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ABSTRACT OF THE THESIS 

Directional Outgrowth of Retinal Ganglion Cells 

 

by 

 

Mona Pari Roshan 

 

Master of Science in Biology 

University of California San Diego, 2021 

Professor Karl Wahlin, Chair 

Professor Alisa Huffaker, Co-Chair 

 

The loss of retinal ganglion cells (RGCs) causes irreversible vision loss in glaucoma and 

optic neuropathies. Some vertebrate species, such as zebrafish, possess a robust ability to 

regenerate parts of their body, including the retina through a process of endogenous regeneration. 

However, this ability is limited in mammals including humans. To understand endogenous 

regeneration and work towards restoring RGCs, we need to gain a better understanding of the 

developmental mechanisms leading to RGC formation. Our approach relies on the generation of 

RGC reporters that express fluorescent proteins coupled to the endogenous BRN3A and BRN3B 
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genes. By ectopically overexpressing four transcription factors (Neurogenin-2, Atonal homolog 

7, Islet-1, and Brn3b) involved in RGC specification and differentiation, we seek to directly 

convert the human pluripotent stem cell reporters into RGCs. If the differentiated neurons 

become bonafide BRN3A/BRN3B expressing RGCs, this would represent an important first step 

in developing and improving novel therapeutic strategies for retinal diseases.



 1 

INTRODUCTION 

Vision disorders and treatments 

Optic neuropathies consist of a group of degenerative disorders, such as optic neuritis, 

neuromyelitis optica, and glaucoma, that target RGCs and thereby, lead to vision loss and 

blindness. Of the many optic neuropathies, glaucoma is the leading cause of irreversible 

blindness worldwide, affecting 70 million individuals globally (Weinreb et al., 2014). It is 

caused by the degeneration of RGCs and is often first detected by changes in the optic nerve 

head, where RGC axons leave the back of the eye and project towards the lateral geniculate 

nucleus, superior colliculus, suprachiasmatic nucleus and medial terminal nucleus. RGCs are 

neurons in the central nervous system that have their cell bodies in the inner retina and their 

axons in the optic nerve (Weinreb et al., 2014). They are essential for the transmission of visual 

information between the eye and brain (Fligor et al., 2018). The degeneration of these nerves 

leads to a phenomenon typical of glaucoma called cupping, in which the optic cup becomes 

larger than the disc, and eventual vision loss. The rise of intraocular pressure results in the 

progressive loss of RGCs (Weinreb et al., 2014). In addition, the deformation of the lamina 

cribrosa, consisting of connective tissue, glial cells and microvessels that support RGC axons, is 

the earliest structural change that results in the RGC loss (Kim et al., 2018). The architecture of 

the eye, including the optic nerve and the lamina cribrosa, is illustrated in Figure 1.  

Although there are various therapeutics that can prevent or slow further ganglion cell 

damage, there is no definitive cure for glaucoma. Some of the therapeutics include purinergic 

ligands like P2X7 antagonists, KATP channel activators, gaseous messengers like nitric oxide, 

carbon monoxide, hydrogen sulfide, non-glucocorticoid steroidal compounds, neurotrophic 

factors, PI3K/AKT activators, histone deacetylase inhibitors, citicoline, dopaminergic and 
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serotonergic ligands, cannabinoids, and Rho Kinase (ROCK) inhibitors (Buculo et al., 2018). 

While not all forms of glaucoma are accompanied by increased pressure, many of these 

therapeutics serve to reduce the intraocular pressure in the eye. These therapeutics have been 

successful in treating glaucoma for many patients (Buculo et al., 2018). However, for many 

patients, these therapeutics do not work, and the pressure rises; this is when surgical intervention 

becomes necessary (Stefan et al., 2015).  

Human eye development and retinogenesis 

  Mammalian eye development stems from the neural ectoderm, the surface ectoderm, and 

the periocular mesenchyme, three embryonic tissue sources (Heavner and Pevny, 2012). 

Following gastrulation, the eye primordium (the eye field) is formed within the medial anterior 

neural plate (Zaghloul et al., 2005). This eye field is the foundation for the neural-derived eye 

and expresses various transcription factors, such Pax6, Rax, Six3, and Lhx2, that are conserved 

throughout vertebrates (Zaghloul et al., 2005; Lee et al., 2006; Zuber et al., 2003). The area 

within the medial anterior neural plate that has high expression of these transcription factors is 

the eye field (Zuber et al., 2003). In addition to the eye, these transcription factors are also 

involved in forebrain development.  

 In humans, the morphogenetic processes leading to the development of the human eye are 

related to other structures of the central nervous system at the start of embryogenesis (Tamm et 

al., 2012). Both processes start toward the end of the third week of human embryonic 

development with the differentiation of the neural plate, which is characterized by the thickening 

of the ectoderm (Tamm et al., 2012). Neural plate induction is induced by the inhibition of Bone 

Morphogenic Protein (BMP) signaling. Wnts and Wnt inhibitors, insulin-like growth factors 

(IGF), and fibroblast growth factors (FGF) are also involved in this early process (Giger, 2018). 
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The neural plate then forms the neural groove, encompassing the entire length of the embryo. 

The neural groove’s edges then thicken to develop the neural folds that move towards each other 

and eventually fuse to form the neural tube, the foundation of the brain and spinal cord (Tamm et 

al., 2012). Outgrowth of the neural tube then occurs to form the optic vesicles. The process 

leading up to the development of the optic vesicles is regulated by the Retina and Anterior 

Neural Fold Homeobox (RX/RAX) transcription factor (Fuhrmann et al., 2010). The rostral end 

of the neural tube becomes the forebrain and connections to the forebrain become the optic 

nerves (Tamm et al., 2012).  

 During the fifth week of embryogenesis, the growing optic vesicle makes direct contact 

with the ectoderm, which results in the thickening of the ectoderm, to form the lens placode 

(Tamm et al., 2012). Further development of the lens placode and the optic vesicle is mediated 

by diffusible signal molecules that specify cell fates and activate transcription factors, which 

bind to DNA and regulate transcription of eye related genes. Pax6 is a key transcription factor 

that regulates mammalian eye development (Gehring, 2002; Perrimon et al., 2012). Due to Pax6 

signaling, the optic vesicle invaginates into a goblet shaped optic cup, while the lens placode 

invaginates and forms a pouch called the lens pit (Tamm et al., 2012). This lens pit becomes 

completely enclosed and becomes the lens vesicle, which develops into the lens. The inner layer 

of the optic cup differentiates into the neural retina, while the outer layer differentiates into the 

retinal pigment epithelium (RPE) (Eiraku et al., 2011). Neural retina differentiation is supported 

by tissue-autonomous factors. RPE differentiation involves interaction with neighboring issues 

through canonical Wnt signaling. Wnt receptor frizzled class receptor 7 (FZD7), Wnt ligand 

binding secreted frizzled-related protein 5 (SFRP5), and membrane frizzled-related protein 

(MFRP) which has a Wnt binding motif have been detected on the RPE (Burke, 2009). BMPs 
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regulate optic cup development. Also, the outpocketing of the neuroectodermal neural tubes 

transforms into the optic vesicles and later into the optic cup. Folds in the outer layer of the optic 

cup result in the epithelia of the ciliary body, which is a ring-shaped muscle that not only 

changes pupil size and lens shape when the eye focuses but also secrete aqueous humor in the 

adult eye (Tamm et al., 2012).    

 The neural crest consists of cells which have separated from the optic vesicle during its 

development (Tamm et al., 2012). They also come from the region in between the neural plate 

and adjacent non-neural ectoderm (Bronner & LeDouarin, 2012). During the formation of the 

optic cup and the lens vesicle in the fifth week of embryogenesis, these nearby mesenchymal 

cells surround those two structures. Due to their loose arrangement, a large fibrillary 

extracellular matrix is formed, a space that will later become the corneal stroma. Gradually, the 

mesenchymal cells proliferate and densify (Tamm et al., 2012). The mesenchymal cell layer next 

to the anterior lens epithelium flattens, forms continuous cell connections, and by the end of the 

eighth week of embryogenesis, differentiates into the corneal endothelium. Then, the anterior 

lens epithelium and the cornea detach from one another (Tamm et al., 2012). The division and 

proliferation of the anterior cells of the optic cup leads to the development of the iris and the 

ciliary body. In addition to those two structures, the sclera is formed by the mesenchymal cells 

originating from the neural crest.  

 Retinal development stems from the optic cup. The neuroretina contains the retinal 

neurons, of which the Müller cells come from its inner leaf and the retinal pigment epithelium 

come from its outer leaf (Tamm et al., 2012). Following the formation of the eye cup, the inner 

leaf of the optic cup proliferate and by the sixth week of embryogenesis, there are up to six 

neuronal progenitor, or neuroblast, cell nucleus layers (Tamm et al., 2012). During the seventh 
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week of embryogenesis, the outermost cell nucleus layer migrates towards the marginal layer to 

create the inner neuroblast layer, which will differentiate into the amacrine cells, retinal ganglion 

cells and lastly, the Müller cells (Tamm et al., 2012). Once the retinal ganglion cells are 

differentiated, their axons elongate into the optic papilla, forming the nerve fiber layer within the 

inner neuroblast layer (Spira & Hollenberg, 1973). Retinal ganglion cells continue to proliferate 

until the fourth month of embryogenesis. At that point, there are around four million axons in the 

optic nerve. However, up until the eighth month of embryogenesis and as the retina continues to 

differentiate, the number of retinal ganglion cells decrease due to apoptosis to around 1.1 million 

(Provis et al., 1985). The cones start to develop during the tenth week and elongate up to the 

seventeenth week. The rods start to develop later during the twenty second week (Spira & 

Hollenberg, 1973). Figure 2 illustrates the steps of human eye development.  

 Many morphogens and growth factors are involved in eye development. The splitting of 

the eye field in addition to the proximo-distal patterning of the optic vesicles involve cyclops 

(IPD3) and sonic hedgehog (Shh) signaling (Adler & Canto-Soler, 2007). Sonic hedgehog, 

fibroblast growth factors, activin, BMP 7, and retinoic acid are also necessary for optic vesicle 

patterning. The invagination of the optic vesicle into an optic cup utilizes retinoic acid (RA) in 

particular. Rald2 and Rald3 are the genes that generate RA, which stimulates the ventral 

morphogenetic movements of the optic vesicle that starts the formation of the ventral optic cup. 

RA also closes the choroid fissure (Duester, 2009). When RA is synthesized, RA binds to the 

cellular RA-binding proteins, CRABP1/2, which results in a conformational change that allows 

both proteins to enter the nucleus. In the nucleus, RA binds to a non-steroid hormone receptor 

family that includes RARα/β/γ, and RXRα/β/γ. These receptors regulate genes necessary for eye 

development. They usually recruit transcriptional co-repressor complexes. However, when RA is 
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bound, a conformational change occurs in the receptors that results in their recruitment of 

transcriptional co-activator complexes instead. Thus, RA binding allows for the transcription of 

genes required for optic cup formation (Cvekl & Wang, 2010). Lastly, the antero-posterior and 

dorso-ventral patterning in the optic cup are regulated by nodal, FGFs, BMP, retinoic acid, Shh, 

follistatin, chordin, noggin, ventroptin, and DAN domain family members (Albert et al., 2003). 

Retinal lamination and cell types 

 The retina, the innermost layer of the eye, converts light into neural signals that are sent 

to the brain, where visual perception occurs (Masland et al., 2012). The retina is characterized by 

the cells that compose its three layers of nerve cell bodies and two layers of synapses (Kolb, 

2012). There are five main types of neuronal cells in the retina. These consist of ganglion cells, 

photoreceptors (rods and cones), horizontal cells, amacrine cells, and bipolar cells. There are 

three types of glial cells, including microglia, astrocytes, and Müller glia. The outer nuclear layer 

(ONL) of the retina is composed of the photoreceptors, which include the rods as well as the 

blue, red and green sensitive cones. Photoreceptors, in addition to the intrinsically photosensitive 

RGCs (ipRGCs), are the primary cells that convert light into signals that are eventually sent to 

the brain. Their axons elongate towards the outer plexiform layer (OPL), where synaptic triad is 

formed with bipolar and horizontal cells. Bipolar cells in turn synapse with RGCs in the inner 

plexiform layer (IPL) that send light signals towards the brain. Using lateral inhibition, amacrine 

and horizontal cells modulate these light signals to allow for a high degree of visual acuity 

(Masri, 2019). Figure 3 illustrates the cell types of the retina.  

 RGCs have many different subtypes. Through single-cell RNA-sequencing in the mouse 

retina, RGCs were classified into more than forty different subtypes (Laboissonniere et al., 

2019).  Within hPSC-derived cultures, more than thirty different RGC subtypes have been 
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characterized and they vary in gene expression patterns, morphology, and functionality (Dhande 

et al., 2015).  Light activates the RGC dendrites within the inner layers of the inner plexiform 

layer (IPL); this is the ON pathway. Those within the outer layers of the IPL are inhibited by 

light; this is the OFF pathway (Nelson et al., 1978).  

 Most RGC axons cross the midline at the optic chiasm and follow the contralateral optic 

tract towards the brain. Animal species with binocular vision also possess RGC axons that do not 

cross the midline, but rather follow the ipsilateral optic tract (Fabre et al., 2010). Contralateral 

RGCs are regulated by SoxC transcription factors, including Sox4, Sox11 and Sox12 (Kuwajima 

et al., 2017). Ipsilateral RGCs are found in the ventrotemporal (VT) part of the retina and highly 

express genes that are known to be expressed by retinal progenitor cells such as cyclin D2 (Fabre 

et al., 2010; Wang et al., 2016).  

Based on their projection specificity, there are five main categories of RGCs, which 

include the midget cells, parasol cells, bistratified cells, ipRGCs, and other ganglion cells 

projecting to the superior colliculus for eye movements (Schiller, 1986). Most RGCs project to 

the lateral geniculate nucleus (LGN) in the dorsal thalamus (Sanes & Masland, 2015). A diagram 

of the LGN is shown in Figure 4. 80% of all RGCs, the midget cells project to the parvocellular 

layers of the LGN. They help with encoding high resolution vision and red/green color vision. 

10% of all RGCs, the parasol cells project to the magnocellular layers of the LGN and are 

responsible for motion detection. 10% of all RGCs, the bistratified cells project to the 

koniocellular layers of the LGN and are involved in spatial resolution, color vision, conduction 

velocity, and contrast stimuli response. On the other hand, ipRGCs mainly project to the 

suprachiasmatic nucleus (SCN) and respond directly to light due to their expression of 
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melanopsin, a photopigment. Their main role is to regulate circadian rhythms (Sanes & Masland, 

2015).  

Transcription factor involvement in eye development 

 Pax6, Six3, Lhx2, and Rax are a set of transcription factors expressed in the early eye 

field. They are necessary for not only eye development but also forebrain development; thus, the 

upstream pathways for the development of the eye field are difficult to classify (Heavner et al., 

2012). Sonic Hedgehog signaling regulates the expression of Pax6, which is a master regulator of 

eye development (Isenmann et al., 2003). Six3 is expressed before Pax6, as it is a transcription 

factor that activates Pax6 transcription. SOX2 is activated by BMP4 signaling and Pax6 is 

activated by BMP7 signaling (Heavner et al., 2012). 

RGC development is regulated by multiple transcription factors, including Neurogenin-2 

(NEUROG2), Atonal homolog 7 (ATOH7), Islet-1 (ISL1), Neurod-1 (NEUROD1), and Achaete-

scute homolog 1 (ASCL1). These transcription factors influence differentiation, cell cycle exit 

and cell survival, overall regulating neurogenesis (Luo et al., 2019). BRN3A (POU4F1) and 

BRN3B (POU4F2) are other transcription factors that control the differentiation of retinal 

precursors into RGCs (Xiang et al., 2011). In mice, around 80% of RGC precursors express 

Brn3a and Brn3b (Pan et al., 2005). Brn3a- and Brn3b- expressing RGCs have varying dendritic 

stratification; the Brn3a-expressing RGCs stratify in the outer layer of the IPL. They both project 

to the same targets, except for the suprachiasmatic region and the intergeniculate leaflet (Badea 

et al., 2009). 

The loss in expression of Brn3a and Brn3a has varying effects. In the absence of Brn3b, 

retinal precursors that were originally on an RGC path differentiate into amacrine or horizontal 

cells and then die prenatally. Additionally, without Brn3b, multiple genes were downregulated 
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and RGC axons elongated towards the wrong intra-ocular and extra-ocular directions. Lastly, 

when Brn3b wasn’t expressed, RGC numbers decreased to less than thirty percent of wild type 

RGC numbers and RGCs expressing Brn3a significantly decreased as well (Erkman et al., 1996). 

On the other hand, in the absence of Brn3a, there was a loss of Brn3a-expressing RGCs that 

would normally stratify in the central boundary between the ON and OFF layers of the IPL. 

There was also a thirty percent loss in the number of RGCs that were going to express Brn3a in 

addition to a decrease in the number of RGCs expressing Brn3b. Overall, the loss of Brn3a 

expression resulted in RGC specification and loss. Also, while the loss of Brn3a did not affect 

central projections, loss of Brn3b caused severe defects and a decrease in brain projections 

(Badea et al., 2009). The loss of Brn3a also downregulated the expression of TrkC, Brn3b and 

parvalbumin (Huang et al., 2001). 

In addition, RGC differentiation and the direction of axonal outgrowth is also regulated 

by the Sry-related high mobility box (Sox) superfamily of genes. These specifically include the 

SoxC genes: Sox4, Sox11, and Sox12 (Chang et al., 2017). Also, NEUROG2 is important for 

early neurogenesis and is expressed prior to the formation of neural lineages. Many studies have 

shown that NEUROG2 alone could convert iPSCs and embryonic stem cells into neurons (Wang 

et al., 2017). In chick and mouse models, ATOH7 and NEUROG2 are turned on during early 

development and work together to differentiate cultured RPE cells into immature RGCs 

(Hufnagel et al., 2010). Studies have shown that NEUROG2 activates the ATOH7 promoter, but 

the exact mechanism underlying this is unclear. Studies suggest that via negative feedback, 

ATOH7 can inhibit NEUROG2 based off NEUROG2’s upregulation in ATOH7 mutant retinas 

(Brodie-Kommit et al., 2021). Following NEUROG2 activation of ATOH7, ATOH7 activates 

other transcription factors, including ISL1, BRN3B, and BRN3A (to a lesser degree) leading to 
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RGC fate determination (Wu et al., 2015; Brodie-Kommit et al., 2021; Zhang et al., 2018). 

ATOH7 binds to sites in the loci of both Brn3a and Isl1, which suggests the regulation of these 

two genes by ATOH7 (Brodie-Kommit et al., 2021). The expression of BRN3B and ISL1 can 

fully compensate for ATOH7 and result in delayed RGC formation; thus, there is a pathway 

independent of ATOH7 for RGC specification. However, ATOH7 is required for RGC survival 

as well as axon guidance of RGCs to the optic nerve head. The molecular mechanisms 

underlying ATOH7’s regulation of RGC survival and axon guidance remain unclear. The loss of 

ATOH7 results in a significant loss of both BRN3A and BRN3B, yet when BAX, a pro-

apoptotic protein, is also suppressed, the BRN3A and BRN3B levels are rescued to near-normal 

levels. While the suppression of both ATOH7 and BAX results in a positive response in the 

retina to photoreceptor stimulation, significant defects in axon guidance to the optic head ensue 

(Brodie-Kommit et al., 2021). Additionally, ATOH7 and BRN3B expression together is 

sufficient reprogram Müller glia to RGCs, a process each transcription factor alone cannot 

complete (Xiao et al., 2019).  

ISL1 plays a role in the specification, differentiation, and maintenance of RGCs, 

amacrine cells, and horizontal cells in many species (Luo et al., 2019). When ISL1 is inactivated 

in mouse models, there is a 70% decrease in RGC numbers, and the mice exhibit optic nerve 

hypoplasia. This loss also results in delayed RGC axon elongation and errors in projection 

specificity (Xiang et al., 2011). Recent studies have shown that ISL1 and BRN3B form a 

complex to regulate and co-occupy the promoters of genes necessary for RGC differentiation. 

The exact mechanism for the ISL1 and BRN3B complex remains unclear (Zhang et al., 2018). 

BRN3B activates the Shh pathway and represses genes that inhibit RGC development (Xiang et 

al., 2011).  
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The SoxC family which includes the Sox4 and Sox11 genes is also important for RGC 

development. Their loss leads to an absence of RGCs and optic nerve formation (Jiang et al., 

2013). The SoxC family also inhibits Hes5, a transcription factor that blocks the differentiation 

of RGCs, thereby promoting RGC development. Additionally, the SoxC family regulates 

contralateral (not ipsilateral) RGC differentiation (Chang et al., 2017). Humans contain mostly 

ipsilateral RGCs, while mice contain mostly contralateral RGCs. Figure 5 is a diagram that 

shows the relationship between the transcription factors described above and how their interplay 

results in RGC differentiation.  

Human-induced pluripotent stem cell (hiPSC) technology 

 Human-induced pluripotent stem cells (hiPSCs) are somatic cells that have been 

reprogrammed into stem cells that carry properties of self-renewal and pluripotency. Self-

renewal means that hiPSCs have replicative immortality through the maintenance of long 

telomeres; self-renewal allows hiPSCs to be a replenishable and reliable source for research. 

hiPSC properties of self-renewal also allow the specific targeting and manipulation of the 

genome through CRISPR engineering tools. Pluripotency means that the hiPSCs have the ability 

to differentiate into all somatic cell types, except the extraembryonic cells. With a growing 

knowledge of genes, signal transduction pathways, and epigenetics, novel protocols get 

established and we have the ability to differentiate hiPSCs into different cell lineages (Singh et 

al., 2018). Although cells can be grown as a flat monolayer, organoids have also been developed. 

Since these three-dimensional tissues, or organoids, are similar to tissues and organs in vivo in 

terms of both anatomy and physiology, cell replacement, the field of translational medicine has 

been revolutionized. hiPSCs can be used for cell replacement, disease modeling, and drug 

screening, bringing a variety of diseases closer to a cure (Lancaster & Knoblich, 2014). 
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Clustered regularly interspaced short palindromic repeats (CRISPR) gene editing 

 Clustered regularly interspaced short palindromic repeats (CRISPR) is a tool for genome 

editing that consists of a guide RNA (gRNA) and a Cas9 endonuclease (CRISPR Guide). The 

gRNA has the target sequence necessary to bring Cas9 to a specific region of the genome in 

addition to the scaffold necessary for Cas9 to bind to the genome. The gRNA is made up of 

crRNA, an RNA that identifies the genomic target for Cas9, and TracrRNA, an RNA that serves 

as a scaffold to link the crRNA to the Cas9. The TracrRNA also helps facilitate the processing of 

pre-crRNA to crRNA. Cas9 (CRISPR Associated Protein 9) binds to the target DNA with the 

help of the gRNA only when the target sequence is 5’ to the PAM (protospacer adjacent motif) 

sequence. PAM is a short DNA sequence that functions as the binding signal for Cas9. The 

double-stranded DNA gets cut only when the target site is 5’ of the PAM sequence (CRISPR 

Guide).  

 A similar enzyme to Cas9 is Cpf1/Cas12a. In a staggered pattern, Cpf1 cleaves DNA and 

only needs one RNA, which is different than the Cas9 system that requires two. The staggered 

cleaving pattern is beneficial to genome editing since it allows for directional gene transfer. It is 

also helpful when targeting non-dividing cells that are challenging to edit through homology-

directed repair (HDR). The Cpf1 system also increases the number of CRISPR target sites in the 

genome that are AT-rich and don’t have the PAM sequences utilized by Cas9 (CRISPR Guide).  

Endogenous regeneration 

 Endogenous regeneration is the process by which an organism’s cells engage in the repair 

and regeneration of its own tissue. Endogenous stem cells are adult stem cells that carry 

properties of tissue specificity, self-renewal and differentiation potential. Most mammals have a 

very limited innate self-repair potential, which is typically restricted to early development (Xia et 



 

 

13 

al., 2018). On the other hand, many non-mammalian vertebrates have and maintain this innate 

self-repair potential throughout their lifetime. The adult zebrafish is experimentally accessible 

and thus, is one of the major species used to study regeneration. Following injury, adult zebrafish 

can heal scar-free and regenerate various organs and tissues (Marques et al., 2019). Zebrafish can 

use their existing Müller glial (MG) cells to regenerate their damaged retina (Xiao et al., 2019). 

After injury, the MG cells divide and proliferate into a progenitor cell population that can 

differentiate into many cell types of the retina including rod photoreceptors, cone photoreceptors, 

retinal ganglion cell precursors, bipolar cells, and amacrine cells (Bernardos et al., 2007; Singhal 

et al., 2012; Wan et al., 2016; Guimarães et al., 2018; Liu et al., 2019). In addition to the retina, 

zebrafish can also regenerate their fins, heart, spinal cord and kidney (Beffagna et al., 2019).  

Studies have also shown that RPE cells in the xenopus can transdifferentiate into different retinal 

cell types after retinal injury to regenerate the retina (Vergara et al., 2009). Scientists hope to 

recapitulate the regenerative potential seen in non-mammalian vertebrates by using endogenous 

stem cells. In order to do so, we need to understand which genes are upregulated and 

downregulated in the regeneration of specific cell types. We also need to understand the 

interactions between such genes and how they are regulated.  

Signaling pathways in endogenous regeneration 

 While the underlying mechanisms are unclear, many proneural transcription factors are 

upregulated following injury during endogenous regeneration. One of these transcription factors 

is the achaete-schute homolog 1a gene, ASCL1, which activates LIN-28, an mRNA binding 

protein that promotes pluripotency by suppressing let-7 miRNA expression (Ramachandran et 

al., 2010; Madelaine et al., 2017). Let-7 inhibits the expression of a variety of genes associated 

with regeneration such as lin-28, c-myc, ascl1a, pax6b, hspd1, and oct4 (Ramachandran et al., 
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2010); thus, by inhibiting let-7, ASCL1 indirectly activates the expression of regeneration-

associated genes. ASCL1 helps convert MG cells into cells with stem cell-like characteristics. 

Also, following injury in their retina, zebrafish overexpress sex-determining region Y-box 2 

(SOX2) and ATOH7, both of which are transcription factors and usually expressed in neural 

progenitors and retinas during early development. The signaling pathway involves SOX2 

activating ASCL1 and ATOH7 expression. These two transcription factors (ASCL1 and 

ATOH7) then induce the expression of LIN-28 (Madelaine et al., 2017). 

 Initially discovered in drosophila regulating organ size, the Hippo signaling pathway is 

also conserved in mammals and involved in endogenous regeneration by inhibiting molecules 

(YAP/TAZ) that lead to this process. Thus, the inhibition of the Hippo pathway causes injured 

cells to become progenitor-like (Rueda et al., 2019). In the Hippo pathway, the mammalian 

STE20-like protein kinase ½ (MST1/2) and mitogen-activated protein kinase kinase kinase 

kinase (MAP4K) phosphorylate yes associated protein (YAP) and transcriptional co-activator 

PDZ-binding motif (TAZ). YAP and TAZ become inactivated because this phosphorylation 

prevents YAP and TAZ from translocating into the nucleus. As a result of the inhibition of the 

Hippo pathway, unphosphorylated YAP/TAZ translocates into the nucleus and binds to the four 

TEA domain transcription factors (TEAD 1-4) to start transcription. While embryonic stem cells 

express YAP, differentiated cells do not. During early stages of embryonic development, YAP is 

highly expressed, yet this halts shortly after birth. However, when tissues are injured, YAP/TAZ 

expression resumes and rises, leading to dedifferentiation and progenitor cell proliferation (Wang 

et al., 2017). Figure 6 illustrates the Hippo signaling pathway. As one can clearly see, the Hippo 

pathway inactivates YAP/TAZ and thus, inhibits cell reprogramming and regeneration. When 
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YAP stops responding to Hippo signaling, injured cells become progenitor-like (Rueda et al., 

2019).  

 In addition to the Hippo pathway, fibroblast growth factors (FGFs) play a role in 

regeneration. FGFs are master regulators of both organogenesis and tissue homeostasis, and are 

instrumental in the migration, proliferation, differentiation and survival of various cell types (El 

Agha et al., 2016; Maddaluno et al., 2017). FGFs bind to FGFR1-4, four tyrosine kinase 

receptors on the membrane, which then results in the activation of various signaling pathways. 

FGFs are also involved in the development of organs including the brain, muscle, kidney, hair, 

heart and lung (Kurosu et al., 2007). In mammalian species such as rats, rabbits, dogs and mice, 

FGF extracts can stimulate wound healing in cornea, cartilage, peritoneum, peripheral nerve, 

eardrum, striated muscle, duodenal ulcers, salivary glands, tibia, and sternum (El Agha et al., 

2016). FGFs play a key role in limb regeneration of axolotls, fin regeneration of zebrafish, lens 

regeneration of newts and Xenopus laevis larvae, neural tissue regeneration in planarians, and 

retinal regeneration in chick embryos as well as adult zebrafish. FGFs also coordinate with other 

signaling pathways involved in regeneration, in particular the Wnt pathway, in order to increase 

the regenerative potential of cells (Maddaluno et al., 2017).  

 Along with FGFs, the Bone Morphogenic Protein (BMP) signaling pathway is involved 

in embryogenesis and regeneration. BMPs are within the transforming growth factor β (TGF- β) 

family with both canonical and the non-canonical mechanisms. The canonical pathway starts 

with BMP binding to cell-surface receptors to form type I and type II dimers. These dimers are 

serine/threonine kinase receptors. When BMP binds, these heterotetrametric complexes 

phosphorylate downstream receptor-regulated Smads (R-Smads), including Smad1, Smad5, and 

Smad8. These phosphorylated R-Smads combine with Smad4, the co-mediator protein, and 
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together they translocate into the nucleus to function as transcription factors. BMP also leads to 

reprogramming in cells that leads to regeneration (Yu et al., 2010). In addition, BMP antagonists, 

including noggin and chordin, also inhibit BMP (Wang et al., 2014). Studies have shown that the 

inhibition of BMP results in a decrease in regeneration. For instance, noggin treatment in the 

muscle tissue of neonatal mice resulted in a lower level of regeneration potential (Costamagna et 

al., 2016).  

Another important pathway in mammalian regeneration is the Wnt signaling pathway. Of 

the Wnt signaling pathways, there is a canonical Wnt signaling pathway (β-catenin dependent) 

and a non-canonical pathway that further divides into the Wnt/Ca2+ pathway and Planar Cell 

Polarity pathway (Komiya et al., 2008). The canonical Wnt signaling pathway (β-catenin 

dependent) is the one that is most involved in regeneration. It results in the build-up of β-catenin, 

which translocates to the nucleus and assists in transcription. Without Wnt, β-catenin is degraded 

in the cytoplasm by the β-catenin destruction complex, which consists of Axin, protein 

phosphatase 2A (PP2A), adenomatosis polyposis coli (APC), casein kinase 1α, (CK1α), and 

glycogen synthase kinase 3 (GSK3). When Wnt is present, it attaches to a seven-transmembrane 

receptor complex that consists of the frizzled receptor (FZD) and low-density lipoprotein 

receptor-related protein 5/6 (LRP5/6). This causes axin to bind to LRP5/6, which then inhibits 

the formation of the β-catenin destruction complex and thus, the degradation of β-catenin. A 

positive feedback loop ensues, and β-catenin accumulates in the cytoplasm. Also, axin binding to 

LRP5/6 activates the phosphoprotein dishevelled (Dsh), which casein kinase 1α activates. Dsh 

inhibits GSK3, another factor within the β-catenin destruction complex, so this again leads to a 

build-up of β-catenin. When β-catenin is accumulated in the cytoplasm, it can translocate into the 

nucleus with the help of other factors such as Axin. In the nucleus, β-catenin acts as a 
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transcriptional co-activator by making a complex with T-cell factor/lymphoid enhancer factor 

(TCF/LEF) and helping in the process of transcription (Clevers, 2006). The canonical Wnt 

signaling pathway described above is outlined in Figure 7. The role of the non-canonical 

pathway remains unclear despite its involvement in some inflammatory diseases. This pathway is 

independent of β-catenin and transcription. It regulates polarized organization and directs 

migration of actin cytoskeleton (Komiya et al., 2008). Also, Wnt signaling is involved in not 

only species with robust regenerative potential like zebrafish and salamanders but also mammals 

with limited regenerative potential. The decrease in Wnt signaling leads to the decrease in 

regenerative potential of the animal as well as a decrease in the recruitment of stem and 

progenitor cells to the area of injury. For example, when Wnt signaling is halted in zebrafish, an 

injured fin does not get regenerated as it would in a normal zebrafish (Whyte et al., 2012).   

 Lastly, the Hedgehog signaling pathway is involved in development and cell 

differentiation. The Sonic hedgehog (Shh) is the most well-known hedgehog homolog. In studies 

on axolotls, Shh signaling regulated dorsoventral patterning and was necessary for the 

regeneration of the tail. As a result of Shh signaling restriction, the axolotl tail was unable to get 

regenerated following injury (Schnapp et al., 2005). In Figure 8, the canonical Shh signaling 

pathway is outlined. In the canonical Shh signaling pathway, Shh binds to and inactivates 

Patched (Ptch1), a 12-transmembrane protein that typically works to repress smoothened (Smo) 

activity. When Shh binds to Ptch1, the resulting inactivation of Ptch1 increases Smo activity. 

Smo activates many signaling cascades that lead up to the increased activation of glioma-

associated oncogene homolog (Gli) proteins Gli1, Gli2, and Gli3 (Carballo et al., 2018). Gli1 is a 

transcriptional activator, while Gli2 and Gl3 are both transcriptional activators and repressors. 

Gli2 and Gli3 under normal conditions are truncated on the C terminus and repress Shh target 
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genes. Gli2 and Gli3 activation by Smo causes them to undergo posttranslational modifications 

and translocate into the nucleus, where they function as transcriptional co-activators and assist 

the transcription of Shh target genes, which consist of Gli1 and Ptch1. Gli1 under normal 

coniditons is not expressed and is produced by the activation of the Shh pathway through Gli2 

and Gli3. When activated, Gli1 helps in the process of transcription (Niewiadomski et al., 2019). 

In addition to transcription, Gli also affects the Wnt pathway by inhibiting β-catenin. The Wnt 

pathway also affects the Shh pathway, as TCF/LEF upregulate Gli (Carballo et al., 2018).  

Cell-based models to explore retinal biology  

The retina is a complex, multilayered neural tissue, and thus, there are no practical ways 

to explore retinal biology in humans. Challenges also consist of the generation of enough 

specific cell types, the functional integration of transplanted cells, and the delivery of such cells 

with the absence of an immune response. Cell based approaches might offer a solution. hiPSC 

technology allows for the formation of organoids, which are three-dimensional tissues that can 

recapitulate the anatomical structure and physiology of human tissues (Singh et al., 2018).  

New innovations in stem cell research offer new models to test RGC protective strategies 

as well as to study the basic biology of RGC outgrowth and targeting. Studying 3D tissue 

organoids not only broadens our knowledge of human development but also allows for drug 

screening and new methods of human disease modeling and repair. The generation of human 

embryonic and induced pluripotent stem cells can allow for the massive expansion of donor cells 

that have the potential to differentiate into any type of cell in the body. These pluripotent stem 

cells can be used for the production of 3D tissue organoids, allowing for the generation of a 

specific cell-type in both high precision and high amounts. For ophthalmology research, 

organoid technology has opened up new avenues of studying retinogenesis in vitro, including 
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developmental studies and disease modeling (Wahlin et al., 2017, Llonch et al., 2018). With 

organoids, we can study early human retinal cell fate decisions, as well as the role of 

transcription factors during retinal development. We can also use the organoids as a tool to study 

the progression of retinal disease in vitro. Furthermore, the 3D organoids can be used for 

transplantation and high-throughput screening approaches due to their ability to proliferate and 

generate highly numbered retinal cell populations (Llonch et al., 2018). With the potential to 

mimic the structure, function, and organization of the retina, the 3D organoids are useful tools 

for understanding the molecular mechanisms underlying retinal diseases (Mazerik et al., 2018).  

Many optic neuropathies are associated with incorrect synapse formation, inadequate 

number of RGC axons, and misguided RGC axonal growth from the retina to the brain 

(Mesentier-Louro & Liao, 2019). Due to a disconnect between the retina and the brain, visual 

information is not properly transmitted to the brain. With retinal organoids, we may be able to 

further our understanding of the axonal growth cues and enrich our knowledge on how to steer 

them in the proper direction. New cell-based models, such as those afforded by organoids, could 

enable new approaches for sending RGC axons to the brain. The most promising method would 

be a therapeutic that contains the exact concentrations of attractants and repellents to guide the 

RGC axons to the brain. With the right amount of guidance cues, the RGC axons would be 

correctly navigated to the brain and the restoration of sight would occur. This would be a 

discovery that would one day be able to cure the optic neuropathies that break the connection 

between the retina and the brain (Amin et al., 2018). In addition, connecting the retina to the 

brain might increase survival in normal retinal organoids and may allow one to study the role of 

sensory input to the brain.  
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Mouse PSC (mPSC)-derived retinal organoid differentiation 

The generation of PSC derived retinal cells was a breakthrough initiated by Eiraku and 

Sasai (Eiraku & Sasai, 2011). His pioneering approach allowed for the modelling of retinal 

development in vitro with mouse embryonic stem cells (mESCs) (Eiraku & Sasai, 2011). In 

Eiraku’s protocol, the retinal organoid formation begins with a reaggregation of a specific 

number of dissociated mESCs in 96 well plates, which causes embryoid aggregates to form 

(Eiraku & Sasai, 2011). The addition of Matrigel, which consists of extracellular matrix (ECM) 

components creates optic vesicle-like structures that express transcription factors like Rx and 

Pax6 within a week. After 3 days of differentiation, more than half of the structures undergo 

invagination and form optic cup-like structures, which are separated from the aggregates. These 

structures consist of an outer nuclear layer with photoreceptors, an inner nuclear layer with 

horizontal, bipolar, amacrine and Müller glia cells, and a ganglion cell layer (Llonch et al., 

2018). Gonzales-Cordero was then able to advance this approach by lengthening the time of the 

organoids in the extracellular matrix and not performing the dissection of parts of the organoid 

(Gonzalez-Cordero et al., 2013). In addition to this, parallel studies by Lakowski and Santos-

Ferreira added cell surface markers for the separation of rod photoreceptors from retinal 

organoids (Lakowski et al., 2015, Santos-Ferreira et al., 2016). The advantages to this approach 

are that now scientists can understand how complex their retinal organoids are and can work 

towards replicating the anatomical and physiological processes of the retina in vivo.  

hPSC-derived retinal organoid differentiation  

Pluripotent stem cell derived retinal organoids have also been used to study human 

retinogenesis in ways not previously possible. Although animal models provide us with a greater 

understanding on RGC growth mechanisms, the way human RGCs respond to molecular cues to 
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grow towards the brain can be even further studied using human PSC-derived retinal organoids, 

a reliable model of RGCs development. Many different labs with varying organoids all start off 

with stem cells and transition into neural progenitors in a self-organizing fashion, progressing to 

eye-field properties. 

Based on their aggregation approach with mouse ESCs, Nakano’s group formed a 

protocol in 2012 that results in the formation of retinal organoids from human ESCs (Nakano et 

al., 2012). With quickly aggregated hESCs (9000 cells/well) and Matrigel, which consists of 

ECM parts, optic cups were formed by adding 10% FBS along with Hedgehog agonist, 

smoothened agonist and a Wnt agonist. These optic cups contained neuroretina and retinal 

pigment epithelium (RPE) (Nakano et al., 2012). Wnt inhibition is necessary to regulate RPE 

genes (Llonch et al., 2018).  

Other protocols use this aggregate approach as well. In Fligor et al (2018), the hPSCs are 

lifted from Matrigel-coated wells using dispase and suspended as embryoid bodies (Fligor et al., 

2018). These are then moved to a neural induction medium of DMEM, F12 (1:1), N2 

supplement, MEM non-essential amino acids, heparin and PSA. Following seven days, the 

embryoid bodies get plated with 10% FBS in NIM, and after twenty-four hours, the FB gets 

removed. Following sixteen days of differentiation and cell maintenance, the cell aggregates 

were lifted and kept in Retinal Differentiation Medium (RDM), a medium that contained 

DMEM/F12 (3:1), B27 supplement, MEM non-essential amino acids, and PSA (Fligor et al., 

2018).  

As demonstrated by Wahlin and colleagues, this stem cell forced aggregate approach 

cause the spontaneous formation of optic vesicles (Wahlin et al., 2017). PSCs maintained in 

mTsSR1 were used to initiate serum-free embryoid body forced aggregates for optic vesicle 
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induction. Stem cells were passaged with a longer Accutase incubation for twelve minutes and 

one thousand cells in fifty microliters of mTeSR and blebbostatin were seeded per well into 

polystyrene 96-well U-bottom plates. Aggregates were transitioned to BE6.2 medium by adding 

50μl+2% MG on day 1 and 1% MG each day thereafter. On days 4 to 8, a 50% medium 

exchange (100 μl) was performed daily and every other day thereafter. This medium contained 

1% MG and 3μM of IWR-1e. At day 10, vesicles were transferred to 15 mL conical tubes, rinsed 

3 times in HBSS, and resuspended in BE6.2 + 300 nM Smoothened agonist from days 10 to 12 

to improve retinal induction. From days 12 to 18, the medium contained LTR+SAG. From days 

10 to 12, sharped tungsten needles were used to excise optic vesicles to prevent overgrowth and 

necrosis. After day 20, 500nM all-trans retinoic acid was added to the LTR medium to enhance 

the survival and differentiation of the retinal organoids. By optimizing the growth medium 

composition, oxygen concentration, and aggregate size, they were able to enhance the generation 

of optic vesicles. One change was the doubling of the E6 concentration, which improved vesicle 

morphology. B27 further enhanced the 3D neural vesicle formation. Additionally, aggregates 

under hypoxic conditions had increased viability due to its effect on improving the pluripotency 

and proliferation of hPSCs. An important part of this work was that hypoxia increased survival 

and improved vesicle formation in developing organoids. Blebbistatin, a selective cell-permeable 

inhibitor of non-muscle myosin ATPase activity, also increased cell survival when passaged to 

single cell levels (Chen et al., 2010; Walker et al., 2010; Xu et al., 2010). In addition, 

blebbistatin increased cloning efficiency following dissociation to single cells. Following the 

continuous removal of non-retinal cup (RC) like structures and the trimming of overgrown 

vesicles, the 3D RCs became reasonably homogenous after a span of a month. These isolated 

optic vesicles then transformed into laminated 3D retina cups. Early-stage optic vesicle 
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formation occurred in twelve days while specific retinal cells were born over a three-month span. 

This method led to the formation of all retinal types, including photoreceptors, retinal 

interneurons, ganglion cells and RPE tissues and could be maintained over 300 days.  

The other approach, introduced by the Gamm lab, is based on a hybrid 2D-3D system. 

Briefly, stem cells are mechanically scrapped and embryoid bodies form in suspension in N2 

containing neural induction medium. They are then attached to a Matrigel based basement 

mebrane and grown in 2D until columnar neuroepithelial cells form (Meyer et al., 2009). After 

six days on this substrate, several eye field markers (e.g., RX, SIX3, SIX6, LHX2, OTX2 and 

PAX6) were detected by PCR. After ten days, the vast majority of cells tested double positive for 

Pax6/Rx. The eye-field structures were mechanically detached and stimulated by B27 

supplementation that promotes further retinal differentiation. By Days 20 to 25, a couple 

populations of free-floating neurospheres were shown (Meyer et al., 2011). The retinal 

neurosphere were then manually separated after day 26 to prevent the instability of the retinal 

morphology.  

As shown by Zhong et al., the aggregate approach was used with major modifications 

(Zhong et al., 2014). On Day 0, the hPSC were detached using dispase and cultured in 

suspension with mTeSR1 medium and 10 µM Blebbistatin to cause aggregate formation. The 

aggregates were then moved into a NIM by replacing the medium on Day 1 with a 3:1 ratio of 

mTeSR1/NIM, 1:1 on Day 2, and 100% NIM on Day 3. The aggregates were then seeded onto 

wells coated with Matrigel and containing NIM on Day 7. On Day 16, the NIM was removed 

and switched to DMEM/F12 (3:1), adding 2% B27, 1x NEAA, and 1% antibiotic-antimycotic 

(Zhong et al., 2014). On week 4 of differentiation, the neural retina domains were manually 

separated and cultured in suspension, forming 3D retinal cups. Retinoic acid was added to 
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promote photoreceptor maturation (Zhong et al., 2014). This new protocol incorporated the 

attachment of cysts to Matrigel-coated plates and the supplementation of fetal bovine serum 

(FBS), RA and taurine to promote photoreceptor development and maturation, resulting in rho+, 

S-opsin+ and L/M-opsin+ photoreceptor generation (Zhong et al., 2014). Using this protocol, 

retinogenesis spanned across weeks five to twenty-two (Zhong et al., 2014). Overall, this 3D 

organoid technology greatly improved the availability of human retinal tissue and human 

photoreceptors.   

Advances and limitations of organoid technology 

Some advances of the organoid technology include our ability to study gastrulation, 

morphogenesis, and organogenesis in the human eye. Organoid technology allows us to study 

human biology, which is typically difficult since humans are not experimental models. 

Organoids have been used as not only drug screeners, but also a tool to understand human 

development and disease (Holloway et al., 2019). For example, patient-derived 3D liver cancer 

organoids have been used as a drug screening platform to test their responses to 129 cancer drugs 

(Li et al., 2019). While there has been remarkable progress in organoid technology, organoids are 

still primitive and lack many essential features found in the native tissue. They are also 

heterogeneous, which makes them similar but different from native tissue found in the human 

body (Holloway et al., 2019). Unguided organoids, which are organoids that spontaneously 

undergo morphogenesis and differentiate, have been shown to generate high variability (Qian et 

al., 2019). Guided organoid methodologies address these concerns and use growth factors to 

differentiate organoids towards desired lineages, thereby increasing complexity. These 

methodologies include the addition of small molecules and growth factors to the organoids to 

facilitate the differentiation process (Qian et al., 2019).  
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Bioreactors have also been used to increase nutrient and oxygen diffusion and maintain 

3D suspension culture (Clevers et al., 2017). However, bioreactors are bulky and consume much 

culture medium, which decreases the efficiency of the organoid system. Neurons generated in 

organoids parallel the development and maturation of neurons as they develop in the embryonic 

stages in vivo. Organoids can also showcase cell-type diversity by producing a variety of 

different cell-types (Qian et al., 2019). However, because they are made in vitro, they do not 

contain all the cell types of the actual organ (Clevers et al., 2017). For example, while the retinal 

organoids have photoreceptors, bipolar cells, retinal ganglion cells, horizontal cells and amacrine 

cells, they do not contain the RPE needed for PR function along with blood vessels. A way to 

avoid such a challenge is by artificially combining separately cultured cell types. Co-culture 

systems have been implemented to further improve upon the complexity of organoids and mimic 

the organogenesis that occurs. Additionally, organoids have been able to produce similar levels 

of gene expression as that of human fetal tissues. Nevertheless, we must be cautious when 

directly extrapolating gene expression analysis to function (Qian et al., 2019).  

There have been many breakthroughs in organoid technology, including the successful 

treatment of certain diseases with cultured organoids. Organoids are tools that have allowed for 

the integration of various technologies including gene editing, imaging, NextGen sequencing, 

artificial intelligence, bioengineering and more (Clevers et al., 2017). This integration of various 

technologies is what makes organoids unique. Its disease modeling applications have also been 

very successful, demonstrating that organoids can model various disorders. The structural 

sophistication of organoids is one of the main advantages of organoids, as it allows us to study 

their progression through multiple lineages in a process that mimics the development of the 

native tissue (Clevers et al., 2017). As mentioned previously, organoids bring up a challenge of 
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variability. In order to reduce this variability, defined progenitors should be used instead of 

pluripotent stem cell aggregates. Also, the culture medium and matrix should be fully defined. 

High resolution non-invasive sensing technology with monitoring parameters like temperature, 

pH, proteins, oxygen and morphology, alongside a machine learning process can optimize the 

cell culture and minimize variability as well (Clevers et al., 2017). Partial automation and the 

improvement of delivery logistics in terms of preservation and transport of organoids should also 

be put into effect in order to optimize the target tissue isolation. Similar to native organs, 

organoids are able to get constructed with minimal exogenous interference and can reform many 

complex interactions within the organ they are modeling. Because of their plasticity, they are 

reliable tools for drug screening. Due to the complexity of their development, organoids 

experience much heterogeneity, which could pose as a problem. Guidance cues and growth 

factors can be used to facilitate the growth of the organoids and reduce this randomness that may 

arise (Clevers et al., 2017).  

 In 2011, the first stratified cell-specific layered organization from mESCs was formed. 

Optic-cup vesicles were generated as a result of evagination and invagination steps, and later 

underwent morphogenesis similar to in vivo retinogenesis (Nakano et al., 2012). Later, as a result 

of the addition of extrinsic factors such as Wnt antagonists, Shh, and FGF, retinal organoids 

showed a more stratified neural morphology and formed chemical and electrical retinal synapses 

(Nakano et al., 2012; Eguizabal et al., 2011). Trisectioning of organoids also resulted in an 

increase in the overall quantity of retinal organoids as well as the number of photoreceptors 

(Völkner et al., 2016). In 2014, outer segments which include the light-sensitive photoreceptors 

were found in 3D retinal organoids, from which functional light responses were recorded. 
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Markers for the phototransduction protein (recoverin) as well as the synaptic vesicle protein seen 

in rods (Zhong et al., 2014).  

 In order to increase survival rates of these organoids, culture conditions were improved 

upon using a bioreactor. The retinal laminar stratification also improved and high numbers of 

photoreceptors with cilia were produced (DiStefano et al., 2018). New approaches to combat the 

absence of a vascular system within organoids include the use of hydrogels and addition of 

insulin growth factor 1 (IGF1) to the media which accelerated maturation of photoreceptors with 

RGCs. Hydrogels enhance the RPE pigmented phenotype, function as scaffolds and can deliver 

cells into the retina, driving neural and retinal differentiation under 3D conditions. Because these 

approaches improved the vascular system of these organoids, the photoreceptors 

morphologically exhibited maturation and co-cultured RPE interactions showed enhancements. 

Evenly distributed photoreceptors were found in the outer retina at days 120-160, a time frame 

that correlates to in vivo human retinogenesis (Hunt et al., 2016).   

Current limitations of retinal organoid models 

 Although retinal organoids are highly promising, this technology is faced with some 

limitations. Although a major symptom of retinal disease is the loss of visual function, retinal 

organoids tend to show only weak responses to light (Zhong et al., 2014). This may be due to the 

limited development of the outer segment discs (visual pigments and phototransduction proteins) 

and thus, lack of interaction with the RPE. Also, there is retinal ganglion cell death in retinal 

organoids as a result of the absence of connections to the brain. Thus, functional retinal circuits 

do not form (Kaya et al., 2019).  

In addition, current retina organoids are not as complex and fully mature as their 

counterpart (Capowski et al., 2019). Current retinal organoids do not possess cell type diversity, 
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are variable in their development, carry hiPSCs line-to-line variability, and are not consistent in 

lamination patterns (Kaya et al., 2019; Kim et al., 2019; Capowski et al., 2019). Also, in order to 

form vascularized tissue seen in retinal tissue in vivo, 3D retinal organoids must contain 

endothelial cells. The immune system is also a factor in retinal degeneration, specifically the 

inflammatory aspects, and so the 3D retinal organoids must be co-cultured with patient-derived 

microglial cells to understand this interaction. A functional layer of RPE is also crucial for 3D 

retinal organoids as that would make the organoid more physiologically similar to retinas in vivo; 

the RPE is required for maintaining the visual cycle due to its role in retinoid recycling 

(Capowski et al., 2019).  

Other challenges include shortening the time it takes to generate 3D retinal organoids that 

contain photoreceptors (Capowski et al., 2019). Additionally, reproducing aging effects in 3D 

retinal organoids for the disease modeling of late-onset retinal diseases poses a challenge. The 

morphology of the photoreceptor outer segments in retinal organoids is immature and while 

similar to those in fetal development, they are vastly different than those in the mammalian adult 

retina, which are more complex in their morphology, stratification and function (Masland et al., 

2012). Similar developmental timing in retinal organoids as in vivo is crucial for the study of 

late-stage processes like late-onset retinitis pigmentosa (RP). RP occurs mainly in the elderly and 

so having a model that can mimic such developmental processes is necessary for its study. 

Strategies to mimic neurodegenerative late-onset diseases such as the addition of stressors in 

culture medium, Progerin overexpression, and telomere shortening have been used in Parkinson 

disease cellular models, but these approaches have not yet been used in 3D retinal organoids 

(Castro et al., 2019). These limitations are obstacles to studying therapeutic strategies for retinal 

diseases that warrants further research effort.   
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Transdifferentiation of neuronal cells from human pluripotent stem cells 

 The study of optic neuropathies can be substantiated using retinal organoids that can 

mimic the development and degeneration of the retina. This project provides a novel therapeutic 

strategy for optic neuropathies such as glaucoma by using endogenous regeneration to regenerate 

RGCs that were formerly assumed irreversibly lost. My hypothesis was that the endogenous 

regeneration seen in the zebrafish can be recreated in the human eye to form new RGCs by 

ectopically overexpressing specific transcription factors involved in RGC specification and 

differentiation. Our results suggest that the overexpression of four specific transcription factors, 

NEUROG2, ATOH7, ISL1, and BRN3B, converted undifferentiated human stem cells into 

retinal ganglion cells with long branched neurites. Experiments have verified that the 

differentiated neurons express markers typical of retinal ganglion cells, most notably the 

POU4F1 (BRN3A). This shows that BRN3A plays a role in human RGC development as well as 

in the hiPSC-differentiated RGCs. 
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RESULTS AND DISCUSSION 

 The overarching goal of this project was to gain a deeper understanding of RGC 

development, particularly the factors involved and the relationship between them. We hope that 

by understanding the basic science behind RGC development using CRISPR gene editing tools 

and the process of endogenous regeneration, we will be one step closer to developing novel 

therapies that will prevent, minimize, or even restore vision loss due to RGC degradation. The 

focus of my thesis was to understand the involvement of BRN3A in RGC development as well as 

its role in the NEUROG2, ATOH7, ISL1, and BRN3B pathway.  

Design of transgene constructs for fluorescence markers 

An aim of my project was to utilize a tool that would cause stem cells to differentiate into 

RGCs which could be used as a proof-of-concept for minimal transcription factor cassette 

capable of eventually transdifferentiating into RGCs. To verify the formation of RGCs and 

analyze their complexity, we first generated cell based RGC reporters, which gave a dynamic 

live cell readout. These reporters were created by coupling fluorescent protein expression to 

endogenous retinal genes. To accomplish this, we used CRISPR targeting tools that carry the 

RGC markers POU4F1 (BRN3A) and POU4F2 (BRN3B). Synaptic protein reporter tools (e.g., 

DLG4 and CtBP2) were also made to highlight functional connections between retinal cells.   

The plasmid construct used to label RGCs that express BRN3A contained the 

mNeonGreen fluorescent protein sequence, a myristoylation tag sequence, and a p2A sequence, 

all three of which surrounded by the homology arms for BRN3A. This plasmid construct is 

shown in Figure 9. The myristoylation tag is a lipid modification that anchors the mNeonGreen 

fluorescent protein to the membrane of the cell (Maurer-Stroh et al., 2002). A porcine 2A (p2A) 

sequence consists of a twenty-two amino acid polypeptide that causes ribosomal skipping during 
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protein translation. This allows a single mRNA transcript containing BRN3A and mNeonGreen 

to create separate functional proteins (Daniels et al., 2004).   

The plasmid construct used to label RGCs that express BRN3B contained the tdTomato 

fluorescent protein sequence, two p2A sequences and one Thy1.2 sequence. The P2A sequences 

that induce ribosomal skipping result in the formation of separate and functional BRN3B, 

tdTomato, and Thy1.2 proteins. The Thy1.2 sequence codes for the glycosylphosphatidylinositol 

(GPI)-anchored protein, allowing for the localization of the tdTomato fluorescent protein into the 

outer leaflet of lipid rafts in the cell membrane (Haeryfar & Hoskin, 2004). This feature allows 

us to selectively isolate the cells via immunostaining. This plasmid construct is also shown in 

Figure 9.  

Furthermore, plasmid constructs used to label synaptic proteins, C-terminal binding 

protein (CtBP2) and Discs Large 4 (DLG4)/post-synaptic density-95 (PSD-95), were made. 

CtBP2 codes for a synaptic ribbon at presynaptic active zones of sensory neurons such as retinal 

photoreceptor cells and bipolar cells (Vaithianathan et al., 2013). DLG4 codes for postsynaptic 

densities in photoreceptors and bipolar cells (Koulen et al., 1998). One of the plasmid constructs 

for CtBP2 contained the tdTomato fluorescent protein sequence flanked by the homology arms 

of CtBP2. The homology arms are included in the plasmid for the purpose of homology directed 

repair (HDR). After Cas9 makes a cleavage in the target site of the genome, HDR will follow 

and will use the homology arms of the plasmid to repair the cleavage. Through this repair, the 

desired sequence containing the fluorescent protein will integrate into the genome. Another 

plasmid construct for CtBP2 contained the GFP fluorescent protein flanked by the homology 

arms of CtBP2. Furthermore, one of the plasmid constructs for DLG4 contained the tdTomato 

fluorescent protein flanked by the DLG4 homology arms. Another plasmid construct for DLG4 
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contained the GFP fluorescent protein flanked by DLG4 homology arms. The plasmid maps for 

DLG4-tdTomato, DLG4-GFP, CtBP2-tdTomato, and CtBP2-GFP are also shown in Figure 9.  

Some modifications that have been done over the past year on these CtBP2 and DLG4 

plasmids were the replacement of the gRNA scaffold V1 with gRNA scaffold V3. gRNA is 

composed of the gRNA scaffold, a sequence necessary for Cas9 binding, and approximately 

twenty nucleotides that define the target sequence of the genome. This new scaffold was more 

robust and increases transfection efficiency. Another modification was the replacement of SV40 

with eHRE. SV40 allows for the nuclear import of a plasmid carrying sequences of interest 

(Prasad & Rao, 2005). HRE is a hypoxia response element that increases expression of a gene in 

respond to hypoxia. Both SV40 and HRE are DNA tagging sequences. I switched the SV40 with 

HRE to transcription efficiency (Tang et al., 2002). This was something we wanted to explore as 

we were not certain if the switch would improve the transfection.  

After assembling and Sangar sequencing the final product of the CtBP2-GFP plasmid, I 

discovered a frameshift mutation that resulted in a premature stop codon in the GFP transcript. 

To correct this mutation, we carried out site directed mutagenesis. Using oligonucleotide primers 

that contained the corrected sequence, I PCR amplified entire plasmid and re-circularized the 

plasmid using Gibson assembly. Once PCR amplified, the plasmid was switched back together 

by Gibson assembly. Gibson assembly is an isothermal reaction that uses 5’ exonuclease, DNA 

polymerase, and DNA ligase enzymes to chew back overlapping ends, fill in gaps and ligate 

DNA fragments respectively. Following the completion of the Gibson assembly, the reaction 

product was restriction enzyme digested with a methylation specific DPN1 enzyme. This enzyme 

functions to degrade the original, unmodified plasmid template and thus, make sure that all that 

the final product is the desired, modified plasmid. It does so by cutting up the plasmid that 



 

 

33 

contains methylation. The original plasmid is coated in methyl groups because methylation gets 

added in bacterial replication, and so the DPN1 enzyme degrades this plasmid. The final, 

modified plasmid is methyl free because there are no methyltransferases in replication done in 

PCR. Sequence verification of the DLG4-p2A-GFP, and DLG4-p2A-tdTomato are shown in 

Figure 10, while that of CtBP2-p2A-eGFP, CtBP2-p2A-tdTomato plasmids are shown in Figure 

11. 

Transgene construct transfection and generation of reporter cells (BRN3A-Neon, BRN3A-

Neon & BRN3B-tdTomato, and CtBP2-tdTomato) 

Once we had successfully constructed and sequence verified CRISPR Donor vectors for 

gene verification, we then sought to integrate these cassettes into human pluripotent stem cells. 

This was accomplished by transfecting the plasmids into a human induced pluripotent stem cell 

line (IMR90.4) to generate reporter cells. The Brn3a-Neon and CtBP2-tdTomato plasmids were 

first transfected into individual cell lines. Once the Brn3a-Neon cell line was verified, BRN3B-

tdTomato was transfected into the Brn3a-Neon cell line to generate a dual RGC reporter. The 

day before the transfection, the cells were doxy-treated to turn on Cas9 and thus allow for the 

CRISPR/Cas9 gene editing. To briefly discuss the process of transfection, cells were single cell 

passaged with Accutase when the stem cell colonies were at high density (around 100,000 to 

200,000 cells). The cells were then resuspended in hypoosmolar electrolytic solution and plasmid 

in various concentrations. They were then electroporated with one pulse at 1300 V for 20 ms and 

immediately and very gently transferred to the surface of a single well in a Matrigel coated 12-

well plate. Transfection of plasmid DNA leads to a heterogeneous mixture of unmodified cells 

and modified gene edited cells. To identify modified colonies, genotyping was carried out for 

most of the cell lines, except CtBP2-tdTomato. The CtBP2-tdTomato cell line did not require 
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genotyping since the CtBP2 gene is expressed in stem cells. Thus, using fluorescent microscopy, 

the tdTomato signal was visualized in some of the colonies. A figure that illustrates the 

fluorescence of the CtBP2-tdTomato colony is shown in Figure 12.  

The BRN3A-Neon and BRN3B-tdTomato cell lines required genotyping. To briefly 

describe the process of genotyping, following transfection, cells were colony picked onto a 48-

well plate and then expanded via non-enzymatic cell dissociation buffer (CDB) passaging. They 

were spun down in a 96 well plate and lysed to extract their DNA with Quick Extract (QE) 

buffer. After an hour of incubation, the DNA was diluted in Tris-low EDTA (pH 8.0) diluted 1:1 

in nuclease free water. The DNA was then spun down and transferred into a new 96 well plate 

for PCR. This was done to remove the cell debris. Phusion, nuclease free water, and primers 

were added to each well using conditions that are outlined in the Materials and Methods section. 

For first pass genotyping to identify the presence of insertion, oligos were used such that one was 

outside of a homology arm and another within the unique fragment. PCR amplification only 

occurs if the desired fragment is integrated into the genome. Thus, visualizing the band with the 

expected size in the gel suggested stable integration of the fluorescent protein into the genome. 

For second pass genotyping to identify insertions at one or both alleles, the goal was to 

discriminate between a heterozygous and homozygous insertion of the transfected genes. A 

heterozygous insertion meant that the transfected gene was only inserted into one of the two 

chromosomal alleles, while a homozygous insertion meant that the transfected gene was inserted 

into both alleles. The oligos for second pass genotyping were chosen by having the first be inside 

the homology arm while the second be outside of the other homology arm. Figure 14 illustrates 

how the oligos are chosen for first pass and second pass genotyping. After genotyping the 

BRN3A-Neon and BRN3B-tdTomato dual reporter cell line, BRN3A-Neon was found to be 
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homozygous while BRN3B-tdTomato was found to be homozygous. Generating the BRN3B-

tdTomato cell line took some additional steps. Originally, we thought that there was a 

heterozygous insertion of P2A-tdTomato-P2A-Thy1.2 into the BRN3B gene. However, the 

difference in intensity of the bands in our gel for second pass genotyping suggested that this was 

a mixed heterogeneous population and so we conducted further colony-picking and genotyping 

to reselect for a homogeneous population. This process led us to purify the population into a 

homozygous clone. The genotyping gels for BRN3A-Neon and BRN3B-tdTomato are shown in 

Figure 14. 

Following PCR verification of the BRN3A-Neon and BRN3B-tdTomato dual reporter, 

we further sequence verified each target gene. For both cell lines, the PCR products for second 

pass genotyping were purified using a Zymo-25 DNA Clean & Concentrate kit and sequence 

verified. Figure 15 shows the Sanger sequencing verification of the homozygous insertion of 

Neon-Myristoylation Tag-P2A into the BRN3A gene. Using the Geneious software package 

(Biomatters), a contig assembly was generated and aligned sequences were graphically 

represented to show overlap coverage between the Sanger sequenced files and the expected 

mNeonGreen-MyrTag-p2A-BRN3A. Figure 16 illustrates the Sanger sequencing verification of 

the homozygous insertion of P2A-tdTomato-P2A-Thy1.2 into the BRN3B gene.  

NAIB construct transfection and overexpression for RGC generation  

To differentiate the BRN3A-Neon and BRN3A-Neon/BRN3B-tdTomato dual reporter 

cell lines into RGCs, I transfected a NAIB plasmid construct to overexpress transcription factors 

necessary for RGC development. It contained four RGC promoting genes (NEUROG2, ATOH7, 

ISL1, and BRN3B), each separated by a p2A sequence enabling polycistronic expression of 

genes via ribosome skipping. NEUROG2 drives early neural induction, ATOH7 and ISL1 lead to 
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RGC commitment, and BRN3B causes RGC differentiation (Hufangel et al., 2010; Wu et al., 

2015). The NAIB cassette is controlled by a third-generation (3G) tetracycline (TET) activated 

response element (3G-TRE) and a constitutively expressed reverse tetracycline trans-activating 

sequence (rtTA). Under a chicken beta-actin hybrid (Cbh) promoter, a constitutively active 

TagBFP2 sequence is included in the plasmid construct to visualize gene integration. A zeocin 

selectable marker is present to select against unmodified cells to obtain a pure population of 

NAIB integrated cells. Along with the NAIB plasmid, the Cpf1 expressing pY026 plasmid was 

also used. This plasmid co-expresses a Cpf1 enzyme and a CLYBL safe harbor targeting guide 

sequence. Because the cells already contained a Tet-inducible Cas9 and rtTA, this was necessary 

as the addition of doxy to induce endogenous Cas9 present in Cas9 engineered cells would 

inadvertently cause the premature activation of the NAIB cassette. The Cpf1 expressing pY026 

plasmid allows us to generate a stable stem cell line. The plasmid maps for both NAIB and the 

Cpf1 expressing pY026 plasmid are shown in Figure 17.  

The NAIB and Cpf1 expressing pY026 plasmids were transiently transfected into the 

BRN3A-Neon hiPSC cell line (IMR90.4) to induce transdifferentiation by BRN3A for live cell 

imaging of RGCs. The transient transfection resulted in the entry of the NAIB cassette into the 

cell; however, at this stage, it was not yet stably integrated into the genome. The same 

transfection process detailed above was carried but with additional zeocin selection for one 

week, starting with a lower concentration (1:2000) to a higher concentration (1:500). To verify 

the stable integration, I visualized the constitutively expressed mTagBFP2 signal was visualized 

by fluorescent microscopy. Figure 18 shows successful integration of the NAIB cassette into 

cells.  
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After the zeocin selection and NAIB integrated enrichment, doxycycline induction was 

carried out to trigger neuronal and eventually RGC differentiation. After four days of 

doxycycline treatment (1 µg/ml), cells showed a dramatic shift towards a neuronal morphology 

compared to controls as shown in Figure 19. Four (Figure 19D) and five days (Figure 19E) of 

doxycycline treatment (1 µg/ml) showed clear neuronal morphology with phase bright cell 

bodies (Figure 19 D-E, see black arrows) and elongated neurites (Figure 19 D-E, see white 

arrows). In addition to morphological changes, BRN3A-Neon+ cells were observed in the 

doxycycline treated cells and displayed neuronal morphology with extended neurites (Figure 20 

D-F, see arrows). The non-doxycycline treated cells did not express BRN3A-Neon (Figure 20 

A-C). An interesting observation was that some of the neurites expressed BRN3A-Neon while 

others did not, which suggests the differential expression of BRN3A in different RGC subtypes. 

Because some of the doxycycline-treated cells expressed BRN3A-Neon, this also suggests that 

BRN3A plays a role in the relationship between NEUROG2, ATOH7, ISL1, and BRN3B, as 

their overexpression resulted in the expression of BRN3A.  

To further explore the relationship between BRN3B expression and regulation of the 

endogenous BRN3A gene, we co-transfected the NAIB and Cpf1 expressing pY026 plasmids 

into the BRN3A-Neon and BRN3B-tdTomato dual reporter hPSC cell lines. The NAIB 

experiments carried out for the BRN3A-Neon hPSC cell line will be repeated for this dual 

reporter cell line. By comparing the number of doxycycline cells that express BRN3A-Neon, 

BRN3B-tdTomato, or both, we will better understand how these two factors, particularly 

BRN3A, lead to RGC development and how they interact with one another in RGCs. 

Additionally, I am constructing a plasmid that carries the NAIP1 cassette, overexpressing 

NEUROG2, ATOH7, ISL1, and BRN3A (POU4F1) in the presence of doxycycline. This 
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plasmid functions the same as the NAIB plasmid, but instead of a BRN3B (POU4F2) coding 

sequence, it contains the BRN3A (POU4F1) coding sequence. In the future, we hope to transfect 

this plasmid into the dual reporter BRN3A-Neon and BRN3B-tdTomato hPSC cell line and 

conduct the NAIP1 experiments, where we induce the cells into becoming RGCS via 

doxycycline treatment. By comparing the results of the NAIP1 and NAIB experiments that used 

the same dual reporter BRN3A-Neon and BRN3B-tdTomato hPSC cell line, we will expand our 

knowledge on the role of BRN3A in RGC development.  

In the future, the overexpression of NEUROG2, ATOH7, ISL1, and BRN3A/BRN3B 

could become a therapeutic strategy for restoring the RGCs that were previously thought to be 

irreversibly lost, revolutionizing the field of ophthalmology. We hope that a deeper 

understanding of RGC development, particularly the transcription factors involved, will help 

scientists develop novel therapies that will prevent, minimize, or even restore vision loss due to 

RGC degeneration. 
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MATERIALS AND METHODS 

 

Cells. IMR90.4 iPSCs (from WiCell) 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. 

Cloning. See Table 1 (Table 1) for a complete list of oligos.                                                            

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-rtTA plasmid (Addgene; #60843) whereas the ieSpCas9 coding sequence was amplified 

from eSpCas9(1.1)(Addgene #71814) (6) 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. 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 (#E2611S; NEB), followed by 

overnight digestion with Dpn1 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 BbsI cut pSpCas9(BB)-2A-puro (PX459) V2.0 backbone (Addgene #62988) using Quick 
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ligase (NEB according to the manufacturer’s specifications).  

Single-cell passage and maintenance of hiPSCs. Stem cells were maintained antibiotic free on 

1% (vol/vol) Matrigel(MG)-GFR™ (#354230; BD Biosciences) extracellular matrix (ECM) 

coated dishes at 37°C under hypoxic conditions (10% CO2/5%O2) in mTeSR1 (Stem Cell 

Technologies) as previously described (40-43). Cells were passaged every 4-6 days, with Accutase 

(#A6964; Sigma) for 10-12 minutes, dissociated into single cells, quenched with mTeSR1 plus 

5μM 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.  

NAIB construct. The NAIB construct was made by a former lab member (Ryan M. Wong) by 

amplifying four genes (NEUROG2, ATOH7, ISL1 and BRN3B) from cDNAs from day 18 optic 

vesicles and gDNA. NEUROG2, ISL1, and BRN3B were all amplified from cDNA while ATOH7 

was amplified from gDNA. When preparing cDNA, total RNA was extracted from differentiated 

organoids and reverse transcribed in a 20μl reaction using Superscript IV reverse transcriptase 

according to manufactures recommendations. Once the cDNA was prepared, it was used as the 

template for PCR amplification using Phusion Flash High-Fidelity PCR Master Mix (#F548s; 

Thermo Fisher Scientific). After each gene was amplified, it was run on a 1% agarose gel to 

confirm that the PCR product was a clean band at the desired size. Once the PCR product was 

confirmed to be the correct size, the PCR product was purified with the DNA Clean & 

Concentrator-5 (#D4013; Zymo Research). Following DNA purification, the genes were cloned 

into a linearized backbone (from above) and Gibson assembled using 20-30 base pair overlap with 

HiFi DNA Assembly Mastermix (#E2621S; NEB). The plasmid was then digested using Dpn1 

enzyme (#R0176L; NEB).  
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NAIP1 construct. To swap the BRN3B (POU4F2) coding sequence with the BRN3A (POU4F1) 

coding sequence, the NAIB construct was used as the template for the shell. For the PCR 

amplification of the shell, two oligos that flanked the BRN3B coding sequence were used. For the 

PCR amplification of the insert, which would be the BRN3A coding sequence, genomic DNA was 

used as the template. Phusion Flash High-Fidelity PCR Master Mix (#F548s; Thermo Fisher 

Scientific) was used for both PCR amplifications. After the shell and insert were both amplified, 

it was run on a 1% agarose gel to confirm that the PCR product was a clean band at the desired 

size. Once the PCR product was confirmed to be the correct size, the PCR product was purified 

with the DNA Clean & Concentrator-5 (#D4013; Zymo Research). Following DNA purification, 

the genes were cloned into a linearized backbone (from above) and Gibson assembled using 20-

30 base pair overlap with HiFi DNA Assembly Mastermix (#E2621S; NEB). The plasmid was 

then digested using Dpn1 enzyme (#R0176L; NEB).  

CtBP2-GFP, CtBP2-tdTomato, DLG4-GFP, and DLG4-tdTomato construct modifications. 

The CTBP2-GFP, CtBP2-tdTomato, DLG4-GFP, and DLG4-tdTomato constructs (which were 

made previously in the lab by Anna Ogata) were first modified by swapping the gRNA scaffold 

V1 with gRNA scaffold V3. Two oligos containing the desired gRNA scaffold V3 sequence and 

bases complementary to the original gRNA scaffold V1 sequence were used for PCR 

amplification. The original plasmid was the template. Phusion Flash High-Fidelity PCR Master 

Mix (#F548s; Thermo Fisher Scientific) was used for PCR. After the PCR product was amplified, 

it was run on a 1% agarose gel to confirm that the PCR product was a clean band at the desired 

size. Once the PCR product was confirmed to be the correct size, the PCR product was purified 

with the DNA Clean & Concentrator-5 (#D4013; Zymo Research). Following DNA purification, 

the genes were cloned into a linearized backbone (from above) and Gibson assembled using 20-



 

 

42 

30 base pair overlap with HiFi DNA Assembly Mastermix (#E2621S; NEB). The plasmid was 

then digested using Dpn1 enzyme (#R0176L; NEB). After this modification was confirmed, both 

constructs were modified further by swapping the SV40 with eHRE. The same process described 

above took place, except the two oligos now contained the desired eHRE sequence and bases 

complementary to the original SV40 sequence for PCR amplification. Both swaps involved the 

process of site-directed mutagenesis and generated a more robust plasmid to raise transfection 

efficiency. 

Plasmid preparation for transfection. For routine growth of plasmids, we used chemically 

competent Stable E. coli cells (#C3040I; NEB). DNA for transfection was prepared using the 

PureLink Fast-Low Endotoxin Midi Plasmid Purification Kit (#210015; Invitrogen) or PureLink 

HiPure Plasmid Midiprep Kit (#210004; Invitrogen). Plasmids used for quantitative studies of 

HDR efficiency were never thawed more than 3 times to prevent unwanted degradation of 

plasmids.  

Transfection by electroporation. Cells at approximately 50% confluence were treated overnight 

with 1μg/ml of doxycycline and passaged with Accutase (#A6964; Sigma) for 12 minutes, 

dissociated to single cells, quenched with mTeSR1 plus 5μM blebbistatin (B; #B0560; Sigma), 

pelleted at 80xg for 5 minutes, and resuspended in mTeSR1+B (38). 100,000-200,000 HF-iCas9 

iPSCs transferred to a 1.5 ml screw cap tube and spun at 80xg for 5 minutes followed by aspiration 

to remove all residual liquid and cells chilled on ice for 15 minutes more to improve survival. Cells 

were quickly resuspended in 10 µl’s of R-buffer containing 3µg’s of DONOR plasmid and 

electroporated with a Neon transfection system (#MPK5000; Invitrogen) with the following 

settings: (1300V, 20ms, 1 pulse). Cells were gently plated into mTeSR1+B+doxy in matrigel 

coated 12 well plates and grown at 37C under hypoxia. After 48 hours, cells were fed without B. 
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Genotyping. See Table 2 (Table 2) for a complete list of oligos. Once cells were transfected into 

a 12 well plate, the media was aspirated, and cells were treated with mTeSR1+B for 10 minutes. 

Cells were scraped with a cell scraper and transferred with a P20 pipette tip to a new well in a 48 

well plate. Once the colonies were grown to about 50% confluent in 10X magnification field of 

view, they were expanded by passaging with non-enzymatic cell dissociation buffer (CDB) for 

seven minutes. The CDB was then removed and replaced with 200 µL of mTeSR1+B. Using the 

multichannel pipette, the media was blasted into the well up and down two to three times. Half 

(~100 µL) was transferred to a new well of a 48-well plate for maintenance and half to a 

semiskirted 96 well PCR plate for first pass genotyping. The 96 well PCR plate was spun down at 

13,000 g for 10 minutes and then using the 200 µL Liquidator, 80% of the supernatant was 

removed. 100 µL of PBS was added to each well, and then the plate was spun down again at 13,000 

g for 10 minutes after which 80% of the supernatant was removed again using the liquidator. Next, 

20 µL of Quick Extract (QE) buffer was added to each 5 to 10 µL cell remaining solution. The 

resulting samples were then incubated at 65C for 45 minutes, followed by 98C for 15 minutes. A 

heating lid was used and periodic vertexing was done on the plate every fifteen minutes during the 

incubation period. 70 µL of Tris-low EDTA (pH 8.0) diluted 1:1 in nuclease free water was then 

added to the samples, followed by vertexing the plate for 15-30 seconds to mix it well. The samples 

were spun down again and then the top half that contained the genomic DNA was transferred to a 

new 96-well plate. 6 µL of this genomic DNA was used as the template for PCR amplification in 

which Phusion Flash High-Fidelity PCR Master Mix (#F548s; Thermo Fisher Scientific) was 

utilized. For first pass genotyping, the oligonucleotides were chosen by having one outside of a 

homology arm and the other inside of the unique fragment. After the PCR products were amplified, 

they were run on a 1% agarose gel to determine which wells contained a clean band at the desired 
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size. To conduct second pass genotyping, the ones that contained the insert in the 48-well plate 

were single cell passaged using accutase into a 12-well plate. After waiting for the cells in the 12-

well plate to grow large enough, they were colony picked into a new 48-well plate. The next steps 

were identical to what had been done for first pass genotyping. The only difference for second pass 

genotyping is the choice of oligonucleotides. For second pass genotyping, two oligonucleotides 

are chosen such that one is outside of a homology arm while the second is inside of the other 

homology arm. The two oligonucleotides could both be placed within the homology arms to 

decrease the amplification size and make the PCR easier, but it could lead to false positives if used 

too early in the colony screening process when the plasmid is still present. In the gel, there are 

three possible results that can be seen: a band for the insert, a band for no insert, and two bands for 

both insert and no insert. If only a band for the insert is seen, then the cell line is homozygous for 

that insertion. If only a band for no insert is seen, then that cell line is unmodified and does not 

contain the insertion. If both a band for the insert and a band for no insert is seen, then that cell 

line is heterozygous for that insertion, as one chromosome as the insert and the other does not.  

Generation of BRN3A-Neon integrated pluripotent stem cells. The BRN3A-Neon construct 

was transfected into stem cells. Cells were electroporated at 1,300V for 20 ms. After transfection, 

genotyping and sequence verification followed to select for the cells that had stably integrated the 

genetic cargo.  

Generation of dual reporter BRN3A-Neon and BRN3B-tdTomato integrated pluripotent 

stem cells. The BRN3B-tdTomato construct was transfected into stem cells with reporter BRN3B-

tdTomato. Cells were electroporated at 1,300V for 20 ms. After transfection, genotyping and 

sequence verification followed to select for the cells that had stably integrated the genetic cargo. 
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Generation of CtBP2-tdTomato integrated pluripotent stem cells. The CtBP2-tdTomato 

construct was transfected into stem cells. Cells were electroporated at 1,300V for 20 ms. After 

transfection, genotyping and sequence verification followed to select for the cells that had stably 

integrated the genetic cargo. 

Generation of Tet-inducible NAIB integrated pluripotent stem cells. The NAIB construct was 

transfected into stem cells with reporter BRN3A-Neon as well as into stem cells with dual reporter 

BRN3A-Neon and BRN3B-tdTomato. Additionally, the pY026 plasmid, which expresses 

huAsCpf1 and crRNA, was co-transfected into the cells. Cells were electroporated at 1,300V for 

20 ms. After transfection, cells were maintained in mTeSR with zeocin (200 ug/ml) for three weeks 

to select for the cells that had stably integrated the genetic cargo. 

Direct conversion by activation of Tet-inducible expression of NAIB. Stem cells were pre-

treated with LDN (1:10,000) and doxy (1:1000). PLO plates were set and placed in a hypoxia for 

24 hours. The next day, PLO was aspirated, and the wells were washed three times with water and 

let dry in the hood for one hour. Matrigel was added in the wells and the plate was placed in the 

incubator for at least three hours. Cells were passaged to single cell density using Accutase for 12 

minutes at 37°C.  Following this, cells were quenched with mTeSR and 5μM blebbistatin, pelleted 

at 80 x g for 5 minutes, resuspended in neural induction medium (NIM) with 5μM blebbistatin, 

1μM of doxycycline, 1:10,000 LDN, and 1:100 Cell One. NIM consists of DMEM/F12, HEPES 

(#11330032; Life technologies), N2 supplement (#17502048; Life technologies), Non-essential 

amino acids (#11140050; Life technologies), and Gluta-MAX (#25030081; Life technologies). 

These cells were then plated at about 54,000 cells per well on a 6 well plate. Every two days, cells 

were feed with 1 mL of prewarmed NIM + doxycycline (1:500) + Cell One (1:100). At days -1, 4, 

5 and 6, cells were imaged in bright field at 10x and 20x fields of view to visualize neurite 
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outgrowth. Fluorescence imaging using an ImageXpress microscope was carried out after six days 

to measure fluorescence intensity of BRN3A-Neon. The FITC filter was used to visualize the Neon 

channel.  

Directed differentiation into retinal organoids. Optic vesicles were generated as previously 

described (Wahlin et al. 2017) 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), 28μg/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), 1mM pyruvate 

(#11360; Invitrogen), 1xNEAA (#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 50μl 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 50μl+2% MG on day 1 and 1% MG each day thereafter. On days 4-

8, a 50% medium exchange (100 μl) was performed daily and every other day thereafter. Medium 

contained 1% (v/v) MG and 3μM of IWR-1e (a WNT inhibitor and AXIN2 stabilizer; #681669; 

EMD Millipore) from days 1-6. For long term maintenance, vesicles were transferred at day 10 to 

15ml conical tubes, rinsed 3 times in HBSS, and resuspended in BE6.2+300nM Smoothened 

agonist (SAG; #566660; EMD Millipore) from days 10-12 to enhance retinal induction then 
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LTR+SAG from days 12-18. For experiments longer than 16 days, we used sharpened tungsten 

needles to excise optic vesicles to prevent overgrowth and necrosis. Excision was typically carried 

out from days 10-12. To increase survival and differentiation, 500nM all-trans retinoic acid 

(ATRA; #R2625; Sigma) was added to LTR medium from day 20.  
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FIGURES 

 

Figure 1: Architecture of the eye, including the optic nerve and lamina cribrosa. Adapted 

from SQ Online Illustration by Sara Kian. The retina is the innermost layer of the eye and 

receives light that has been focused by the lens. It then converts light into neural signals that get 

sent through the optic nerve and eventually to the brain, where visual perception occurs. The 

lamina cribrosa is a mesh-like structure that is in the hole of the sclera where retinal ganglion cell 

axons forming the optic nerve leave the eye. Displacement of the lamina cribrosa due to changes 

in the intraocular pressure results in the pinching of the nerve fibers and blood vessels in the 

optic nerve. This is one of the main causes of nerve damage in glaucoma.  
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Figure 2: Human eye development. Illustrated by Sara Kian and adapted from Human eye 

conditions: insights from the fly eye by Gaspar et al., 2018. During week 4 of human 

embryogenesis, the optic vesicles evaginate from the forebrain neuroectoderm which causes the 

adjacent ectoderm to form the lens placode. The optic vesicle then invaginates upon itself 

sometime between weeks 4 and 6 and forms the optic cup that encompasses the invaginating lens 

vesicle. Between weeks 6 and 20, the optic cup differentiates into the neuroretina and the 

pigmented epithelium at the same time as the lens vesicle thickens and differentiates into the 

crystalline lens. Within the neuroretina, the neural cells move from the center to the periphery of 

the optic disc, which become the regions replete with photoreceptors in the adult retina.  
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Figure 3: Structural organization of the retina. Illustrated by Sara Kian. The retina consists of 

five main cell types: retinal ganglion cells, photoreceptors (rods and cones), horizontal cells, 

amacrine cells, and bipolar cells. There are also three types of glial cells, including microglia, 

astrocytes, and Müller glia. The outer nuclear layer (ONL) of the retina is composed of the 

photoreceptors (rods and cones). Their axons elongate towards the outer plexiform layer (OPL), 

where synapstic triad is formed with bipolar and horizontal cells. Bipolar cells synapse with 

RGCs in the inner plexiform layer (IPL) that send light signals towards the brain. Using lateral 

inhibition, amacrine and horizontal cells modulate these light signals to allow for a high degree 

of visual acuity. 
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Figure 4: Structural organization of the lateral geniculate nucleus. Illustrated by Sara Kian. 

Most RGCs project to the lateral geniculate nucleus (LGN) in the dorsal thalamus. Midget cells 

project to the parvocellular layers of the LGN, parasol cells project to the magnocellular layers of 

the LGN and bistratified cells project to the koniocellular layers of the LGN. 
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Figure 5: Relationship between transcription factors and their role in RGC differentiation. 

NEUROG2 induces neurogenesis and activates ATOH7, a major transcription factor for RGC 

commitment. ATOH7 activates ISL-1, BRN3B, and BRN3A, all of which drive the retinal 

progenitor cell to an RGC fate. ATOH7 also activates SOX4/SOX11, which induce RGC 

differentiation by inhibiting HES5, a transcription factor that inhibits RGC differentiation.  
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Figure 6: The mammalian Hippo signaling pathway. MST1/2 and MAP4K phosphorylate 

LATS1/2 which phosphorylates YAP/TAZ. The phosphorylation of YAP/TAZ leads to the 

inactivation and degradation of these two proteins. When the Hippo signaling pathway is 

inhibited, YAP/TAZ are unphosphorylated and move into the nucleus, where they form a 

complex with TEAD 1-4 and assist in the process of transcription. This pathway is involved in 

human eye development by differentiating the optic neuroepithelium, generating RPE cells, and 

interacting with other pathways such as Wnt/β-catenin, BMP and Notch pathways.  
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Figure 7: The canonical Wnt signaling pathway. When the Wnt ligand is not present, a β-

catenin destruction complex consisting of Axin, PP2A, APC, CK1α, and GSK3 forms. This 

complex binds to and degrades β-catenin. When the Wnt ligand is bound to the Fzd and LRP5/6 

receptors, Axin binds to the LRP5/6 receptor, which inactivates the β-catenin destruction 

complex. CK1α and Axin also activate the phosphoprotein Dsh, which downregulates GSK3 

activity. This downregulation activates a signaling cascade that results in the accumulation of β-

catenin in the cytoplasm. β-catenin then translocates into the nucleus, where it makes a complex 

with TCF/LEF to assist in transcription.  
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Figure 8: The canonical Shh signaling pathway. Shh binds to and inactivates the Ptch1 

receptor. Ptch1 typically inactivates Smo and thus, when Ptch1 is inactivated, Smo gets 

upregulated. Smo then activates many signaling pathways that lead into the accumulation of the 

Gli protein, which translocates into the nucleus assisting in the process of transcription.  
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Figure 9: Plasmid maps of fluorescent reporters. The BRN3A-Neon (A) and BRN3B-

tdTomato (B) donor plasmids have left and right homology arms, p2A sequences for 

polycistronic expression as well as mNeonGreen or tdTomato fluorescent markers respectively. 

(A) BRN3A-Neon also contains a myristoylation tag, while (B) BRN3B-tdTomato contains a 

Thy1.2 sequence, both of which localize the fluorescent proteins into the membrane of the cell. 

The CtBP2-GFP (C) and CtBP2-tdTomato (D) donor plasmids have left and right homology 

arms, eHRE for transfection efficiency purposes, as well as a hU6 promoter that expresses the 

gRNA and gRNA scaffold V3. They also have GFP or tdTomato fluorescent markers 

respectively. The DLG4-GFP (E) and DLG4-tdTomato (F) plasmids have left and right 

homology arms, eHRE for transfection efficiency purposes, GFP or tdTomato fluorescent 

markers respectively as well as a hU6 promoter that expresses the gRNA and gRNA scaffold V3. 
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Figure 10: Sanger sequencing verification of DLG4-GFP and DLG4-tdTomato plasmids. A 

contig assembly was generated using the Geneious Prime package (Biomatters) and aligned 

sequences were graphically represented to show overlap coverage between Sanger sequenced 

files and the expected DLG4-GFP (A) and DLG4-tdTomato (B) plasmids. Overlapping 

sequencing reactions were performed in a redundant fashion to ensure high quality reads and full 

coverage of newly synthesized gene fragments. 
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Figure 11: Sanger sequencing verification of CtBP2-tdTomato, and CtBP2-GFP plasmids. 

A contig assembly was generated using the Geneious software package (Biomatters) and aligned 

sequences were graphically represented to show overlap coverage between Sanger sequenced 

files and the expected CtBP2-tdTomato (A) and CtBP2-GFP (B) plasmids. Overlapping 

sequencing reactions were performed in a redundant fashion to ensure high quality reads and full 

coverage of newly synthesized gene fragments. 
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Figure 12: Expression of CtBP2-tdTomato in transfected human pluripotent stem cells. (A) 

Human pluripotent stem cells that have been transfected with the CtBP2-tdTomato plasmid were 

imaged by brightfield microscopy. (B) While CtBP2-tdTomato can label either synaptic proteins 

or the nucleus, in stem cells, it is expressed only in the nucleus. Stable integration of tdTomato 

was confirmed by fluorescent microscopy which showed clear nuclear localization of CtBP2-

tdTomato within the nucleus. (C) Merging bright-field and CtBP2-tdTomato channels illustrating 

the stem cell morphology illustrated clonal expansion of stably integrated cells.  
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Figure 13: Oligonucleotide design for genotyping. (A) First pass genotyping is used to 

determine whether the insert was stably integrated into the genome. One oligonucleotide is 

designed outside of a homology arm while the other is designed within the desired insert. 

Amplification only occurs if the insert is successfully integrated into the genome. The pink and 

magenta arrows are two possible oligonucleotide pairs. (B) Second pass genotyping is used to 

discriminate between the heterozygous or homozygous integration of the insert into the genome. 

The first oligonucleotide is chosen outside of a homology arm, while the second oligonucleotide 

is chosen inside the other homology arm. The pink and magenta arrows are two possible 

oligonucleotide pairs.  
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Figure 14. Genotyping verification of Dual Reporter BRN3A-Neon and BRN3B-tdTomato. 

Through first and second pass genotyping, the dual RGC reporter BRN3A-Neon and BRN3B-

tdTomato cell line was verified. (A) For first pass genotyping of BRN3A-Neon, a band at 760 

base pairs (bp) was clearly visible. This band signified the successful insertion of Neon-

Myristoylation Tag-p2A into the BRN3A gene. For second pass genotyping, a band at 2319 bp 

was clearly visible, which signified the homozygous insertion of Neon-Myristoylation Tag-p2A 

into the BRN3A gene. (B) For first pass genotyping of BRN3B-tdTomato, a band at 1087 bp was 

clearly visible. This band signified the successful insertion of p2A-tdTomato-p2A-Thy1.2 into 

the BRN3B gene. For second pass genotyping, bands at 3320 bp and 1274 were clearly visible. 

The band at 3320 bp verified the integration of the fluorescent protein into the genome, while the 

band at 1274 bp signified the lack of insert in the genome. Because both bands are visible, at first 

glance, we assumed that there was a heterozygous insertion of p2A-tdTomato-p2A-Thy1.2 into 

the BRN3B gene. However, the intensity of the bands differed, meaning that this could have 

been a mixed population. (C) After colony-picking and genotyping once more, this hypothesis 

was confirmed. A colony in this mixed population showed a single band at 3320 bp for second 

pass genotyping, which confirmed the homozygous integration of p2A-tdTomato-p2A-Thy1.2 

into the BRN3B gene 
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Figure 15: Sanger sequencing verification of the homozygous insertion of Neon-

Myristoylation Tag-P2A into the BRN3A gene. A contig assembly was generated using the 

Geneious software package (Biomatters) and aligned sequences were graphically represented to 

show overlap coverage between Sanger sequenced files and the expected BRN3A-Neon-

Myristoylation Tag-P2A sequence. Overlapping sequencing reactions were performed in a 

redundant fashion to ensure high quality reads and full coverage of newly synthesized gene 

fragments.  
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Figure 16: Sanger sequencing verification of the homozygous insertion of P2A-tdTomato-

P2A-Thy1.2 into the BRN3B gene. A contig assembly was generated using the Geneious 

software package (Biomatters) and aligned sequences were graphically represented to show 

overlap coverage between Sanger sequenced files and the expected BRN3B-P2A-tdTomato-

P2A-Thy1.2 sequence. Overlapping sequencing reactions were performed in a redundant fashion 

to ensure high quality reads and full coverage of newly synthesized gene fragments.  
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Figure 17: Plasmid constructs for NAIB and Cpf1 expressing pY026. (A) The NAIB plasmid 

construct contained four RGC expressed genes (NEUROG2, ATOH7, ISL1, and BRN3B), each 

separated by a P2A sequence enabling polycistronic expression of genes via ribosome skipping. 

The NAIB cassette is controlled by a third-generation tetracycline (TET) activated response 

element (3G-TRE) and a constitutively expressed reverse tetracycline trans-activating sequence 

(rtTA). Under a chicken beta-actin hybrid (Cbh) promoter, a constitutively active TagBFP2 is 

included in the plasmid construct to verify gene integration. TagBFP is also co-expressed with a 

zeocin selectable marker to remove unmodified cells and obtain a pure population of NAIB 

integrated cells. (B) The Cpf1 expressing pY026 plasmid was also used. This plasmid co-

expresses a Cpf1 enzyme and a CLYBL targeting guide sequence allowing us to stably insert 

genetic cargo into pluripotent stem cells. 
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Figure 18: Verification of the NAIB integrated BRN3A-Neon cells via the mTagBFP2 

signal. (A) Bright field images of NAIB integrated BRN3A-Neon cells. (B) TagBFP2-nls was 

used to mark the NAIB integrated cells. Therefore, we were able to verify the stable integration 

of NAIB by fluorescent microscopy. Colonies that express TagBFP2-nls is clearly visible. (C) 

Merged bright-field and TagBFP2-nls channels illustrating the stem cell morphology aligning 

with the TagBFP2-nls signal. Scale bars = 250 m.  
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Figure 19: Comparing the morphology of NAIB integrated cells with and without  

doxycycline. (A) BRN3A-Neon NAIB integrated IMR90 hiPSCs -1 days before doxycycline 

treatment. Cells were enriched by zeocin selection but not treated with doxycycline (B-C) 

Control BRN3A-Neon NAIB integrated IMR90 hiPSCs treated with Cell Culture One and LDN, 

but not doxycycline after 4 days (B) and 5 days (C). No neuronal morphology was observed. (D-

E) BRN3A-Neon NAIB integrated IMR90 hiPSCs treated with Cell Culture One, LDN, and 

doxycycline after 4 days (D) and 5 days (E). Neuronal morphology was observed. Images were 

taken using the Leica microscope. Scale bars = 300 m 
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Figure 20: BRN3A-mNeonGreen expression in NAIB integrated cells. (A-C) Control NAIB 

integrated cells were not treated with doxycycline and (B) did not show the BRN3A-Neon 

signal, suggesting that BRN3A was not expressed. (D-G) After six days of doxycycline 

treatment, NAIB integrated cells were visualized. (E and G) Under the fluorescent microscope, 

some of the hPSC-induced RGCs showed the BRN3A-Neon signal, indicating that a portion of 

the neurons expressed BRN3A. Scale bars = 250 m 
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TABLES 

Table 1: Oligonucleotides for construct modifications. 

a. CtBP2-GFP 

Gene 

Name 

NAME Sequence 

gRNA 

scaffold 

V3 

C2273_CtBP2_guideV3_R 

 

 

 

C1548 Cas9DumScafv3swap_F 

 

CTGTTTCCAGCTTAGCTCTTAAACGAA

GGTAATCACTCAGATACGGTGTTTCGT

CCTTTCCACAAGATATATAAAGCCAA

GA 

 

GTTTAAGAGCTAAGCTGGAAACAGCA

TAGCAAGTTTAAATAAGGCTAGTCCG

TTA 

eHRE C248_eHRE_rev 

 

 

C1489 2xHRE insert F 

 

TTCACATACACACGTACACGCACACA

CATACATCCGCGCAAAGCTTGGTACC

AAA 

 

GGATGTATGTGTGTGCGTGTACGTGTG

TATGTGAAGATACCGCCTAGGCGCCT

AGGGAATTCGCGGCCG 

GFP fix C2310_CtBP2_GFPfix_R 

 

 

C2309_CTBP2_GFPfix_F 

 

GCTCACCATTGCTCGTTGGGGTGCTCT

CGATTGT 

 

CCCAACGAGCAATGGTGAGCAAGGGC

GAGGAGCTGTTCACCGGGGTGGTGCC

CATC 

 

b. CtBP2-tdTomato 

Gene 

Name 

NAME Sequence 

gRNA 

scaffold 

V3 

C2272_CtBP2-gRNAV3swapR 

 

 

C1548 Cas9DumScafv3swap_F:  

GTTTCCAGCTTAGCTCTTAAACGAAGG

TAATCACTCAGATAC 

 

GTTTAAGAGCTAAGCTGGAAACAGCA

TAGCAAGTTTAAATAAGGCTAGTCCG

TTA 

 

eHRE C248_eHRE_rev 

 

 

C1489 2xHRE insert F 

 

TTCACATACACACGTACACGCACACA

CATACATCCGCGCAAAGCTTGGTACC

AAA 

 

GGATGTATGTGTGTGCGTGTACGTGTG

TATGTGAAGATACCGCCTAGGCGCCT

AGGGAATTCGCGGCCG 
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Table 1: Continued. 

c. DLG4-GFP 

Gene 

Name 

NAME Sequence 

gRNA 

scaffold 

V3 

C2271_DLG4_V3swap 

 

 

C1548 Cas9DumScafv3swap_F:  

TTTCCAGCTTAGCTCTTAAACAGAGAG

ACTCTGATTCCTGCGGTGTTTCGTCCT

T 

 

GTTTAAGAGCTAAGCTGGAAACAGCA

TAGCAAGTTTAAATAAGGCTAGTCCG

TTA 

eHRE C248_eHRE_rev 

 

 

C1489 2xHRE insert F 

 

TTCACATACACACGTACACGCACACA

CATACATCCGCGCAAAGCTTGGTACC

AAA   

 

GGATGTATGTGTGTGCGTGTACGTGTG

TATGTGAAGATACCGCCTAGGCGCCT

AGGGAATTCGCGGCCG 

 

d. DLG4-tdTomato 

Gene 

Name 

NAME Sequence 

gRNA 

scaffold 

V3 

C2271_DLG4_V3swap 

 

 

C1548 Cas9DumScafv3swap_F:  

TTTCCAGCTTAGCTCTTAAACAGAGAG

ACTCTGATTCCTGCGGTGTTTCGTCCT

T 

 

GTTTAAGAGCTAAGCTGGAAACAGCA

TAGCAAGTTTAAATAAGGCTAGTCCG

TTA 

eHRE C248_eHRE_rev 

 

 

C1489 2xHRE insert F 

 

TTCACATACACACGTACACGCACACA

CATACATCCGCGCAAAGCTTGGTACC

AAA 

 

GGATGTATGTGTGTGCGTGTACGTGTG

TATGTGAAGATACCGCCTAGGCGCCT

AGGGAATTCGCGGCCG 
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Table 2: Oligonucleotides for genotyping. 

a. BRN3A-Neon 

Genotyping NAME Sequence 

First Pass G373_Brn3aGT_R1_Rev 

 

G219_Rhod_geno1303_Neon

_F 

AGAGGGAAAAGAAGAAATGGAAATG

TAACTC 

 

TGCGCGGACCACCTACACCTT 

 

Second Pass G373_Brn3aGT_R1_Rev 
 

 

G405_Brn3aGT_1086_F 
 

AGAGGGAAAAGAAGAAATGGAAA

TGTAACT 
 

CGGTGCCTGACACAGTTATATTCA

CAACAAC 
 

b. BRN3B-tdTomato 

Genotyping NAME Sequence 

First Pass G81 Tomato_GT_rev 

 

G22 

Brn3b_2426NeonHomo_F 

GCGCATGAACTCTTTGATGACCTCCT 

 

CCTGCTGAGCGTAATGTGTGCCTTCTA

CTT 

 

Second Pass G22 

Brn3b_2426NeonHomo_F 

 

G23 

Brn3b_2426NeonhomoR 

 

CCTGCTGAGCGTAATGTGTGCCTTCTA

CTT 

 

 

CAAACAGCCATCTCCACACTTCCTCTG

AA 
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