may be labelling RGC subtypes based upon subtle gene expression profile differences
and may over- or underestimate the actual number of each RGC subtype.
Discussion.

We created enriched RGC-like cell populations by recapitulating developmental cues that
guide RGC formation. We created a transgenic overexpression cassette to express four RGC
specific transcription factors (NEUROG2, ATOH?7, ISL1, POU4F2) which when combined with

small molecule inhibition of BMP generated neurons that mimic RGCs in transcriptomic and
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electrophysiological profiles. Cell replacement and neuroprotective therapeutics necessitate fine
control over cell-type reprogramming for the generation of human cell-type specific models.
Recent studies have generated several types of neurons by reprogramming with transcription
factors, microRNAs, and small molecule treatment including a study which combined dual small
molecule-based SMAD inhibition with NEUROG2 overexpression to generate forebrain neurons
[65] [66]. Neurog2 mutant mice have shown reduced neurogenesis and RGC formation, while
ectopic expression of Isll and Pou4f2 promote RGC formation [67; 68]. Overexpression of
ATOHT in differentiating organoids has been shown to enhance RGC formation in early optic
vesicles, and overexpression of NEUROG2 and ATOH?7 in differentiating organoids has been
shown to increase the number of POU4F2, NF145, and RBPMS positive RGCs [27; 69]. While
each of these studies overexpressed transcription factors, they each only overexpressed one
transcription factor at a time. We used concurrent overexpression of 4 transcription factors and
found a significant enhancement in POU4F2-tdTomato+ signals when compared to the
overexpression of any individual transcription factor alone. Our protocol generated RGC-like
neurons in as little as 5 days, which is remarkably faster than the typical take 3-4 weeks required
to generate RGC-iNs at a much lower efficiency [54; 70; 71]. It is worth noting, however, that our
protocol does investigate all transcription factors implicated in RGC development. It is possible
that other transcription factor combinations may be more effective for reprogramming RGCs.
Future therapeutic approaches utilizing endogenous regeneration may need to explore other
transcription factor combinations to maximize conversion efficiency.

While molecular signatures have been used to identify more than 30 RGC subtypes in mice,
it is believed that there is less RGC subtype diversity in humans [62; 72] [73]. Functional

classifications in humans have identified alpha-, DS-, and ip- RGC subtypes, and
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morphological/projection classifications have identified M-type, P-type, and ipRGC subtypes.
While adult RGCs can be classified into alpha-, DS-, and ipRGCs based on molecular markers,
RGC-iNs are much more difficult to classify as subtype specific marker expression is spread across
most cell clusters identified via SCRNA-seq. The same is true of RGC-iNs classifications into M-
type, P-type, and ipRGCs. This may be due to an immaturity of RGC-iNs. RGC-iNs may need
further time or environmental cues to mature and fully develop into distinct RGC subtypes.
Furthermore, it may be possible that a more exact transcription factor composition is necessary to
generate specific RGC subtypes. This would prevent the formation of RGC subtypes using the
NAIP2 transgene cassette under any conditions. Overall, direct programming studies offer a
promising approach to the generation of human RGC-like neurons that can be used for
developmental studies, neuroprotective studies, and cell transplantation studies. Our approach can
be adapted to use other transcription factor combinations to generate a wide variety of neuronal
populations.
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Chapter 5 MATERIALS AND METHODS

Cells.

IMR90.4 iPSCs and WAQ9 ES (both from WiCell) and EP1.1 cell (Donald Zack; JHU)
were used for the following study. Cells were routinely tested for mycoplasma by PCR.PSCs were
used with approval from the UC San Diego |Institutional Review Board.
Single-cell passage and maintenance of PSCs. Stem cells were maintained antibiotic free on 1%
(vol/ivol) Matrigel (MG)-GFRTM (#354230; BD Biosciences) extracellular matrix (ECM) coated
dishes at 37°C under hypoxic conditions (10% C02/5%02) in mTeSR1 (Stem Cell Technologies)
as previously described [74] [68] [75] [76]. Cells were passaged every 4-6 days, with Accutase
(#A6964; Sigma) for 10-12 minutes, dissociated into single cells, quenched with mTeSR1 plus
5uM blebbistatin (B; #B0560; Sigma), pelleted at 80 x g for 5 minutes, resuspended in mTeSR1+B
and plated at 2,000 cells per single well of a 12-well plate. After 48 hours, cells were fed with

mTeSR alone.

Plasmid preparation for transfection.

For routine growth of plasmids, we used chemically competent Stable E. coli cells
(#C30401; NEB). DNA for transfection was prepared using the endotoxin-free grade Plasmid Plus
Maxi Kit (#12963; Qiagen) or ZymoPURE Plasmid Midiprep Kits (#11-550; Zymo). Purified
plasmid was resolved by agarose gel electrophoresis to rule out RNA or genomic DNA
contamination. Plasmids used for quantitative studies of HDR efficiency were never thawed more

than 3 times to prevent unwanted degradation of plasmids. PureLink RNA Mini Kit (#12183020;

Thermo Fisher Scientific) was used to purify total RN A to be used for subsequent cDNA synthesis.
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Constructs for generating Tet-inducible HF-iCas9 Cells.

The laboratory previously created inducible Cas9 PSCs to facilitate gene-editing. The
method is briefly described here. To create HF-ieCas9 cells we targeted the AAVS1 safe harbor
site inserting a reverse tetracycline-controlled trans-activator (rtTA) expression cassette at one
allele and a 3G-TET regulated eSpCas9 at the other. When bound to doxycycline, constitutively
expressed rtTA binds to the Tet operator and ieCas9 expression is induced. The rtTA coding
sequence was provided by AAVS1-Neo-M2-tTA plasmid (Addgene; #60843) whereas the
ieSpCas9 coding sequence was amplified from eSpCas9(1.1)(Addgene #71814) [77] and cloned
into the AAVS1-puro-Cas9 donor (Addgene #58409) . Briefly, the AAVS1 donor shell was
amplified with Phusion Polymerase (#F548L; Invitrogen) using the oligos Cas9backbone F and
Rev and the ieSpCas9 insert was amplified using the oligos Cas9insert_for and Cas9insert_rev
(Table 1). PCR products were cleaned using DNA Clean and Concentrator-5 columns (#D4014;
Zymo Research) and donor and insert PCR products were fused together using Gibson assembly
reagents (#£2611S; NEB), followed by overnight digestion with Dpnl enzyme (#R0176L; NEB)
to remove parental template DNA. The Gibson product was transformed into chemically
competent Stable E. coli cells and colonies were miniprepped and verified by Sanger sequencing.
For the AAaVS1 targeting, phosphorylated an oligo duplex of the AAVS1 esp T1 forward and
reverse oligos were ligated into Bbsl cut pSpCas9(BB)-2A-puro (PX459) V2.0 backbone

(Addgene #62988) using Quick ligase (NEB according to the manufacturer’s specifications).

Reporter cells as a backbone.
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The cell line background used for this study was previously made by other lab members.
Briefly a SIX6-p2a-eGFP IMR90 iPSC line was made using the following approach. The SIX6
gene was targeted by amplifying a 1,311 base pair donor fragment (657 left homology arm and
654 base right homology arm). Immediately before the SIX6 stop site, a p2a- H2B-eGFP cassette
was inserted in-frame. A similar approach wastaken to generate a BRN3B-p2a-td Tomato reporter.
Both donors were electroporated into stem cells and stably integrated into the genome via

CRISPR-Cas9 gene editing.

Sequencing Directed Differentiation.

Optic vesicles were generated as previously described [25] with minor modifications. Cell
culture medium used for differentiation was as follows: BE6.2-NIM (B27 + E6 at 2X
concentration) (neural induction medium) consists of DMEM (#11965; Invitrogen) supplemented
with 1% B27 vitamin A (-) (#12587010; Invitrogen) and 2X E6 supplement (38.8 mg/L insulin
(#11376497001; Roche), +128mg/L L-ascorbic acid (#A8960; Sigma), 28ug/L selenium (#S5261;
Sigma), 21.4 mg/L transferrin (#T0665; Sigma) and 38.8 mg/L NaHCO3). LTR (Long-Term
Retina) medium was a 3:1 mix of DMEM:F12 (#11965, #11765; Invitrogen) supplemented with
1% B27 (#17504044; Invitrogen), 10% heat inactivated qualified- grade FBS (#16140071;
Invitrogen), 1ImM pyruvate (#11360; Invitrogen), IXNEAA (#11140; Invitrogen), 1xGlutamax
(#35050061; Invitrogen) and 1mM taurine (#T-8691; Sigma). For optic vesicle induction, PSCs
maintained in mTeSR1 were used to initiate serum-free embryoid body forced aggregates. Stem
cells were passaged with a longer Accutase incubation for 12 minutes and 1,000 cells in 50ul of
mTeSR1+B were seeded per well into polystyrene 96-well U-bottom plates (#650180; Greiner).

Aggregates were transitioned to BE6.2 medium by adding 50u1+2% MG on day 1 and 1% MG

31



each day thereafter. On days4-8, a 50% medium exchange (100 pl) was performed daily and every
other day thereafter. Medium contained 1% (v/v) MG and 3uM of IWR- 1e (a WNT inhibitor and
AXIN2 stabilizer; #681669; EMD Millipore) from days 1-6. To increase survival and
differentiation, 500nM all-trans retinoic acid (ATRA; #R2625; Sigma) was added to LTR medium
from day 20. Organoids were transferred at day 10 to 15ml conical tubes, rinsed 3 times in DMEM,
and resuspended in either BE6.2, BE6.2+300nM Smoothened agonist (SAG; #566660; EMD
Millipore), or BEG6.2+100nM Smoothened Agonist 21K (SAG21K; #5282; Tocris) with 4-6
organoids per well of a 6-well suspension plate (#657185; Greiner Bio). On day 14, organoids
were fed withLTR, LTR+SAG, or SAG21K.On day 15, organoids were fed with LTR which they
were maintained in for the remainder of the experiment. SAG and SAG21K were first added at the

designated timepoint for experiments on SAG temporal treatment.

SAG and SAG21k Treatment Variations.

For SAG timing experiments, organoids were differentiated by adding either SAG or
SAG21k at varying timepoints. SAG and SAG21k were added at beginning each timepoint from
day 1 through day 14. After initially adding SAG/SAG21K, it was continually added through day
14 after which it was removed. To investigate therole of SAG treatment on organoid development,
SAG and SAG21k were added to organoids either beginning at day 4 or day 8 and were continued
through day 14. SAG was added at the following concentrations: OnM, 9.4nM, 18.8nM, 37.5nM,
75nM, 150nM, 300nM, 600nM, 1200nM, 2400nM, and 4800nM. SAG21K was added at the
following concentrations: OnM, 3.1nM, 6.3nM, 12.5nM, 25nM, 50nM, 100nM, 200nM, 400nM,

800nM, or 1600nM.

Imaging and fluorescence intensity calculation.
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For analysis, GFP fluorescence arbitrary units (gfp a.u.) were used to reflect the mean total
intensity per object. In later studies we used an ImageXpress Micro Confocal High-Content
Imaging System (Molecular Devices) forimage acquisition and the MetaXpress software package
with a custom module to segment and mask GFP + areas, allowing us to measure the intensity per
unit area. Briefly, brightfield images were inverted and a Gaussian Filter was applied. Objects that
had approximate diameter between 87.9um and 306um were identified and were masked. FITC
channel images were then analyzed for GFP fluorescence over the masks, including average area,
average GFP intensity, total integrated GFP intensity, GFP intensity standard deviation, minimum
intensity, and maximum intensity. Samples were further inspected in the Cy5 channel to rule out
autofluorescence or bleed through. To ensure proper masking, individuals who did not contribute
otherwise to this project were asked to look at the masks applied to the retinal organoids (ROs)
and determine which organoids had proper masking. Only these were used in further analysis.
Quantitative measurements for brightness and intensity were imported into Prism GraphPad and

plotted as line graphs.

RNA QC, library prep, and HiSeq sequencing.

Sample QC, RNA library preparations and sequencing reactions were conducted at
GENEWIZ, LLC. (South Plainfield, NJ). The concentration of RNA was quantified using a Qubit
Fluorometer (Life Technologies, Carlsbad, CA) and RNA integrity was assayed using a
TapeStation (Agilent Technologies, Palo Alto, CA). Samples passing initial QC were prepared for
sequencing using a SMART-Seq v4 Ultra Low Input Kit for full-length cDNA synthesis and
amplification (Clontech, Mountain View, CA), and an Illumina Nextera XT library (Illumina, San
Diego, CA) was used for sequencing library preparations. Briefly, cDONA was fragmented, and an

adaptor was added using transposase, followed by limited-cycle PCR to enrich and add index to
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the cDNA fragments. The final library was assessed with an Agilent TapeStation. Sequencing
libraries for the 28 cDNA samples were multiplexed and sequenced using the Illumina HiSeq
sequencing platform. 56 PE FASTQ files received back from Genewiz were analyzed using a
customized bioinformatics workflow.

Bioinformatic analysis.

Transcript alignment of each sample was achieved using HISAT2 with the reference hg38
human genome[29]. HISAT2 outputswere fed into featureCounts for transcript quantification[30].
Subsequently, the count tables or matrices were input into the DESeq?2 statistical package for
determination of differential transcript expression between samples[31]. DESeq2 is available as
an R package and was used to generate a principal component analysis (PCA) plot demonstrating
the variance between distinct sample groups as well as similarity within sample replicates for all
samples as well as the sample-to-sample distance heatmap showecasing large sample distances
between various time points and tight clustering within the same replicates of a particular time
point. Volcano plots were generated in RStudio using the ggplot2 package.

For ATAC-seq, peak calling, peak height measurements and motif analyses were done
using a sliding window of 400 bp in HOMER (Hypergeometric Optimization of Motif
EnRichment) [32]. Normalization and differential analysis (DA) were donein R using limma [78].
Principal component, hierarchical cluster analyses and scatterplots were designed using BioVinci
v1.0.0 (BioTuring, Inc., San Diego, CA, USA), ATAC-seq peaks were visualized with IGViewer
v2.5.3 [79], statistical analyses were completed in Galaxy/Cistrome [80] and figures were
generated in Prism (v5.01; GraphPad Software, San Diego, USA). Pathway analysis was
performed using DAVID (v6.8) [81] and significance was accepted at FDR < 0.1 for analysis of

DEG/DARs and an FDR < 0.001 for analysis of DEGs only.
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Generating diagrams.

All diagrams were generated using BioRender.
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Figure 1. Pathways relevant to retinal differentiation.

(A) Diagram depicting the human retina including relevant cell types and layers. (B) Diagram depicting the
development of the human central nervous system including the primary vesicles (left), secondary vesicles (center)
and mature structures they develop into (right). Arrows indicate developmentaltrajectory.(C) A diagram of the brain
including anatomical directions for dorsal and ventral directions. Ventralizing factors include Sonic Hedgehog
Signaling, anddorsalizing factorsinclude Bone Morphogenetic Protein signaling and WNT signaling. (D) A diagram
depicting transcription factors that are relevant to early retinal development. Arrows indicate activation, and blunt

head arrows indicate inhibition.
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Figure 2. Generation of retinal organoids.

Taken from Jones et al., 2022. (A) A PSC line with a single SIX6-h2b-GFP reporter was (B) further modified with
a VSX2-p2A-tdTomato reporter cassette. (C) Graphical protocol for differentiation of retinal organoids adapted from
Wabhlin et al, 2017. Representative images for differentiating SIX6-GFP/VSX2-tdTomato PSCs organoids in
brightfield (D) and (E-F) SIX6-GFP andVSX2-tdTomato fluorescence visualized up to differentiation day 45.
Organoids at day 15 are smaller thanatday 10 due to manualcutting on day 10. Imagesare separate organoids and
are not tracked over time. (G-L) Cross-sections of organoids from day 27 (G-H), day 45 (I-J), and day 120 (K-L)
show nuclear GFP expression throughout the organoid and tdTomato expression becoming restricted over time. Panels
(G,1,K) represent cytoplasmic VSX2-tdTomato reporter expression, while panels (H,J,L) represent nuclear VSX2-
mRuby3. A yellow box (K,L) indicates the outer nuclear layer. Scale bars (D—F) = 100 pum; VSX2-tdTom = VSX2-
tdTomato, VSX2-h2b-R = VSX2-h2b-mRuby3; Scale bar (G-L) =50 pm.
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Figure 3. Trends in chromatin accessibility and gene expression.

Adapted from Jones et al., 2022. (A) A schematic diagram of the ATAC-seq workflow depicting the isolation and
amplification of accessible euchromatin in preparation for next generation sequencing. (B) Principal component
analysis (PCA) of ATAC-seq samplesbased on 62,201 peaks show a developmental progression over time with little
variability between replicates (top). PCA of RNA-seq samples from days 00 through 25 based on 12,512 expressed
genes show a developmentalprogression over time with little variability between replicates (bottom). (C) A pie chart
of global genomic annotationsof chromatin accessibility peaksfrom ATAC-seq from days00 through 25 shows that
most accessible peaks are found within intergenic and intronic genomic loci. (D) Chromatin accessibility tracks of
SIX6 ATAC-seq from days 00 through 25 (left) show that while the chromatin accessibility of SIX6 at the
transcriptional start site (arrow) is low atearly timepoints such asdays 00 and 05, the accessibility increases at later
timepoints such as days 35 and 45. ATAC-seq of VSX2 gene from days00 through 25 (right), however, shows very
little chromatin accessibility atany timepointatthe transcriptionalstartsite (arrows). (E) A Venn diagram indicating
the number of Differentially expressed genes (DEGs), Differentially Accessible Regions (DARs), and the overlap of
common DEG/DARs between days 0 and 25. (F) A line graph depicting the transcriptomic expression of DLX5 in
countsper million (circle, left y-axis) and the chromatin accessibility of DLX5 in motif enrichmentabove background
(square, right y-axis) over time.
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Figure 4. A shift from pluripotency to neural progenitor during early eye field formation.

Adapted from Jones et al., 2022. (A) Pathway analysis of combined DEG/DARs from early retinal organoids.
Pathwaysare graphed while showing the fold enrichment of DEG/DARs in the pathway (dots, left y-axis) as well as
the -logl0(FDR) of the pathway (bars, right y-axis). (B) A line graph depicting the RNA-seq expression of select
hPSC markers (green) and NPC markers (magenta). Errorbars depict standard error of the mean. (C) Tables displaying
thetop 10 motifseach forDay 00 (top) and Day 45 (bottom), along with their motif name and type andthe percentage
of target sequences that contained the motif. Motifs were ranked according to —logl 0(p -values). (D) A volcano plot
depicting the log2(FC) of chromatin accessibility peaks (x-axis) comparedto the -logl0(FDR) (y-axis). Statistically
significant DARs are defined as having an |log2(FC)|>0.58 and an FDR<0.05. DARs that have an increase in
accessibility from day 00 to day 25 are purple, while DARs thathavea decrease in accessibility from day 00 to day
25 are green. Regions that are not statistically significantly differentially accessible are gray. The top 10 DARs based
on FDR are labelled, as well as select DARSs.
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Figure 5. Identifying windows of competence for SHH induction of SIX6-eGFP and POU4F2-tdTomato using
the smoothened agonist SAG.

(A-C) Organoids thatwere nottreated with SAG imaged at (A-B) 15 days(C) and 45 daysfor GFP fluorescence. (D-
F) Organoids treated with 300nM SAG from days 4-14 imaged at (D-E) 15 days and (F) 45 days. (G-1) Organoids
treated with 300nM SAG from days 8-14 imaged at (G-H) 15 daysand (I) 45 days. (J-L) Organoids treated with
300nM SAG from days12-14imaged at (J-K)15 daysand (J-K) 45 days. (M-P) A graph depicting the (M) average
area (in pixels squared), (N) average intensity (in arbitrary units), (O) minimum intensity (in arbitrary units), and (P)
maximum intensity (in arbitrary units) of organoids treated with 300nM SAG beginning at any timepoint and all
ending at 15 days. Timepoint labelled as added at day 0 are untreated organoids. Arrows label dual-fluorescence.
Timepoint labelled as added at day 0 are untreated organoids. (A-L) scale bar represents 200um. (M-P) Error bars
represent standard error of the mean. Graphs above panels depict the developmental protocol used to generate the
images below.
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Figure 6. Identifying windows of competence for SHH induction of SIX6-eGFP and POU4F2-tdTomato using
a high potency smoothened agonist SAG21k.

(A-C) Organoids that were not treated with SAG21k imaged at (A-B) 15 days (C) and 45 days. (D-F) Organoids
treated with 100nM SAG21k from days4-14 imaged at (D-E) 15 days and (F) 45 days. (G-1) Organoids treated with
100nM SAG21k from days 8-14 imaged at (G-H) 15 days and (1) 45 days. (J-L) Organoids treated with 100nM
SAG21k from days12-14imaged at (J-K)15 days and (J-K) 45 days. (M-P) A graph depicting the (M) average area
(in pixels squared), (N) average intensity (in arbitrary units), (O) minimum intensity (in arbitrary units), and (P)
maximum intensity (in arbitrary units) of organoids treated with 100nM SAG21k beginning atany timepoint and all
ending at 15 days. Timepoint labelled as added atday 0 are untreated organoids. Timepoint labelled as added at day
0 are untreated organoids. (A-L) scale bar represents 200um. (M-P) Error bars represent standard error of the mean.
Graphs above panels depict the developmental protocol used to generate the images below.
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Figure 7. Optimization of SHH activator concentrations to promote SIX6-eGFP expression.

(A-B) Control untreated organoids from an IMR90.4 background with the SIX6-GFP reporter at 15 days. (C-D)
Organoids treated with 38nM SAG from days8-14; (E-F) 300nM SAG from days8-14; (G-H) 2,400nM SAG from
days8-14; (1-J) untreated; (K-L) 13nM SAG21k from days8-14; (M-N) 100nM SAG21K from days8-14; and (O-
P) 800nM SAG2k from days8-14 allimaged at 15 days. (Q-S) Graphs depicting the (Q) average intensity (in arbitrary
units), (R) minimum intensity (in arbitrary units), and (S) maximum intensity (in arbitrary units) of organoids treated
with varying concentrationsof SAG beginning atany day 8 and ending at 15 days. (T-V) A graph depicting the (T)
average intensity (in arbitrary units), (U) minimum intensity (in arbitrary units), and (V) maximum intensity (in
arbitrary units) of organoids treated with varying concentrations of SAG21k beginning atany day 8 and ending at15
days. Dashed line represents untreated organoids. (A-S) scale bar represents 200um. (T-Y) Error bars represent
standard errorof the mean. Graphsabove panels depict the developmental protocol used to generate the images below.
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Figure 8. NAIP2 factor activation leads to the formation of RGC-like neurons.

Adapted from Agarwal et al., 2023. (A) Brightfield images of PSCs that were transiently transfected with a control
(empty) plasmid and treated with dox for 3 days. (B) PSCs thatwere transiently transfected with NAIP2 plasmid and
treated with dox for 3 days. (C) A schematic diagram depicting a U6 promoter-driven expression of an AsCasl2a
cRNA targeting the CLYBL safe harbor site for the insertion of a zeocin selectable (D-1) Tet-inducible transgene
cassette with the NAIP2 cassette being depicted. Brightfield images of PSCs that have been dox treated and stably
transfected with (D) empty cassette,© NEUROG2 cassette, (F) ATOH7 cassette, (G) ISLET1 cassette, (H) POU4F2
cassette, (I) and NAIP2 cassette. (J) Percent of POU4F2+ cells for each treatment group on day 6 relative to DAPI.
(K) Percent of TUJ1+ neurons on day 6. (L) Percent of TUJ1+/POU4F2+ co-labelled RGC-iNs on day 6. (M-N)
Image of POU4F2+ and TUJ1+ cells expressing (M) NAIP2 and (N) NAI takenat 6 days. Left depicts DAPI (white)
and POU4F2 (magenta). Right depicts DAPI (white) and TUJ1 (cyan). (A-B): 100um. Scale (D-1): 100um. Scale (M-
N): 100um. For (A-B), black arrows label PSCs, while white arrows label converted neuron. For (M-N), white arrows
label dual POU4F2+/TUJ1+ RGC-like neurons, yellow arrows label TUJ1+ and POU4F2- non-RGC neurons.
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Figure 9. RGC-iNs express RGC-like transcriptomic profiles.

Adapted from Agarwal etal., 2023. (A) PCA plots comparingthe expression profiles of each experimentalcondition.
The top plot includes PSCs, empty cassette controls, and NAIP2 treated RGC-iNs. The bottom plot highlights the
difference between RGC-iNs and otherinduced-neurons by including NAIP2 treated RGC-iNs, NA induced-neurons
(NA-iNs), NEUROG2 induced-neurons (NEUROG2-iNs), and a mixed population generated by NAIP2 induced
populationsthathave not been colony selected (Mixed). (B) A heatmap depicting the relative expression profiles of
the top 500 most highly expressed genes found in RGC-iN across all experimental conditions. (C-D) Dot plots depict
the expression profiles of (C) pan-neuronal markers and (D) RGC-specific markers across treatment groups. Peach
dots represent treated NAIP2, yellow dots represent treated non-clonally selected NAIP2 cells, green dots represent
treated NEUROG2, teal dots represent treated NEUROG2-ATOH?7 treated cells, blue dots represent treated empty
cassette cells, and pink dots represent PSCs.
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Figure 10. RGC-iNs have the potential to sense axon signaling cues.

Adapted from Agarwal et al., 2023 (A) A bargraph depicting the p-value of select pathwaysasidentified by UniProt
(UP) and Kyoto Encyclopedia of Genes and Genomes (KEGG) via the Database for Annotation, Visualization, and
Integrated Discovery (DAVID). (B) Heatmaps of genes expressed within the neurogenesis (left) and axon guidance
(right) pathwaysacrossdifferentexperimentalconditions. (C) Heatmaps of genes expressed within the neurogenesis
(left) and axon guidance (right) pathways from days 0 through 21. (D-G) Line graphs representing the expression
profiles of (D) robo andslit, (E) class 3 semaphorins, (F) class 4 semaphorins, and (G) class 5 and 6 semaphorinsin
NAIP2 RGC-iNs sequenced at 0, 1, 2, and 3. Error bars represent SEM.
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Figure 11. RGC-iNs exhibit temporal dynamics

Adapted from Agarwal et al., 2023 (A) A PCA plot depicting a diverging temporaltrajectory of the RNAseq profiles
of PSCs, empty cassette treated CTLs through 3 weeks, and NAIP2 treated RGC-iNs through 4 weeks. (B) Heatmap
highlighting the expression of select cell type-specific markers in RGC-iNs through 3 weeks. (C) A line graph
depicting the expression of the NAIP2 factorsNEUROG2, ATOH7, ISL1, and POU4F2 through 4 weeks. (D) A line

graph depicting the expression profile of neurotrophin receptors through four weeks.
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Figure 12. RGC-iNs are electrophysiologically active.

Adapted from Agarwal et al., 2023 (A) A heatmap depicting ion channelgenes thatare expressed ateach timepoint.
(B) Electrophysiological recordings from RGC-iNs under current clamp showing single action potentials elicited in
response to depolarizing current injection as early as 14 days. By day 28, RGC-iNs are shown to exhibit repetitive
action potentials. Resting membrane potential=—60 mV. Threshold current = 60 pA. (C) Under voltage clamp,
depolarizing voltage steps in RGC-iNs reveal both fastinward Na+and outward K+ currents, which are increased at
day 28 compared today 14. (D) (Left) An example AMPA puff (1 mM) evoked current in a voltage-clamped RGC-
iN. (Right) I-V plot for AMPA puffevoked currentsin RGC-iN (solid symbols), and linear fit (solid line). Traces on
the left show time-course and double exponential fit to putative SEPSCs. (E) Example of current traces showing
spontaneous excitatory post-synaptic currents (SEPSCs) that were blocked by the AMPA/Kainate antagonist DNQX.
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Figure 13. RGC-iNs scRNA-seq profiles are similar to those of fetal RGCs.

Adapted from Agarwal et al., 2023 (A) UMAPs of RGC-iNs colored by timepoint (top) and Louvain algorithm
clustering (bottom). (B) UMAPs of RGC-iNs colored by the expression of select pan-neuronalmarkers (top) and RGC
specific markers (bottom). (C) A dot plot showing the expression of various cell type marker genes in each cluster
across 7,14, and 21 day timepoints. Genes depicted include housekeeping genes (HKG), pluripotency markers (Pluri.),
Pan-Neuronal markers, RGC markers, Photoreceptor markers, Glial markers, Amacrine markers, Bipolar markers,
and Horizontal cell markers. (D) UMAPs highlighting the integration of NAIP2 day 14 RGC-iN clusters with
published data from day 45 retinal organoid RGCs (left), day 59 fetal RGCs (center), and day 40 iPSC-RGCs (right).
(E) A heatmap depicting normalized expression of various RGC-subtype specific markers in each RGC-iN cluster
across 7, 14,and 21 days. Labels include those for alpha RGCs, directionally sensitive RGCs (DS), and intrinsically
photosensitive RGCs (ip). (F) An annotated UMAP of subtype specific RGC-iNs taken from Liang et al., 2023 (top
left). UMAP with RGC subtype labels transferred from Liang et al., 2023 onto day 21 RGC-iNs taken from this study
(bottom left). A pie-chart depicting the RGC subtypes identified in day 21 RGC-iNs taken from this study (right).
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