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ABSTRACT OF DISSERTATION 

 
 
 

The Role of Sox4 in Ocular Morphogenesis and Retinal Differentiation 
 

Visual impairment ranges from mild forms that can be corrected with 
glasses to more severe cases that result in permanent loss of vision.  
Microphthalmia, anophthalmia, and coloboma (collectively referred to as MAC) 
account for 11% of cases of pediatric blindness and are a result of improper 
ocular morphogenesis. Retinitis Pigmentosa (RP) is a retinal degenerative 
disease that affects 1 in 3000 people worldwide.  It is a progressive disorder that 
initially begins with loss of vision in low light settings due to rod photoreceptor 
degeneration but progresses to complete blindness upon loss of cone 
photoreceptors. Currently, there is no cure for either MAC or RP.  Further insight 
into the essential components of ocular morphogenesis and the generation of 
retinal neurons could provide the base of knowledge needed for better patient 
screening and treatments like cell therapies.   

The transcription factor Sox4 has previously been implicated as an 
important factor in both ocular morphogenesis and retinal development.  Studies 
in humans, mice, zebrafish, and Xenopus have all linked Sox4 to microphthalmia 
and coloboma. Additional studies suggest a role for Sox4 in the generation of 
specific retinal neurons.  Interestingly, in zebrafish, the absence of maternal sox4 
transcripts in the developing embryo results in both microphthalmia and a 
reduction of rod photoreceptors.  This suggests that Sox4 has a critical role early 
in specification of the eyefield that influences later retinal differentiation, however 
the precise functions of Sox4 during vertebrate ocular morphogenesis and retinal 
cell type differentiation remain unclear.  

The studies presented in this Dissertation provide new insights into the 
role of Sox4 in eye development. Chapter 1 of this dissertation presents a review 
of ocular morphogenesis, retinal development, and what is currently known about 
the function of SoxC transcription factors and particularly Sox4 in embryonic and 
ocular development. In Chapter 2, a method to visualize ocular morphogenesis in 
living zebrafish embryos with high spatial and temporal resolution is 
demonstrated. Chapter 3 describes a detailed characterization of the ocular 
phenotypes of zebrafish sox4 mutants, and an in-depth analysis into the role 



   
 

Sox4 plays in both ocular morphogenesis and retinal differentiation. In vivo time 
lapse imaging, assays to assess cell proliferation and cell death, and 
immunohistochemistry to detect retinal cell types were used to characterize the 
phenotypes of microphthalmia and a reduction of rod photoreceptors in the sox4 
mutants. Furthermore, scRNA-seq was used to address if there is any 
heterogeneity prior to ocular morphogenesis that may affect later retinal 
differentiation.  Chapter 4 will address the impact of findings in the sox4 mutants, 
and the suggested future directions for this project. Finally, an appendix chapter 
will include additional data about a possible role for Sox4 in neural crest cells. 

 
KEYWORDS: Sox4, SoxC, zebrafish, eye development, ocular morphogenesis, 

retina 
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CHAPTER 1.  INTRODUCTION 

1.1 Importance of Vision 

Vision, our ability to perceive the world around us, is arguably one of the 

most important senses we humans possess. Vision plays a key role in one’s 

ability to observe and interpret our environment and is integral to learning, social 

development, self-awareness, and balance (Aki et al., 2007; Burmedi et al., 

2009; Daugherty & Moran, 1982; Patla, 1997; Rainey et al., 2016). When asked 

which of the five basic senses people feared losing the most, an overwhelming 

majority (~73%) of the participants indicated vision loss (Thill et al., 2019). 

Another study found that 47% percent of people viewed vision loss among the 

worst health conditions that might occur to them (Flaxman et al., 2017; Scott et 

al., 2016).  Vision is invaluable and vison loss can have an immeasurable impact 

on quality of life.  Given the importance of vision, the study of ocular development 

is paramount for better understanding of various conditions that may result in 

visual impairment or loss.  Improved understanding will lead to possible 

prevention or treatment of these conditions.    

There are numerous conditions that can lead to visual impairment or loss.  

For example, if ocular morphogenesis does not occur correctly, it can lead to 

conditions such as microphthalmia (a small eye), anophthalmia (the absence of 

an eye), and coloboma  (part of the eye tissue is missing, giving the pupil a 

keyhole shaped appearance).  These conditions are collectively known as MAC.  

MAC is a leading cause of pediatric blindness, accounting for 11% of cases 

(Fahnehjelm et al., 2022).  Problems can also arise if the neural retina is not 

properly differentiated during development or maintained later in life.  An 

example of this would be Retinitis Pigmentosa (RP), a condition affecting 

approximately 1 in 3000 people worldwide. With RP the rod photoreceptors, one 

of the neurons responsible for vision in low light settings, are unable to survive 

and degenerate.  This results in the initial symptom of RP, loss of night vision. 

The loss of these rods leads to gaps in the retina, compromising its structure.  

This compromised structure will then lead to the atrophy of the rest of the retina, 
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resulting in complete blindness (Kalloniatis & Fletcher, 2021; Newton & Megaw, 

2020).  

Better understanding of the genetic contributions to development of 

various conditions resulting in visual impairment will hopefully lead to better 

screening and early intervention for patients.  Additionally, further insight into the 

components required for the genesis of specific retinal neurons may provide a 

foundation on which cell therapies can be derived and used to treat conditions 

like RP (Mount et al., 2015; Riham Mohamed Aly, 2020; Wang et al., 2021). In 

this chapter, I will describe the process of ocular morphogenesis, retinal 

development and regeneration, the influence of SoxC transcription factors in this 

process, how zebrafish are an excellent model to study eye development, and 

the rationale for my dissertation research. I will conclude with an overview of the 

research aims presented in this Dissertation. 

1.2 Ocular Morphogenesis 

The development of the vertebrate eye begins in a process called ocular 

morphogenesis. In ocular morphogenesis, the neural portion of the eye arises 

from the anterior neural plate, part of the developing forebrain.  The part of the 

anterior neural plate that will give rise to the retina and RPE is the eyefield. The 

eyefield is specified by retinal homeodomain transcription factor (Rx/RAX).  Loss 

of Rx/RAX leads to anophthalmia, indicating its essential role in eye 

development.  Rx/RAX is responsible for the cell movements that lead to the 

evagination of the optic vesicle (Chow & Lang, 2001; Chuang et al., 1999; 

Fuhrmann, 2010; Katherine E Brown et al., 2010; Loosli et al., 2003; Rojas-

Muñoz et al., 2005; Stigloher et al., 2006).  Specification of the eyefield is also 

influenced by other transcription factors like Pax6, Six3, Otx2, and Hesx1/Rpx 

(Chow & Lang, 2001; Fuhrmann, 2010). These eyefield cells, evaginate away 

from the brain, toward the surface ectoderm to form two bilateral optic vesicles. 

In order for bifurcation of the eyefield to occur so the optic vesicles can 

evaginate, the expression of eyefield genes needs to be downregulated along the 
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midline of the embryo. Nodal and Hh signaling from the ventral midline promote 

Pax2 expression along the midline restricting the expression of Pax6 and 

triggering the anterior migration of the ventral diencephalon.  This movement 

splits and displaces the optic tissue laterally (Chow & Lang, 2001; Choy & 

Cheng, 2012; England et al., 2006; Sampath et al., 1998; Schier & Talbot, 2003; 

Varga et al., 1999).   

The optic vesicles invaginate to form a bilayered optic cup as they make 

contact with the surface ectoderm.  The inner most layer will give rise to the 

neural retina while the outer layer will give rise to the retinal pigmented 

epithelium (RPE).  The gradient of Pax2/Pax6 expression that was previously 

established contributes to the patterning of the optic vesicle and Bmp signaling in 

the dorsal forebrain help establish a signaling gradient along the dorsal/ventral 

axis.  This dorsal/ventral gradient contributes to the patterning and differentiation 

of the neural retina and the RPE ) (Chow & Lang, 2001; Fuhrmann, 2010; Z. Li et 

al., 2000; Pillai-Kastoori et al., 2014; S. W. Wilson & Houart, 2004). The surface 

ectoderm, neuroectoderm, and periocular mesenchyme, including contributions 

from the mesoderm and neural crest, will give rise to the anterior structures of the 

eye, including the lens, cornea, ciliary body, and iris (Chow & Lang, 2001; Cvekl 

& Tamm, 2004; Sowden, 2007).  At the beginning of the formation of the optic 

cup, a channel, the choroid fissure, remains open on the ventral side for the 

choroid vasculature to enter the eye and the optic nerve to exit the eye. This 

opening eventually fuses to complete the optic cup; failure of the choroid fissure 

to properly fuse results in coloboma.  The fusion of the choroid fissure is last 

change in ocular morphology and completes the process of ocular 

morphogenesis (Chow & Lang, 2001; Cvekl & Tamm, 2004; Fuhrmann, 2010; 

James et al., 2016; Pillai-Kastoori et al., 2014). 

1.3 Retinal Differentiation 

After the bilayered optic cup has been established, the two layers will 

differentiate into the RPE and neural retinal (Chow & Lang, 2001; Fuhrmann, 
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2010; Z. Li et al., 2000; Pillai-Kastoori et al., 2014; S. W. Wilson & Houart, 2004). 

The developing RPE and neural retina are distinguished by the expression of 

different transcription factors, Mitf and Otx2  in the RPE and Pax2, Pax6, Rx, 

Lhx2, Chx10, Optx2 in the neural retina (Chow & Lang, 2001; Pillai-Kastoori et 

al., 2015). The RPE forms a border between the choroid and the photoreceptor 

outer segments (POS) in the retina. The RPE has several critical roles in 

supporting the retina: it forms the blood-retinal barrier, regulating the transport of 

ions, amino acids, and glucose between the choroid and photoreceptors; it 

transports and stores retinoids that are vital for the visual cycle; it phagocytosis 

and recycles the old photoreceptor outer segments; and it reduces reactive 

oxygen species generated by its phagocytic activities and exposure to light 

(Boulton & Dayhaw-Barker, 2001; Yang et al., 2021).  The function of the retina is 

to detect light and convert it to a neuronal signal that can be transmitted to the 

brain.  A fully differentiated retina is comprised of three nuclear layers, two 

plexiform layers, and the optic nerve (Agathocleous & Harris, 2009; Demb & 

Singer, 2015; Masland, 2012; Pillai-Kastoori et al., 2014; Weysse & Burgess, 

1906). The outer nuclear layer is comprised of the rod and cone photoreceptors, 

the neurons responsible for detecting light and converting it to a transmissible 

signal.  Rod photoreceptors are responsible for the detection of low light levels, 

contributing to night vision (Baylor, 1996; Swaroop et al., 2010). Cone 

photoreceptors are responsible for the detection of specific wavelengths of light, 

contributing to color vision and visual acuity (Nathans et al., 1986; Swaroop et 

al., 2010). These photoreceptors synapse in the outer plexiform layer to horizonal 

and bipolar cells in the inner nuclear layer.  Horizontal cells help modulate the 

signal from photoreceptors to adapt for bright and dim light conditions (Demb & 

Singer, 2015; Dyer et al., 2003; Masland, 2012).  Bipolar cells coordinate the 

signals from different photoreceptors (Masland, 2012). The signal from the 

bipolar cells is passed through the inner plexiform layer to the retinal ganglion 

cells (RGCs) (Masland, 2012; Tomita et al., 2000). The RGCs provide feedback 

to the bipolar cells by way of the amacrine cells.  The axons of retinal ganglion 



   
 

5 

cells bundle together to form the optic nerve which transmits the visual signal to 

the optic tectum in the brain (Masland, 2012; Niell & Smith, 2005). 

 

 

Figure 1.1  Layers and cell types found within the retina. 

 

The process of the neural retina differentiation is highly conserved across 

vertebrate species and starts with a pool of multipotent progenitor cells (RPCs) 

(Livesey & Cepko, 2001).  These RPCs will give rise to all the retinal neurons 

and the Müller glia (Holt et al., 1988; Turner et al., 1990; Turner & Cepko, 1987; 

Wetts & Fraser, 1988).  The order in which the retinal neurons and glia 

differentiate follows a relatively conserved pattern with some overlap between the 

different cell types (Livesey & Cepko, 2001). The retinal ganglion cells are born 

first, followed by the cells of the inner nuclear layer, then the cone 

photoreceptors, and concluding with the Müller glia and rod photoreceptors 

(Livesey & Cepko, 2001; Pillai-Kastoori et al., 2014; Stenkamp, 2007).  In 
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zebrafish (Danio rerio) specifically, neurogenesis begins in the ventral patch of 

the retina and progresses dorso-nasally in a fan-like gradient.  A small pool of 

progenitors is maintained at the periphery of the retina known as the ciliary 

marginal zone (CMZ).  The CMZ continues to populate the zebrafish retina with 

neurons as it continues to grow throughout the life of the fish (Livesey & Cepko, 

2001; Pillai-Kastoori et al., 2014; Stenkamp, 2007). The initial differentiation of 

rod photoreceptors occurs in a distinct pattern from the rest of the retinal 

neurons. Rods can first be detected in the ventral patch of the retina, prior to 

cone differentiation unlike in the remainder of the retina.  The ventral patch is 

densely populated with rods, and the temporal retina slowly and sporadically 

adds in rods rather than following a fan-like wave across the retina (A. C. Morris 

& Fadool, 2005; Schmitt & Dowling, 1996, 1999).  The rod lineage begins with 

the inhibition of pax6 expression in proliferating cells located in the ONL and the 

induction of neuroD expression. These neuroD positive precursors have the 

potential to differentiate into either cone or rod photoreceptors (Stenkamp, 2007). 

crx is the next transcription factor to turn on; it further specifies the progenitors 

towards a photoreceptor fate (Chen et al., 1997). The rod progenitors are 

committed to the rod fate with the expression of nrl and nr2e3 and express 

rhodopsin (rho) upon terminal differentiation (Mears et al., 2001). Cone 

progenitors also express crx but are committed to the cone fate with the 

expression of thyroid hormone receptor b2 (trb2) or retinoid x receptor g (rxrg) 

and express either short wavelength-opsin (opn1sw), medium wavelength-opsin 

(opn1mw), or long wavelength-opsin (opn1lw) upon terminal differentiation (Chen 

et al., 1997; Jia et al., 2009; Ng et al., 2001). 

There are competing ideas for how the retinal progenitors know what type 

of neuron or glial cell to become.  Does the progenitor intrinsically know what it is 

going to become, does it rely on extrinsic signals, or is it some combination of 

intrinsic and extrinsic cues?  The research currently supports a combination of 

intrinsic and extrinsic cues.  The prevailing model for how retinal cell type 

differentiation occurs is called the competence model (Cepko et al., 1996; 

Livesey & Cepko, 2001).  In this model, the RPC is competent to give rise to only 
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a specific subset of retinal neurons at different timepoints throughout 

development, losing and gaining the ability to give rise to certain neuronal 

precursors as its intrinsic gene expression program changes over time (Turner et 

al., 1990). Prior to neurogenesis, the pool of RPCs is established through a 

series of symmetric cell divisions that give rise to more RPCs. After the onset of 

neurogenesis, RPCs are more likely to divide asymmetrically.  Out of the two 

daughter cells, one gives rise to another RPC and the other becomes a post 

mitotic neuronal precursor (Chenn & McConnell, 1995). This intrinsic cuing is 

thought to be sufficient to restrict a neural progenitor to a subset of fates, but it 

does not fully determine the fate of neural progenitors. It has been suggested 

that the number of cell divisions a RPC undergoes may be linked to its 

competency state, while other extrinsic factors may influence further specification 

of neuronal fate choice (Edlund & Jessell, 1999; Livesey & Cepko, 2001). 

The idea of a neurogenic timer that controls progenitor competency is 

intriguing.  However, it may be more complex than previously suggested.   

Neurogenesis and differentiation have been assumed to follow a linear order of 

events starting with neurogenesis, migration of post-mitotic precursors to their 

final location, and terminal differentiation into the mature neuron.  However, in 

zebrafish retinas, bipolar and horizontal cells do not follow this order of events, 

but instead cell-cycle exit, migration, and differentiation are independently timed 

(Engerer et al., 2017; Godinho et al., 2007). Taken together, these data suggest 

the number of cell divisions does not solely determine the competency state of 

the RPCs.  If the number of cell divisions is not responsible for setting the 

differentiation clock, then what is mechanism for the neurogenic timer? A way to 

address this question would to be to assess the individual states of gene 

expression in RPCs and how that differs across the population as well as how 

that shifts temporally.  A recent advancement in transcriptomics, single cell RNA-

seq (scRNA-seq) provides the ability to achieve this. 

To perform scRNA-Seq, a tissue of interest is first dissociated into 

individual cells.  Those cells are then isolated into individual droplets from which 
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their RNA is extracted and barcoded.  Each cell has a unique barcode, so the 

RNA can be identified as belonging to a specific cell bioinformatically.  This 

technique has provided the opportunity to ascertain the transcriptome of 

individual cells across a tissue of interest (Trapnell, 2015). scRNA-seq results in 

a highly dimensional dataset since every cell is potentially expressing thousands 

of genes.  Computation methods are used to prioritize which genes are 

compared to determine similarities between cells.  A popular algorithm for 

reducing the dimensionality of the data is the principal component analysis 

(PCA). PCA compares cells across 2 dimensions at a time.  The vast proportion 

of the variance in the dataset will be encompassed by the first several principal 

components.  In terms of visualizing the data, dimensionality can be reduced by 

a UMAP plot. UMAP plots allow the data to be visualized in 2D or 3D.  Cells can 

be clustered based on similarity of gene expression to help characterize distinct 

populations.  Graph-based clustering takes the PCA output and categorizes the 

cells into groups based on their similarity in gene expression. Trajectory analysis 

can help to organize the cells by temporal or developmental state.  Monocle is a 

software tool that uses pseudotime as a measure of where a cell lies in 

comparison to other cells along a developmental trajectory. Pseudotime is a 

trajectory inference that is determined by the change in mean gene expression 

by individual cells.  This shift in gene expression suggests a that there may be an 

underlying biological mechanism.  Taken together, these scRNA-Seq and the 

associated bioinformatic analyses can elucidate previously unknown 

heterogeneity across a tissue or cell type, the trajectory a cell type transitions 

through during differentiation, and can identify novel genes previously 

unassociated with a particular cell type or state (Luecken & Theis, 2019; 

Trapnell, 2015).  

 ScRNA-Seq technology has been applied to study the developing eye 

and retina of humans, mice, and zebrafish in several studies, some of which are 

described in more detail below. ScRNA-seq was performed on human fetuses 

from 5-24 weeks of gestation. The gene expression profiles of the neural retina 

and RPE are distinct in these samples.  Known markers of human retinal cells 
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were used to tease out the order of retinal neuron differentiation in humans.  

Retinal ganglion cells differentiated first followed by horizontal cells, amacrine 

cells, photoreceptors, bipolar cells, and Müller Glia in that respective order with 

some overlap between cell types (Hu et al., 2019).  

ScRNA-seq was used to compare the developing human retina to 

developing human retinal organoids, which are 3D structures of retinal tissue that 

have been derived from stem cells (X. Li et al., 2021). The retinal organoids and 

developing human retina shared a similar cellular composition at the equivalent 

timepoints.  Additionally, post-mitotic retinal progenitors were able to be 

transcriptomically detected at various time-points (Sridhar et al., 2020). It was 

demonstrated that retinal organoids are transcriptomically more similar to the 

peripheral retina than the fovea, the cone-rich central region of the human retina. 

As the ability to create retinal organoids advances, scRNA-seq can be used to 

assess their transcriptomic fidelity to the human retina.  Additionally, these 

datasets can be used to link genes that have known roles in retinal disease, with 

the specific cell types they may be impacting, especially if an animal model for 

that disease does not currently exist (Cowan et al., 2020). 

In mice, scRNA-seq was completed across the full course of retinal 

development.  Evidence for molecularly distinct RPCs was not found at individual 

timepoints.  However, the competence state between early and late RPCs was 

molecularly detectable.  Cells in these two states clustered distinctly from one 

another in response to both graph-based clustering and pseudotime analyses 

(Clark et al., 2019). The developing mouse retina was compared to the 

developing human retina and developing human retinal organoids to the 

developing mouse retina by scRNA-seq. The lack of a region comparable to the 

fovea was again noted in the retinal organoids in comparison to the human 

retina.  Mice also lack this region of the retina, as it is specific to primates.  

Shared and divergent gene roles were identified between species across retinal 

development.  One such gene with divergent expression was LOXL1 (Lu et al., 

2020).  Mutations in LOXL1 are associated with exfoliation glaucoma in humans 
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(Thorleifsson et al., 2007).  However, expression in scRNA-seq suggests that it 

may also be involved in photoreceptor development in humans but not in mice. 

This is a reminder that that not all studies of genes involved in human retinal 

development can be recapitulated in mice (Lu et al., 2020).  Another study used 

scRNA-seq to look even earlier at the developing optic vesicles in mouse retinas. 

RPCs in the optic vesicles were primarily distinguished by developmental stage 

rather than subgroups within each timepoint (Yamada et al., 2021). 

In zebrafish, RNA-seq in conjunction with ATAC-seq was performed on 

cells from developing optic vesicles at 16,18, and 24 hpf to elucidate the gene 

regulatory networks that give rise to retinal neurons and the RPE.  Distinct 

transcriptomic changes were noted between the neural retina (NR) and RPE that 

could be identified prior to actual structural changes in vivo (Buono et al., 2021).  

RPCs were compared to the retinal stem cells (RSC) of adult zebrafish CMZ.  

The RPCs and RSCs appear to share a similar gene expression program for 

differentiation, supporting previous in situ data.  Zebrafish RPCs also share traits 

with the RPCs identified in human and mouse studies.  Interestingly, 

postembryonic RSCs are transcriptomically more similar to the early RPCs.  

Some caveats to the scRNA-seq approach were also identified.  Discrepancies 

between lineage determined by psudeotime analysis versus lineage tracing were 

noted.  This suggests that similarities in transcriptomic state at a certain point in 

time do not necessarily mean they share a close origin in lineage (B. Xu et al., 

2020). 

scRNA-seq has shed some light on important aspects of retinal 

development.  It has expanded the number of genes associated with specific cell 

types or states. This includes assessing the heterogeneity of RPCs as retinal 

differentiation progresses, categorizing RPCs into early and late states.  

However, there is yet to be transcriptomic evidence that points to distinct 

competence states beyond the broad categories of early and late RPCs. 

Additionally, it is important to remember that scRNA-seq only provides partial 

information on the intrinsic states of cells at a given point in time.  It does not 
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inform on epigenetic changes, post-transcriptional and post-translational 

modifications, or extrinsic influences like spatial positioning and non-autonomous 

signaling (Shiau et al., 2021).  Overall, scRNA-seq will be a useful tool going 

forward to provide further information regarding the transcriptomic trajectory 

progenitors undergo on their way to becoming a differentiated neuron and to 

reveal previously unrecognized heterogeneity across specific cell types in the 

developing retina. 

1.4 Retinal Regeneration in Zebrafish 

In addition to the initial neurogenesis that populates the retina, some 

organisms possess the ability to generate new neurons in response to damage 

as adults.  Zebrafish are one of these organisms.  In addition to the retinal 

neurons, the zebrafish retina contains one intrinsic glial cell type, the Müller glia.  

The Müller glia has several important roles in the retina, providing structure, 

monitoring the retinal environment, and responding to injury.  When responding 

to an injury, the Müller glia undergo a gliotic response that is followed by a 

reprograming to mimic some stem cell attributes (Powell et al., 2013; 

Ramachandran, Fausett, et al., 2010; Wan & Goldman, 2016).  The nuclei of the 

Müller glia will then dedifferentiate and divide asymmetrically.  One daughter cell 

will remain a Müller glia and the other will give rise to a progenitor capable of 

replacing any of the retinal neurons (Fausett & Goldman, 2006; Ramachandran, 

Reifler, et al., 2010; Wan & Goldman, 2016). This regenerative capability 

provides an additional lens to study how neurogenesis occurs in the retina.   

1.5 Complexity of Gene Expression and Regulation  

At each step of ocular morphogenesis and retinal differentiation, precise 

timing, and control of various signaling pathways are essential.  Alteration in the 

expression of a single gene can lead to a cascade of events that drastically 

impact eye development. For example loss of rx3 expression in zebrafish leads 

to anophthalmia (Loosli et al., 2003), loss of pax2a expression leads to coloboma 
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(Lusk & Kwan, 2022), and loss of nr2e3 prevents differentiation of rod 

photoreceptors (Xie et al., 2019).  To better understand how a single gene can 

have such a large impact, we need to consider the protein that gene creates and 

the role it has in the network of elements that impact the functionality and identity 

of a cell.  

The central dogma of biology states that DNA is transcribed into mRNA 

which is then translated into protein (Crick, 1970).  This is a simplified overview 

of how the information encoded in DNA results in the production of functional 

proteins.  In reality, this process is much more complex.  The control of signaling 

pathways occurs at several different levels within this process. The first level of 

control is with chromatin remodelers, which are able to change which parts of 

DNA are accessible to be transcribed into mRNA (Fry & Peterson, 2001).  The 

DNA itself also contains intrinsic cis-regulatory sequences called enhancers and 

silencers that respectively promote or prevent transcription of nearby genes 

(Kolovos et al., 2012).  Then, there are transcription factors that either activate or 

repress gene expression by recognition of specific DNA binding sequences 

(Latchman, 1997).  Once mRNA has been transcribed, it undergoes quality 

control.  mRNA that does not meet certain standards, for example if it contains a 

premature termination codon or an unusually long 3’UTR, undergoes nonsense 

mediated decay and is not made into protein (Kurosaki et al., 2019).  mRNA from 

multiple exon genes can also undergo splicing to form different variations of 

protein that potentially have different functions (Shin & Manley, 2004).  miRNAs 

are a class of noncoding RNAs that post-transcriptionally regulate the stability of 

mRNA and influence alternative splicing (Catalanotto et al., 2016). At the level of 

translation, the ribosome is the unit responsible for translating mRNA into protein.  

It consists of 2 subunits that are made up of many ribosomal proteins and rRNAs.  

Recent research suggests that there may be heterogeneity in these ribosomal 

subunits that influences the efficiency at which certain mRNAs are translated 

(Caron et al., 2021; Genuth & Barna, 2018; Zhou et al., 2015).  And finally 

posttranslational protein modifications can lead to changes in protein location, 

function, signaling, and stability or degradation (Millar et al., 2019).  Taken 
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together, all of these components form a complex web that controls gene 

expression and it is important to consider how they might contribute to dynamic 

processes like ocular morphogenesis and retinal differentiation.  

For example, SoxC transcription factors have been shown to play a role in 

ocular morphogenesis and retinal differentiation (Bhattaram et al., 2010; Jiang et 

al., 2013; Lakshmi Pillai-Kastoori, 2015; Pillai-Kastoori et al., 2014; Schilham et 

al., 1996; Usui, Iwagawa, et al., 2013; Usui, Mochizuki, et al., 2013; Wen, 2016; 

Wen et al., 2015; Wurm et al., 2008; Ya et al., 1998).  To fully understand how 

they are involved in this process, it is important to consider the different ways 

their own expression is regulated.  Additionally, as transcription factors 

themselves, they directly target other genes to affect their transcription. Their 

direct targets and how they each function in this process also needs to be 

considered.  All of these components combined will further elucidate the details 

of the regulatory network that controls eye development. 

1.6 Sry-box (Sox) Transcription Factors 

The Sry-box (Sox) transcription factors are grouped together by their 

shared homology of a high mobility group (HMG) DNA binding domain. The HMG 

domain binds to the minor groove of its target DNA sequence, known as the Sox 

motif, and sharply bends the DNA. Between all the Sox proteins, the HMG 

domain is at least 50% identical (Bowles et al., 2000).  However, the remainder 

of the protein is more variable.  There are 8 subfamilies of the Sox proteins, A-H, 

that are grouped based on homology within the HMG domain, and additional 

homology in other functional domains (M. Angelozzi & Lefebvre, 2019; Bowles et 

al., 2000; Stevanovic et al., 2021). The Sox proteins are also highly conserved 

across vertebrate species and have been studied in human, mouse, Xenopus, 

and zebrafish models, among others (M. Angelozzi & Lefebvre, 2019; Bowles et 

al., 2000; Dy et al., 2008; Goslik E. Schepers et al., 2002; Stevanovic et al., 

2021). 
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The SoxC subfamily is comprised of Sox4, Sox11, and Sox12.  In addition 

to containing the conserved HMG domain, the SoxC proteins also contain a 

second functional domain known as the transactivation domain located near the 

C-terminus.  The transactivation domain is responsible for partnering with other 

proteins to activate transcription. Sox4 and Sox11 target overlapping sets of 

genes but have differing efficiencies in binding DNA and activating transcription 

in vitro (Van De Wetering et al., 1993). Sox4 is more efficient at binding DNA 

than Sox11 and Sox11 is more efficient at activating transcription than Sox4 in 

vitro. (Dy et al., 2008; Hoser et al., 2008; Penzo-Méndez, 2010; Van De Wetering 

et al., 1993; Wiebe et al., 2003). Transcriptional activation is the primary role of 

the SoxC proteins; however, one instance of repressor activity has been shown 

in male germ cell differentiation in vitro (Zhao et al., 2017).  

SoxC proteins work in partnership with other proteins to bind to DNA 

(Table 1.1).  To better understand how exactly they function, their partner 

proteins and direct DNA targets must be elucidated. So far it has been shown 

that partnering with Brn-1 and Brn-2 increases transcription activity of both Sox4 

and Sox11 in rat oligodendrocytes and in vitro studies (Kuhlbrodt et al., 1998; 

Wiebe et al., 2003). Additionally, some direct DNA targets of SoxC proteins have 

been identified.  Tead2 is a direct target of Sox4 and Sox11, to promote cell 

survival in the mesoderm (Bhattaram et al., 2010). Neurog3 is a direct target in 

pancreatic endocrine cells (E. E. Xu et al., 2015); Tubb3, Prox-1, and DCS are 

direct targets in neurons (Bergsland et al., 2006; Jacob et al., 2018; Mu et al., 

2012); Brn3b is a direct target in RGCs (Jiang et al., 2013); and Plexan1 and 

Nrcam are direct targets for RGC axon guidance (Kuwajima et al., 2017). 

However, these discoveries are not an exhaustive list of partner proteins and 

DNA targets, as these can differ by both developmental time and by cell type. 
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Table 1.1  Binding Partners and Direct Targets of SoxC Proteins  

System Organism 
Binding 

Partner 

Target 

Gene 
Reference 

Oligodendrocytes Rat 

Brn-1 

Nestin 

(Kuhlbrodt et al., 

1998; Wiebe et 

al., 2003) Brn-2 

Mesoderm Mouse 

 

Tead2 
(Bhattaram et al., 

2010) 

Pancreatic 

Endocrine Cells 
Mouse Neurog3 

(E. E. Xu et al., 

2015) 

Neurons 

Mouse Tubb3 
(Bergsland et al., 

2006) 

Chicken Prox-1 
(Jacob et al., 

2018) 

Human DCS (Mu et al., 2012) 

Retinal Ganglion 

Cells 
Mouse Brn3b 

(Jiang et al., 

2013) 

Retinal Ganglion 

Cell Axon 

Guidance 

Mouse 

Plexan1 
(Kuwajima et al., 

2017) Nrcam 

 

SOX4 has previously been implicated to have redundant roles with SOX11 

as a necessary transcription factor for cell survival and in the development of 

pancreatic cells, the kidney, the urinary tract, the heart outflow tract, germ cells, 

osteoblasts, lymphocytes, and neurons (Bergsland et al., 2006, 2011; Bhattaram 

et al., 2010; Dy et al., 2008; Hoser et al., 2008; Huang et al., 2013; Ling et al., 

2009; Mavropoulos et al., 2005; Neirijnck et al., 2018; M. Paul, 2014; M. H. Paul 
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et al., 2014; Potzner et al., 2010; Sock et al., 2004; Tanaka et al., 2004; Thein et 

al., 2010; Von Wittgenstein et al., 2020; M. E. Wilson et al., 2005)  In addition to 

their overlapping roles, SOX4 and SOX11 also have distinct functions.  In mice, a 

Sox4 knockout is embryonic lethal due to heart defects in the form of a common 

trunk at E14; in contrast, Sox11 knockout is perinatal lethal due to heart defects 

in the form of a common trunk or ventricular separation at birth resulting in 

congenital cyanosis (Wurm et al., 2008; Ya et al., 1998).  These differences in 

phenotypes suggest similar yet independent roles in development exist between 

SOX4 and SOX11 (Bergsland et al., 2006, 2011; Bhattaram et al., 2010; Dy et 

al., 2008; Huang et al., 2013; Ling et al., 2009; Mavropoulos et al., 2005; 

Neirijnck et al., 2018; M. Paul, 2014; M. H. Paul et al., 2014; Potzner et al., 2010; 

Sock et al., 2004; Thein et al., 2010; Von Wittgenstein et al., 2020; M. E. Wilson 

et al., 2005). Additionally, there is a growing body of evidence that SOX4 and 

SOX11 have a vital role in eye development.  

1.7 Eye Development Requires SoxC Transcription Factors 

SOX4 and SOX11 have been shown to play a critical role in eye 

development in Mus musculus (Bhattaram et al., 2010; Jiang et al., 2013; Usui, 

Iwagawa, et al., 2013; Usui, Mochizuki, et al., 2013). In mice a Sox4 knockout is 

embryonic lethal prior to the completion of eye development, however, the Sox11 

null mice do survive long enough to exhibit microphthalmia and anterior 

coloboma. (Bhattaram et al., 2010; Jiang et al., 2013; Schilham et al., 1996; Usui, 

Mochizuki, et al., 2013; Wurm et al., 2008; Ya et al., 1998). In Sox11 null mice 

there is a reduction of Bmp7, which may explain the microphthalmia and anterior 

coloboma phenotypes (Wurm et al., 2008).  Sox11 is robustly expressed in the 

retina at E12.  This expression then gradually decreases until P5, when it is no 

longer expressed.  Sox4 is also strongly expressed in the retina at E12 and 

increases in expression until P1 where it then decreases in expression.  The 

expression of Sox4 and Sox11 in the retina are controlled by Notch signaling and 

histone modifications.  Forced activation of Notch signaling inhibited both Sox4 

and Sox11 expression but does not account for the temporal differences in 
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expression since it equally affected Sox4 and Sox11 expression.  Histone 

modifications were detected at the Sox4 and Sox11 loci. Histone 3 (AcH3) was 

found at the Sox11 transcriptional start site and Anti-histone H3 tri-methyl Lys27 

(H3K27) was found at transcriptional start sites of Sox4 and Sox11.  The timing 

of these histone modifications, acetylation of AcH3 and methylation of H3K27, 

matched the different temporal expressions of Sox4 and Sox11 in the developing 

retina.(Usui, Iwagawa, et al., 2013). In eye specific knockouts, there was a 

modest but significant loss of RGCs, amacrine, and bipolar cells in both Sox4 

and Sox11 mutants.  The loss of RGCs, amacrine, and bipolar cells was 

compounded in dual Sox4 and Sox11 knockouts.  Dual Sox4 and Sox11 

knockouts also had a single thin layer of neural retina and the loss of the optic 

nerve, resulting in a striking phenotype (Jiang et al., 2013).  In Xenopus laevis, 

knockdown of sox4 and sox11 by translation blocking morpholinos led to 

microphthalmia and deformed eyes.  Additionally, they also showed a reduction 

in retinal ganglion cells similar to mouse eye specific knockouts of Sox4 and 

Sox11 (Cizelsky et al., 2013).  

In zebrafish, knockdown of sox4 by translation blocking morpholinos leads 

to a reduction in bmp7b expression which increases ihhb signaling, resulting in 

ocular coloboma (Wen et al., 2015).  Knockdown of sox11 by morpholinos 

showed more severe but similar phenotypes to the loss of sox4 (Pillai-Kastoori et 

al., 2014).  This is similar to the reduction of Bmp7 seen in Sox11 null mice and 

suggests a conserved role for how Sox4 is involved in ocular morphogenesis.   

 

Sox4 and Sox11 have also been impacted in having a role in the zebrafish 

retina. The zebrafish XOPS:mCFP transgenic line carries a rod-targeted 

transgene that is toxic to the rod photoreceptors. This line undergoes a continual 

cycle of rod degeneration and regeneration (A. C. Morris & Fadool, 2005). A 

microarray analysis was performed to compare the gene expression between 

Wildtype (WT) and the XOPS:mCFP transgenic zebrafish retinas and it was 

found that several transcription factors were upregulated. Included in these were 

the zebrafish orthologues of sox4 and sox11, suggesting a role in rod 
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differentiation (Ann C. Morris et al., 2011). In sox11 and sox4 morphants, there 

was a decrease in the number of rod photoreceptors present at larval stages. 

(Lakshmi Pillai-Kastoori, 2015; Wen, 2016). Taken together, these data suggest 

that SoxC transcription factors are important for the genesis of rod 

photoreceptors, both during embryonic development and in adult retinal 

regeneration. 

1.8 SOXC Transcription Factors Are Critical for Human Development 

SOXC genes have been shown to play a vital role in development in 

animal models across may development systems (Bergsland et al., 2006, 2011; 

Bhattaram et al., 2010; Dy et al., 2008; Huang et al., 2013; Jiang et al., 2013; 

Ling et al., 2009; Mavropoulos et al., 2005; Neirijnck et al., 2018; M. Paul, 2014; 

M. H. Paul et al., 2014; Potzner et al., 2010; Sock et al., 2004; Thein et al., 2010; 

Usui, Iwagawa, et al., 2013; Usui, Mochizuki, et al., 2013; Von Wittgenstein et al., 

2020; M. E. Wilson et al., 2005; Wurm et al., 2008; Ya et al., 1998). They have 

also been implicated in causing various developmental disorders in humans like 

MAC, Coffin-Siris Syndrome (CSS), CHARGE Syndrome, and SOX4-Related 

Neurodevelopmental Syndrome, all of which include issues with visual 

impairment (Al-Jawahiri et al., 2022; M. Angelozzi & Lefebvre, 2019; Marco 

Angelozzi et al., 2022; Feng et al., 2013; Ghaffar et al., 2021; Pillai-Kastoori et 

al., 2014; Schrier et al., 2012; Sperry et al., 2016; Tsurusaki et al., 2014; 

Zawerton et al., 2019).  The phenotypes SOXC mutations are associated with 

affect a wide but consistent range of developmental systems, including the eye.  

Two patients from a screen of 79 individuals with MAC were identified to have 

mutations in SOX11, one of which also had a reduction in rod photoreceptor 

function determined by an electroretinogram (Pillai-Kastoori et al., 2014).  

The first developmental disorder that has been associated with SOX11 is 

CSS. CSS is characterized by the presence of either aplasia or hypoplasia of the 

distal phalanx or absence of the fingernail, primarily involving the fifth finger, 

developmental or cognitive delay, characteristic facial features, hypotonia, hair 
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growth in atypical areas, and sparse scalp hair (Schrier et al., 2012). CSS has 

predominately been associated with mutations in SMARCB1, SMARCA4, 

SMARCE1, ARID1A and ARID1B.  However, two de novo SOX11 mutations 

were found in two unrelated patients diagnosed with CCS (Tsurusaki et al., 

2014). A later study identified an additional 38 patients with mutations in SOX11 

(Al-Jawahiri et al., 2022).  The clinical presentation of these patients was 

compared to previous patients identified with SOX11 mutations and the clinical 

phenotype of CSS.  SOX11 Syndrome was determined to be distinct from CSS, 

due the inclusion of differentiating features.  These features included oculo-motor 

apraxia, ocular malformations, and idiopathic hypo-gonadotrophic hypogonadism 

(Al-Jawahiri et al., 2022).   

Another developmental disorder that is associated with SOXC genes is 

CHARGE Syndrome. CHARGE is an acronym for the symptoms that can occur 

in the syndrome: coloboma, heart defects, choanal atresia, retardation of 

development and growth, genital abnormalities, and ear defects.  Today 

CHARGE is primarily characterized by the presence of choanal atresia, 

coloboma, characteristic ears and cranial nerve anomalies (George et al., 2020).  

Additional phenotypes of cardiovascular malformation, genital hypoplasia, cleft 

lip/palate, tracheoesophageal fistula, distinctive CHARGE facies, and delayed 

growth and development occur with varying frequencies across patients.   

CHARGE Syndrome is due to mutations in CHD7 in 60-80% of patients (Blake & 

Prasad, 2006; George et al., 2020; Lalani et al., 2006; Patten et al., 2012). A 

CHARGE patient has been identified that has a duplication of SOX11 and not a 

mutation of CHD7 (Sperry et al., 2016). Additionally, CHD7 is a chromatin 

remodeler and has been shown to directly target SOX4 and SOX11 (Feng et al., 

2013). Taken together, these data suggest that many of the overlapping 

symptoms of patients with CHD7 or SOXC mutations may be due to this 

relationship. 

SOX4 has also been associated with a developmental disorder. Patients 

identified with mutations in SOX4 were classified as having SOX4-Related 
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Neurodevelopmental Syndrome.  All patients exhibited a combination of some of 

the following features: dysmorphic features, palatal anomalies, retrognathia, 

cardiac defects, visual impairment, hearing impairment, and intellectual disability. 

Visual impairments were frequently observed, mainly in the form of myopia, 

strabismus, and keratoconus (Marco Angelozzi et al., 2022; Ghaffar et al., 2021; 

Zawerton et al., 2019).   

Taken together, the various ocular abnormalities associated with 

mutations in both SOX11 and SOX4 indicate that SOXC factors play a critical 

role in the development of the visual system. However, more research needs to 

be done on SOXC proteins in development to better understand how they impact 

vision in these relevant disorders. More specifically, a detailed understanding of 

how of SoxC factors regulate each stage of eye development, from early ocular 

morphogenesis through terminal differentiation of the various retinal cell types, is 

needed.  

 

 

Figure 1.2 Developmental syndromes associated with SOXC transcription 
factors.   
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1.9 Zebrafish, an Excellent Model for Vision Research 

Zebrafish are an excellent model for researching the role of Sox4 in eye 

development in multiple facets.  They have a short generation time, high 

fecundity, external fertilization, rapid development, and a plethora of genetic tools 

available to investigate gene function (Stenkamp, 2007).  Some examples of the 

genetic tools available for zebrafish are a fully sequenced genome, various 

transgenic lines, gene knock down by morpholinos, and gene editing by 

CRISPR/Cas9.   

Due to a genome duplication that occurred at the base of the teleost 

lineage, zebrafish have duplicates of many genes.  This includes sox4, resulting 

in sox4a and sox4b co-orthologues. Sox4a shares 64% protein sequence 

homology with Sox4b, 68% homology with mouse SOX4, and 40% homology 

with human SOX4. Sox4b shares 65% homology with mouse SOX4 and 38% 

homology with human SOX4. However, all share a very high conservation of 

sequence (greater than 95%) in the high mobility group (HMG) and 

transactivation domains (TAD) (Mavropoulos et al., 2005). 

 

Figure 1.3  Comparison of human and zebrafish Sox4 proteins.  

(A) Protein domains for Human SOX4. (B) Protein domains for Zebrafish Sox4a 
and Sox4b. 

 

Genetic mutants and morpholinos are useful tools for loss of function 

studies but induce loss of function through different methods.  Morpholinos are 

small oligonucleotides that either block translation or splicing of a specific gene, 

allowing for temporary knock-down of gene expression (Bill et al., 2009). 

CRISPR/Cas9 allows for targeted gene editing, which is useful for inducing 
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mutations in a gene of choice (Charpentier & Doudna, 2013; Doudna & 

Charpentier, 2014; Sampson & Weiss, 2014).  For loss of function studies, the 

goal is to create a mutation that would result in an early stop codon or a large 

deletion of the functional domains within the gene.  These types of mutations 

would result in no functional protein being made. 

It is important to compare the phenotypes between mutants and 

morphants. An interesting phenomenon has been observed in numerous 

zebrafish mutants.  The mutants either completely lack a phenotype or the 

phenotype is much less severe compared to that of the morphant.  For example, 

egfl7 mutants did not show a morphant phenotype when injected with 

morpholinos that target egfl7. This indicates that the morphant phenotype is not 

due to off target effects but rather that the mutant is somehow compensating for 

the loss of Egfl7 (Rossi et al., 2015).  This is not the case for all genetic mutants.  

It appears to be specific to mutant mRNA transcripts that are flagged for non-

sense mediated decay, that genetic compensation is triggered (El-Brolosy et al., 

2018). 

Previous studies have shown the role of Sox4 in early zebrafish eye 

development using translation blocking morpholinos to knock down gene 

expression. These studies revealed that Sox4 is upstream of Hedgehog signaling 

and is required for choroid fissure closure.  Evidence suggests that bmp7 may be 

a target of Sox4 in regulating Hedgehog signaling (Wen et al., 2015). 

Additionally, a novel role for Sox4 in terminal rod photoreceptor differentiation 

was demonstrated (Wen, 2016).  However, it remains unclear what the targets of 

Sox4 are in ocular morphogenesis, how Sox4 influences terminal rod 

photoreceptor differentiation, and if Sox4 has a role later in retina development. 

To that end, the goal of the research described in this dissertation is to 

investigate the function of Sox4 in early and late retinal development using 

genetic mutants and transcriptomic analyses. 
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1.10 Rationale and Specific Aims 

As described above, Sox4 plays an important role in ocular 

morphogenesis and in the neurogenesis of rod photoreceptors in zebrafish (Wen 

et al., 2015), however details of how Sox4 regulates these processes are lacking. 

A better understanding of the role of Sox4 in ocular morphogenesis will 

contribute to the network of genes that result in conditions like MAC.  

Additionally, elucidating how Sox4 influences the terminal differentiation of rod 

photoreceptors will further our understanding of the components required to 

make fully differentiated and function rod photoreceptors. 

Previous studies on the role of Sox4 in the developing zebrafish have 

relied on the use of translation blocking morpholinos to knockdown sox4 

expression (Wen et al., 2015). This was a useful approach to start determining 

the role of Sox4 in ocular morphogenesis and in the neurogenesis of rod 

photoreceptors.  However, morpholinos knockdown gene expression for a limited 

period of time.  Genetic mutants are required for long term loss-of-function 

studies.  Zebrafish mutant lines for sox4a and sox4b were generated by 

CRISPR/Cas9 and are predicted to produce no functional protein (Wen, 2016).  

This will allow us to determine if the mutant phenotype recapitulates the 

morphant phenotypes. The sox4 mutants will also allow us to determine how the 

loss of Sox4 affects the retinal later in zebrafish development.  

Additionally, there are transgenic lines available that are of relevance to 

this project.  Sox4 has previously been implicated in having a role in ocular 

morphogenesis (Wen et al., 2015). The rx3:eGFP transgenic line expresses 

eGFP under the Medaka Rx3 promoter.  This labels cells in the developing 

forebrain that are specified to become the retina; this allows us to track them 

through the process of ocular morphogenesis (Katherine E Brown et al., 2010). 

Additionally, Sox4 has been implicated in having a role in rod photoreceptor 

neurogenesis (Wen, 2016).  The XOPS:GFP transgenic line expresses GFP 

under the Xenopus Rhodopsin promoter (Fadool, 2003).  This labels rod 

photoreceptors with GFP in the zebrafish retina, allowing them to easily be 
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visualized.  Combining the sox4 mutants with each of these transgenic lines will 

provide useful insights into how the loss of Sox4 impacts ocular morphogenesis 

and rod photoreceptor neurogenesis. 

In this dissertation I address the following questions: how does Sox4 

contribute to ocular morphogenesis, how does Sox4 influence retinal 

differentiation, particularly of rod photoreceptors, and what are the targets of 

Sox4 in both ocular morphogenesis and rod photoreceptor differentiation?   

To address these questions, I characterized the ocular phenotypes of 

zebrafish mutant lines for sox4a and sox4b, as well as sox4a/b double mutants.  

Supporting previous research in zebrafish sox4 morphants, I demonstrate that 

Sox4 is involved in both the process of ocular morphogenesis and the 

differentiation of rod photoreceptors (Wen, 2016; Wen et al., 2015).  To elucidate 

the role of Sox4 in in ocular morphogenesis in further detail, I used the zebrafish 

transgenic line rx3:eGFP in combination with live imaging by Lightsheet 

Microscopy.  This technique is described in detail in Chapter 2. Using this 

method, I discovered that the rx3:eGFP population of cells is smaller in sox4 

mutants from the earliest stages of the eye field. 

 

Figure 1.4 Ocular Morphogenesis in the Developing Zebrafish. 

(A) Dorsal vantage of ocular morphogenesis from specification of the eyefield at 
1 SS to the formation of the optic up at prim-5 as would be labeled by the 
zebrafish transgenic line rx3:eGFP. (B) Lateral vantage of a developing zebrafish 
embryo at the corresponding stages of ocular morphogenesis. 
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A role for Sox4 in zebrafish rod photoreceptor development has been 

suggested by previous research (Morris et al., 2011; Wen, 2016). This led me to 

use the XOPS:GFP transgenic line to compare the differences between wildtype 

and sox4 mutants.  In Chapter 3, I show that the sox4 mutants display a 

reduction of rod photoreceptors. 

Interestingly, both ocular morphogenesis and rod photoreceptor 

differentiation are dependent on the presence or absence of maternal sox4 

transcripts in the developing embryo.  This indicates that events occurring early 

in specification of the eyefield (when maternally derived Sox4 is still present) 

influence later retinal differentiation. To investigate this hypothesis, I used 

scRNA-seq to analyze the developing eyefield prior to evagination into bilateral 

optic vesicles for the first time.  These data, presented in Chapter 3, provide a 

foundation for further investigations into whether transcriptional signatures of eye 

field cells can be linked to later developmental outcomes in the retina. Finally, I 

characterized additional phenotypes throughout the sox4 mutants which 

implicate a potential role for Sox4 in neural crest development. 

Taken together, these studies contribute to our understanding of the 

regulatory networks influencing ocular morphogenesis and rod photoreceptor 

differentiation by implicating a role for Sox4 in the specification of the eyefield 

and in rod photoreceptor neurogenesis and maturation.  This information will be 

useful in furthering our understanding of how ocular complications arise in human 

patients with mutations in SOX4. 

 

This research will be addressed by the following aims: 

 

Specific Aims 
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I. Visualize Ocular Morphogenesis by Lightsheet Microscopy  

 

a. Demonstrate a method for live imaging of ocular morphogenesis with high 

spatial and temporal resolution 

 

b. Provide a method of analysis of the live imaging dataset of ocular 

morphogenesis 

 

II. Determine the role of Sox4 in eye development 

 

a. Characterize the process of ocular morphogenesis in sox4 zebrafish 

mutants 

 

b. Characterize retinal cell types of sox4 zebrafish mutants 

 

III. Establish if signaling in the eyefield impacts later retinal differentiation 

 

a. Determine the cell type composition of the developing eyefield 

 

b. Establish the transcriptomic impact of the loss of sox4 on the early 

developing eye 

 

IV.  Investigate a role for Sox4 in neural crest development 

 

a. Characterize additional phenotypes of sox4 zebrafish mutants  

 

b. Propose a mechanism by which the additional phenotypes may be linked 
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Aim I is presented in Chapter 2 

Aims II and III are presented in Chapter 3 

Aim IV is presented in the Appendix 
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CHAPTER 2. VISUALIZING OCULAR MORPHOGENESIS BY LIGHTSHEET MICROSCOPY 
USING RX3:GFP TRANSGENIC ZEBRAFISH 

Rebecca A. Petersen, Ann C. Morris 

 

Department of Biology, University of Kentucky, Lexington KY 40506 

 

Key words: time-lapse imaging, Lightsheet microscopy, live imaging, zebrafish, 

eye development, retina 

 

Adapted from: Petersen, R. A., Morris, A. C. Visualizing Ocular Morphogenesis 

by Lightsheet Microscopy using rx3:GFP Transgenic Zebrafish. Vis. Exp. (170), 

e62296, doi:10.3791/62296 (2021). 

 

N.B. For this dissertation, figure numbers, headings, and text were modified to 

match 

dissertation style. 

2.1 Abstract 

Vertebrate eye development is a complex process that begins near the 

end of embryo gastrulation and requires the precise coordination of cell 

migration, proliferation, and differentiation.  Time-lapse imagining offers unique 

insight to the behavior of cells during eye development because it allows us to 

visualize oculogenesis in vivo.  Zebrafish are an excellent model to visualize this 

process due to their highly conserved vertebrate eye and their ability to develop 

rapidly and externally while remaining optically transparent. Time-lapse imaging 

studies of zebrafish eye development are greatly facilitated by use of the 

transgenic zebrafish line Tg(rx3:GFP).  In the developing forebrain, rx3:GFP 
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expression marks the cells of the single eye field, and GFP continues to be 

expressed as the eye field evaginates to form an optic vesicle which then 

invaginates to form an optic cup. High-resolution time-lapse imaging of rx3:GFP 

expression therefore allows us to track the eye primordium through time as it 

develops into the retina.  Lightsheet microscopy is an ideal method to image 

ocular morphogenesis over time due to its ability to penetrate thicker samples for 

fluorescent imaging, minimize photobleaching and phototoxicity, and image at a 

high speed. Here, the study provides a protocol for time-lapse imagining of ocular 

morphogenesis using a commercially available lightsheet microscope and an 

image processing workstation to analyze the resulting data. This protocol details 

the procedures for embryo anesthesia, embedding in low melting temperature 

agarose, suspension in the imaging chamber, setting up the imaging parameters, 

and finally analyzing the imaging data using image analysis software. The 

resulting dataset can provide valuable insights into the process of ocular 

morphogenesis, as well as perturbations to this process as a result of genetic 

mutation, exposure to pharmacological agents, or other experimental 

manipulations.  

2.2 Introduction 

Embryonic development is a complex process that requires the precise 

coordination of many different events. The formation of the vertebrate eye begins 

in the developing forebrain, where a portion of the cells are specified as the eye 

field.  These cells will evaginate towards the surface ectoderm, giving rise to two 

bilateral optic vesicles(Chow & Lang, 2001; Eckert et al., 2019; Fuhrmann, 2010; 

Heermann et al., 2015; Kimmel et al., 1995; Kwan et al., 2012; Z. Li et al., 2000; 

Picker et al., 2009; S. W. Wilson & Houart, 2004; Yoon et al., 2020).  Contact 

with the surface ectoderm then induces an invagination of the optic vesicle into 

an optic cup.  The surface ectoderm will give rise to the anterior structures of the 

eye, such as the lens and cornea, while the optic cup will give rise to the neural 

retina and retinal pigmented epithelium(Chow & Lang, 2001; Eckert et al., 2019; 

Fuhrmann, 2010; Heermann et al., 2015; Kimmel et al., 1995; Kwan et al., 2012; 
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Z. Li et al., 2000; Picker et al., 2009; Pillai-Kastoori et al., 2015; Sidhaye & 

Norden, 2017; Yoon et al., 2020).  Disruptions in this process can lead to 

congenital defects like microphthalmia, anophthalmia, and coloboma (MAC).  At 

this time, there are no options to correct these defects(Chow & Lang, 2001; 

Eckert et al., 2019; Fuhrmann, 2010; Kwan et al., 2012; Picker et al., 2009; Pillai-

Kastoori et al., 2015; Sidhaye & Norden, 2017; Yoon et al., 2020).  Further 

studies of the mechanisms of ocular morphogenesis and the problems that can 

lead to MAC will provide a foundation of knowledge that will potentially lead to 

treatments. One powerful tool to investigate the dynamic behaviors of cells 

during eye development is time-lapse imagining, which allows this process to be 

visualized and characterized in vivo and in real time. 

Zebrafish (Danio rerio) are an excellent model to visualize early ocular 

development using time-lapse imaging.  They have a highly conserved vertebrate 

eye and possess the ability to develop rapidly and externally while remaining 

optically transparent(Kimmel et al., 1995).  Zebrafish provide a great resource for 

time-lapse imaging due to these characteristics that mammalian models lack.  

Time-lapse imaging studies of zebrafish eye development are greatly facilitated 

by use of the transgenic zebrafish line Tg(rx3:GFP). RX3 (Retinal homeobox 

protein 3) is a transcription factor essential for eye development(Loosli et al., 

2003).  Rx3 is the first of the three ‘rx’ genes in the zebrafish to be expressed, 

starting its expression mid-gastrulation, approximately 8 hours post fertilization 

(hpf)(Cavodeassi et al., 2005; Chuang et al., 1999).  The rx3:GFP transgene can 

be visualized in the developing forebrain starting at the 1 somite stage (ss), 

approximately 10 hpf(Chuang et al., 1999; Ebert et al., 2014; Emerson et al., 

2017; Hehr et al., 2018; Ivanovitch et al., 2013; Jemielita et al., 2013).  In the 

developing forebrain, rx3:GFP expression marks the cells of the single eye field, 

and GFP (green fluorescent protein) continues to be expressed through the 

remainder of ocular morphogenesis. High resolution time lapse imaging of 

rx3:GFP expression therefore allows us to track the single eye field through time 

as it develops into the retina(Ebert et al., 2014; Hehr et al., 2018; Ivanovitch et 

al., 2013; Jemielita et al., 2013). 
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Time-lapse imaging studies of zebrafish development have primarily been 

performed using confocal or Lightsheet microscopy.  Confocal microscopy is 

advantageous in that it allows for the precise imaging of samples along the z axis 

and reduces fluorescent background signal.  However, it is limited by the amount 

of time it takes to acquire an image, sample position rigidity, and its propensity 

towards photobleaching and phototoxicity of live samples.  Lightsheet 

microscopy is an ideal method to image ocular morphogenesis over time due to 

its ability to penetrate thicker samples for fluorescent imaging, increased 

flexibility in sample orientation, minimized photobleaching and phototoxicity, and 

imaging at a high speed(Huisken et al., 2004; Icha et al., 2016; Jemielita et al., 

2013; Keller et al., 2008, 2010; Keller & Dodt, 2012; Pampaloni et al., 2015; 

Pantazis & Supatto, 2014; Park et al., 2015; Reynaud et al., 2008; Royer et al., 

2016).  The spatial resolution achievable with current light sheet microcopy 

systems is approximately 250-500 nanometers (nm). Although this is not 

significantly different from what can be obtained with confocal microscopy, the 

sample can be freely rotated and imaged from multiple angles, improving both 

imaging depth and resolution, and offering much greater flexibility for in vivo time 

lapse imaging experiments than the confocal platform(Pantazis & Supatto, 2014; 

Santi, 2011).  For these reasons, Lightsheet microscopy is quickly becoming the 

favored method for time-lapse imaging studies of zebrafish development.  This 

protocol describes the steps of quantifying oculogenesis through the imaging of 

Rx3:GFP transgenic zebrafish using a commercially available Lightsheet 

microscope(Reynaud et al., 2014) and details a pipeline for image analysis using 

the arivis software platform. 

2.3 Protocol 

All experiments involving the use of zebrafish were carried out in accordance 

with protocols established by the University of Kentucky Institutional Animal Care 

and Use Committee (IACUC). 
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2.3.1 Sample Preparation 

 

A. Set up a mating pair of Tg(Rx3:GFP) zebrafish in a gated cross tank the 

night before imaging is planned. The mating pair of fish selected should be 

between 4 months to 2 years in age and are easily distinguished as male 

or female based on body shape and coloration34. The following morning 

pull the gate as the lights come on in the fish facility(Avdesh et al., 

2012),34.  

B. Check the crosses every half hour for embryos and note what time 

embryos are first visualized in the bottom of the cross tank. Transfer the 

embryos to a petri dish and maintain the embryos at 28.5 °C for 

approximately 10 hours to develop to the 1-2 somite stage (ss).  Begin to 

image at the 1-2 somite stage (ss). 

C. To screen for the presence of somites, observe the embryos under a 

stereoscope at 10 hpf and count the number of somites1.   

 

NOTE: Any embryos that are beyond the single somite stage should not 

be used for this experiment.   

 

D. Out of the embryos that are at the single somite stage, screen for GFP 

expression using a fluorescence adapter in combination with a 

stereomicroscope to confirm the presence of the Rx3:GFP transgene. 

Once 3-5 GFP positive individuals have been identified, use fine forceps 

to dechorionate the embryos and transfer them into a small petri dish 

containing E3 embryo buffer with a glass pipette34. 

E. Anesthetize the embryos by transferring them into 0.5 mL E3 embryo 

buffer (pH 7) containing 0.168 mg/mL Tricaine (MS222) in an micro 

centrifuge tube(Hirsinger & Steventon, 2017; Westerfield, 2007).  

Spontaneous muscle movements begin as early as 17 hpf(Saint-Amant & 

Drapeau, 1998). Ensure that embryos are anesthetized to image beyond 

this timepoint.  
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F. Embed the embryos in 1% low melting temperature agarose in 0.168 

mg/mL Tricaine and E3.  

 

NOTE: This is the optimal concentration of low melting temperature 

agarose to allow for the embryo to be held in place but remain pliable 

enough to permit the growth of the embryo over the imaging time-

course(Keller et al., 2008, 2010). 

 

G. Prepare a 10 mL solution of 2% low melting temperature agarose in E3 

buffer. Heat it in a microwave oven to dissolve agarose using 15 s 

intervals, to prevent the solution from boiling over. Allow the solution to 

cool enough to hold without discomfort but not so much that it solidifies, 

and not cause harm to the embryos.  Once the agarose is sufficiently cool, 

add 0.5 mL to the embryos in the tube of Tricaine in E3 and gently pipet 

the solution and embryos to mix. 

 

H. Using a 1 mm glass capillary and Teflon plunger, pull up the embryos in 

the agarose solution into the capillary.  Make sure to pull multiple embryos 

into the capillary. Aim to pull a total of 3-5 embryos to increase the 

likelihood of having a well-positioned embryo.   

 

NOTE: Due to the round nature of the embryos at this timepoint, it is 

challenging to guarantee a specific orientation in the capillary.  Ideally, the 

body of the embryo will be positioned laterally in the capillary, allowing for 

the greatest ease of positioning within the microscope.  

 

I. Let the agarose solidify over a period of 30-60 s at room temperature.  

Place the capillary in a beaker of 0.168 mg/mL Tricaine in E3 buffer until 

ready to image (Figure 1A).  
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NOTE: The excess 2% low melting temperature agarose solution can be 

allowed to solidify and subsequently reheated in future experiments.   

 

J. Place the capillary into the sample holder (Figure 1B–F) as described step 

3. 

 

2.3.2 Zeiss Lightsheet Z.1 set up 

 

A. Switch on each component of the microscope and the computer in the 

following order: 1) System, 2) PC, then 3) Incubation (Figure 2A). 

 

B. Place the 20x imaging objective and the 10x illumination objective into the 

microscope chamber.  Match the objective settings in the Zen Software 

interface under the Maintain tab. 

 

C. Slide the chamber (Figure 2C) into the housing on the track (Figure 2B) 

with the tubing facing out.  The tubing connects to the appropriate ports on 

the right as shown in Figure 2E.   

 

D. Attach the extension line to the syringe with the luer-lock mechanism 

(Figure 2D), fill it with Tricaine in E3, and place it in the holder attached to 

the right of the microscope(Westerfield, 2007). Connect the extension 

attached to the syringe filled with Tricaine in E3 to the bottom right of the 

chamber with the Luer-Lock mechanism.  Push the plunger to fill the 

chamber with the Tricaine/E3 buffer. Close the door to the chamber. 

 

E. Place the capillary with the sample into the capillary sample holder. The 

capillary sample holder is comprised of two rubber sleeves, a metal 

sample holder disc, a metal stem, and a metal cap (Figure 1B). Click the 

metal sheath into the center of the metal disc (Figure 1C). Place the two 

rubber stoppers into the sheath, with the slits facing the ends of the sheath 
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followed by the capillary. Slide the capillary through the middle of the 

rubber stoppers. Fasten it in place with the metal cap once the marker is 

at the base of the metal sheath (Figure 1D).   

 

F. Place the capillary sample holder onto the top of the microscope, with the 

white marks aligning (Figure 1E,1F).  Close the lid.  

 

G. Click the Locate Capillary button on the software interface (Figure 3A).  

Use the ErgoDrive control panel, a manual device that controls the 

capillary orientation (Figure 3E), to move the capillary and position it just 

above the objective (Figure 3B).   

 

H. Open the lid, and gently push on the plunger until the section of agarose 

containing the embryo is hanging below the capillary bottom and is in front 

of the objective (Figure 3C).  

  

I. Turn off Locate Capillary and click on the Locate Sample button (Figure 

3A).  This switches the view from the sample chamber’s web cam to the 

microscope objective (Figure 3D).  Use this view to adjust the position of 

the sample more precisely.  Turn off Locate Sample (Figure 3A). 

 

J. Switch over to the Acquisition tab. Check the boxes for Z-Stack and Time 

Series.  

 

K. In the Acquisition Mode parameters window, choose the Dual Side 

Lightsheet setting and check the boxes for Online Dual Side Fusion and 

Pivot Scanning.   

 

L. In the Channels window, choose the 488 channel, set the laser power to 

1, and the exposure time to 7.5 ms.   
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M. Next, click the Continuous button to get a live view of the embryo. Use 

the ErgoDrive control panel to adjust the position of the embryo until the 

eye field is directly facing the camera.  Continue adjusting the left and 

right lightsheets in the Channels parameters until the eye field is 

sufficiently in focus.   

 

N. Set the Z-Stack parameters by using the ErgoDrive control panel to move 

through the Z-plane.  Set the first and the last Z-Positions around 500 μm 

beyond the last detectable fluorescent signal. This leaves room for the 

eye field to remain in frame as the embryo grows throughout the time-

lapse imaging session. After setting the range of the Z-Stack click on the 

Optimal button to set the step size to 0.477 μm, the optimal setting.   

 

O. Set the Incubation parameters by checking the box for the Peltier Unit to 

keep the temperature at 28 °C. In the Time Series window, choose the 

frequency and time interval to acquire images. In this protocol, the 

parameters were set to image every 5 min, for a total of 166 intervals. 

 

P. Click the Start Experiment button.  Choose the folder to save the image 

set.  Set the image prefix and hit Save to start the imaging.  

 

NOTE: The microscope will now run through each image set at the 

interval specified. 

 

Q. After the time-lapse imaging session has been completed, send the stage 

to the load position and remove the capillary sample holder.  Take apart 

the capillary sample holder in the reverse order that it was put together 

and use the plunger to remove the sample and excess agarose from the 

capillary.  Open the chamber door. Use the syringe to remove the 

chamber liquid from the chamber, disconnect and remove the chamber, 

then rinse with water and air dry. 
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Figure 2.1  Sample preparation.  

(A) Positioning of embryos in a glass capillary. The arrow points to an embryo in 
the capillary. (B) Glass capillary and capillary holder parts. (C) Partially 
assembled capillary holder. (D) Fully assembled capillary holder. (E) Lightsheet 
mounting chamber. The arrow indicated the white line used to orient the capillary 
holder. (F) Capillary holder properly mounted in the Lightsheet. The arrow shows 
the matching white lines, indicating proper orientation of the capillary holder. 
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Figure 2.2 Lightsheet imaging set-up.  

(A) Switchboard to turn on the Lightsheet, computer, and incubation unit. The 
numbers indicate the order of operations. (B) Lightsheet objective chamber. (C) 
Imaging chamber. (D) Syringe and tubing that will be connected to the imaging 
chamber. (E) The imaging chamber properly positioned within the objective 
chamber with all of the tubes connected to the appropriate ports to the right 
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Figure 2.3  Sample positioning.  

(A) Locate Capillary and Locate Sample buttons in Zen Software as indicated by 
the arrows. (B) The positioning on the glass capillary. The arrow indicates the 
edge of the glass capillary positioned just above the lens of the objective. (C) The 
embryo suspension beyond the glass capillary. The arrow indicated the embryo 
suspended in agarose beneath the glass capillary in front of the objective's lens. 
(D) View of the embryo through the objective. (E) The ErgoDrive control panel. 

 

2.3.3 Image Analysis 

 

A. Open the arivis Vision4D software program.   

 

B. Click File, then choose Import file.  Select all .czi files from the time-lapse 

imaging session and open.  The next window opens with the options on 

how to import the files; select Z-stacks as frames to order the z-stacks in 

the order obtained. Once the files have been imported, the software saves 

as a single .sis file. To specify the location for the file to be saved, select 
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the folder prior to clicking Import. 

 

C. After the file is imported, arivis is now ready to render a video of the time-

lapse images.  Click on the 4D Viewer Cube in the bottom left corner and 

the Scale Bar icon (Figure 4D–E). Click the Video icon to bring the 

Storyboard taskbar to the bottom of the screen (Figure 4C).  

 

D. In the Storyboard taskbar, choose Add Keyframe Sequence (Figure 4F). 

Specify the duration of the video in seconds, uncheck the Create Rotation 

box, and check the Use Time Progression to include the specific 

timepoints in the video.  The software displays these parameters to the 

right of the Storyboard taskbar for any adjustments at any time.  Save the 

Storyboard to apply the same parameters to multiple image sets (Figure 

4F). 

 

E. Click Export Movie to save a video of the time-lapse imaging (Figure 4F). 

Specify the movie export settings, including the File name and location, 

video format (.mp4), video resolution (1080p), framerate (60 FPS), and 

data resolution (1297x1297x784).  Add timestamps here, if desired. Once 

these parameters are set, choose Record (Figure 4F). 

 

F. Steps 4 and 5 can be repeated with modification to Step 4 to create 

rotation videos at specific timepoints.  When adding a keyframe sequence 

to the storyboard, check the Create Rotation box, and uncheck the Use 

Time Progression. Then follow the same instructions as in Step 5. 

 

G. To render a high-resolution image at any orientation at any individual time 

point, select the camera icon in the 4D Viewer to obtain a high-resolution 

image (Figure 4C). 
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H. To build a pipeline for analysis, choose the flask icon to access the 

Analysis panel (Figure 4B).  In the analysis panel, click on the analysis 

operations dropdown menu.  As an example, the protocol demonstrates 

below the sequence of operations for a volume analysis pipeline.  Run or 

undo individually each step of the pipeline to fine tune each parameter 

(Table 1).  

 

I. Click on the blue triangle at the top of the pipeline to allow the pipeline to 

run.   

 

NOTE: This will take some time depending on the speed of the computer. 

Once the pipeline has been optimized, the pipeline can be exported and 

imported to arivis with ease and applied to multiple datasets in a batch 

analysis.   

 

J. To access batch analysis, click Batch Analysis under the Analysis tab.  

 

K. After the pipeline runs, a window pulls up with all of the objects found. 

Access this manually through the table icon (Figure 4B).  At the top of this 

window, click on the box labeled Feature Columns to pull up a list of 

features that can provide information about the object of interest.  For the 

eye field volume analysis, these features include Surface Area, Volume 

(Volume, VoxelCount), Intensities #1 (Mean), Attributes (Id, Type), and 

Time Point (First). Click Export to export the data to a spreadsheet.  

 

 

Figure 2.4  Important icons for navigating arivis Vison4D.  
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Each panel has the icon function identified from left to right. (A) Open, Save, 
Close. (B) Analysis Panel, Show Objects Table, Open Track Editor. (C) Copy 
current viewer content as an image into clipboard, Toggle Bookmarks, Create a 
high-resolution image for the current view, Toggle Storyboard. (D) Show 
Measure Box, Show Orientation Cross, Show Legend, Show Scale Bar. (E) 
Show as 2D Viewer, Show as Gallery Viewer, Show as 4D Viewer, Show as Info 
Viewer, Show as Projection Viewer. F) Refresh all Keyframes, Add Keyframe, 
Add Keyframe sequence, Insert Keyframe, Remove all Keyframes, Export Movie, 
Load Storyboard, Save Storyboard, Adjust the target time of the entire movie, 
First Keyframe, Play, Pause, Stop, Last Keyframe.  

2.4 Representative Results 

The dataset displayed here was imaged using the protocol described 

above. A Tg(Rx3:GFP) embryo was imaged starting at the 1 somite stage (ss) 

through 24 hpf, a total time period of 14 h, with the images acquired at 5 min 

intervals.  Time-lapse imaging allows for easy selection and comparison of any 

time-point that shows a phenotype of interest. Figure 5 demonstrates a set of 

high-resolution images that were rendered from the dorsal vantage point at select 

developmental time-points.  The pipeline run in arivis Vision4D builds a mask that 

represents the developing eye as identified by fluorescent signal.  In Figure 5 and 

Videos 1–6, the mask can be visualized in comparison to the fluorescent 

rendering of the developing eye. Additionally, Table 2 displays the volume data 

from the developing eye at every imaging point. This dataset includes the 

segment name, id, volume in both µm³ and voxel count, the mean fluorescence 

intensity of the object, the time point the object was identified, and the object’s 

surface area in µm2.  It is important to note that when the eye field separates into 

two optic vesicles (starting at Timepoint 64), there remains a third region that is 

Rx3:GFP positive in the forebrain which will contribute to the hypothalamus 

(Cavodeassi et al., 2013; Muthu et al., 2016; Rojas-Muñoz et al., 2005) (Fig. 5D-

M). This shows up in the volume data represented in Table 2 (highlighted in 

yellow starting at Timepoint 71) and can easily be separated out from the optic 

vesicles, since it is much smaller in volume than either optic vesicle.  
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Figure 2.5  High-resolution images and eye field masks.  

(A–M) A set of high-resolution images that were rendered from the dorsal 
vantage points, (A’–M’) the eye field masks for each corresponding timepoint. 
Each image set is notated by the time it was acquired from the start of imaging 
and the corresponding developmental stage in either somite stage (ss) or hours 
post fertilization (hpf). 
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Video 2.1 Time-lapse video of Tg(rx3:GFP) zebrafish embryo from the 1ss – 
24hpf. 

Video 2.2 Time-lapse video of Tg(rx3:GFP) zebrafish embryo from the 1ss – 
24hpf with the eyefield as identified by the arivis Vision4D pipeline. 

Video 2.3 360° rotation of a Tg(rx3:GFP) zebrafish embryo at 1ss. 

Video 2.4 360° rotation of a Tg(rx3:GFP) zebrafish embryo eye field mask at 
1ss. 

Video 2.5 360° rotation of a Tg(rx3:GFP) zebrafish embryo at 24hpf. 

Video 2.6 360° rotation of a Tg(rx3:GFP) zebrafish embryo eye field mask at 
24hpf. 

 
Table 2.1  arivis Vision4D pipeline for volume analysis of the developing 
eye field. 

Input ROI 
Sets boundaries of the data set that will be included in 

the analysis. 

Denoising Filter 
Removes some autofluorescence or “noise” from data 

set. 

Intensity Filter Sets the min/max of what fluorescent signal is “real”  

Segment Filter 
Excludes objects that are not part of the eyefield based 

on object volume. 

Export Objects 

Feature 

Where to export the “object” information and in what 

format. 

Store Objects Which data to include in and save in “object” export. 

 

Table 2.2  Volume and surface area of the developing eye field acquired by 
arivis Vision4D.   
The rows pertaining to the presumptive hypothalamus are highlighted in yellow to 
distinguish them from the optic vesicles. 



   
 

45 

 
Table 2.3  Materials required for the protocol. 
Name Compa

ny 

Catalog Number  

60mL Syringe Luer-Lok Tip BD 309653 

Agarose, Low Melting Temperature 
Promeg

a 
V2111 

arivis Vision4D Software arivis 
https://www.arivis.com/en/ima

ging-science/arivis-vision4d 

Dumoxel N3C Forceps Dumont 0203-N3C-PO 

E3 fish buffer (5 mM NaCl, 0.17 mM 

KCl, 0.33 mM CaCl2, 0.33 mM 

MgSO4) 

  

Glass Capillary – Size 2 (~1mm) Zeiss Black/701904 

Heidelberger Extension Line 100cm 
B. 

Braun 
4097262 

Light & Filter Set – Royal Blue 
Night 

Sea 
SFA-LFS-RB 

Petri Dish (100 x 15 mm) VWR 25384-302 

Stereomicroscope Fluorescence 

Adapter 

NightSe

a 
 

Teflon Tipped Plunger – Size 2 Zeiss #701997 

Tg(rx3:GFP) zebrafish  
This line was established by 

Rembold et al.13 

Tricaine (MS222) Sigma A-5040 
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Table 2.3 Continued. 

Z.1 Lightsheet Zeiss  

Zen Software Zeiss 

https://www.zeiss.com/microsc

opy/us/products/microscope-

software/zen.html 

 

2.5 Discussion 

In this protocol, the Lightsheet microscope was used to perform time-lapse 

imaging of eye development and the resulting data were analyzed.  The resulting 

dataset can provide valuable insights into the process of ocular morphogenesis, 

as well as perturbations to this process as a result of genetic mutation, exposure 

to pharmacological agents, or other experimental parameters. Here the protocol 

demonstrated how this dataset can be obtained and provided an example of how 

to analyze the volume of the eye field through early development.  These data 

were found to be reproducible and consistent (less than 10% variation in volume) 

across biological replicates, bearing in mind that slight differences in embryo 

staging prior to the start of the run can lead to some variation in final volume 

measurements. 

Care should be taken in the initial positioning of the embryo in the capillary 

and in positioning the embedded embryo in front of the objective.  Orientation 

plays an important role in preventing the embryo from growing and moving out of 

the view of the objective.  The embryos have a round shape at 10 hpf which 

makes it challenging to guarantee a specific orientation in the capillary.  Ideally, 

the body of the embryo will be positioned laterally in the capillary.  Loading 

multiple embryos in the capillary will increase the likelihood of having a well-

positioned embryo.   

In this procedure, the embryo is embedded in agarose in order to suspend 

it in front of the imaging and illumination objectives.  Choosing the correct 
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concentration of the low melting temperature agarose is critical.  Too high of a 

concentration will constrict the embryo and prevent it from properly developing; 

too low of a concentration will result in the agarose falling apart and not holding 

the embryo.  The concentration optimal for this protocol is a final concentration of 

1% low melting temperature agarose (Keller et al., 2008, 2010). 

Another element that should be taken into consideration is the level of 

saturation.  As the eyefield grows and differentiates, the strength of the Rx3:GFP 

signal intensifies.  Therefore, when setting the initial imaging parameters, the 

exposure and laser power should be reduced to undersaturate the image.  This 

will prevent the image from becoming oversaturated as the Rx3:GFP gets 

brighter over time.  Modifications can be made to correct for undersaturation in 

image processing, but oversaturation cannot be corrected after the images have 

been acquired.  

There are a few additional modifications that can be made to this protocol 

that may be advantageous to some projects that are not described in this paper.  

For example, it is possible to set up Multiview imaging in the image acquisition 

set up.  This parameter would allow multiple embryos at different positions along 

the y-axis to be sequentially imaged at each time interval. While adding 

complexity to the data set, it would increase the rate of data collection.  

Additionally, in terms of image processing, it is possible to quantify the eye field 

by other parameters.  Here we described how to quantify the data in terms of the 

eye field volume. Alternatively, a pipeline could be made to quantify and track 

individual cells or determine the rate of optic vesicle evagination.   

As previously mentioned, both confocal and Lightsheet microscopy have 

been used to perform time-lapse imaging studies of zebrafish.  Lightsheet was 

specifically chosen for this project due to its superior ability to image through a 

thick (>1 mm) sample, because it is equipped with an incubation unit to maintain 

an ideal temperature environment for the zebrafish embryo, and because  its 

ability to image at a faster rate than confocal microscopy allows for image 

acquisition at the numerous time intervals required for this protocol no 
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accompanying damage or photobleaching of the embryo (Huisken et al., 2004; 

Icha et al., 2016; Jemielita et al., 2013; Keller et al., 2008, 2010; Keller & Dodt, 

2012; Pampaloni et al., 2015; Pantazis & Supatto, 2014; Park et al., 2015; 

Reynaud et al., 2008; Royer et al., 2016).  It is also important to note that the 

Lightsheet microscope is equipped to image the signal from multiple 

fluorophores.  The Lightsheet microscope used in this study has solid state laser 

excitation lines at 405, 445, 488, 515, 561, and 638nm, which could be useful for 

imaging transgenic embryos expressing more than one fluorescent reporter 

transgene. 

While this protocol details instructions for image acquisition analysis 

specifically using the Lightsheet Z.1 Dual Illumination Microscope System and 

arivis Vision4D analysis software, there are other commercially available 

Lightsheet microscopes made by Leica, Olympus, and Luxendo, as well as 

image analysis software by Imaris, that could be used to achieve similar results.  

The selection of equipment and software for this protocol was determined by 

availability at our institution.      

In summary, it is anticipated this protocol will provide a solid starting point 

for conducting time-lapse imaging using Lightsheet microscopy, and for image 

quantification of early eye development in zebrafish. 
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This chapter includes contributions from Dr. Wen who generated the zebrafish 

sox4 genetic mutants, Cameron Reinisch who performed blind cell counts and 

assisted with statistical analyses, and Dr. Sumanth Manohar who detected her9 

expression by HCR. 

3.1 Abstract 

The SoxC transcription factors Sox4 and Sox11 have previously been 

implicated in playing a role in both ocular morphogenesis and retinal 

development.  Sox4 in particular was linked to microphthalmia and/or coloboma 

in humans, mice, zebrafish, and Xenopus. An additional role for Sox4 in the 

generation of specific retinal neurons has also been suggested.  I show that in 

zebrafish, sox4 mutants only show the phenotypes of microphthalmia and a 

reduction of rod photoreceptors in the absence of both maternal and zygotic sox4 

transcripts.  This suggests that Sox4 has a critical role at the earliest stages of 

eye development that influences later retinal differentiation. However, the precise 

functions of Sox4 during vertebrate ocular morphogenesis and retinal cell type 

differentiation remain unclear.  
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In this chapter, I describe a detailed characterization of the ocular 

phenotypes of zebrafish sox4 mutants, and an in-depth analysis  into the role 

Sox4 plays in both ocular morphogenesis and retinal differentiation, using in vivo 

time lapse imaging, assays to assess cell proliferation and cell death, and 

immunohistochemistry to detect retinal cell types. Furthermore, I used scRNA-

seq to address if cell type heterogeneity exists in the eye field and optic vesicles 

that could explain the maternal effects of loss of Sox4 on later retinal 

differentiation.   

3.2 Introduction 

Visual impairment can greatly impact quality of life.  11% of cases of 

pediatric blindness are accounted for by microphthalmia, anophthalmia, and 

coloboma (collectively referred to as MAC).  Cases of MAC result from improper 

ocular morphogenesis (Fahnehjelm et al., 2022). Retinitis Pigmentosa (RP) is a 

retinal degenerative disease that affects 1 in 3000 people worldwide.  It initially 

begins with loss of rod photoreceptors which manifests as loss of vision in low 

light settings but eventually progresses to complete blindness (Kalloniatis & 

Fletcher, 2021; Newton & Megaw, 2020). Currently, there is no cure for either 

MAC or RP.  Further insight into the essential components of ocular 

morphogenesis and the generation of retinal neurons could provide the base of 

knowledge needed for better patient screening and treatments like cell therapies.  

Ocular morphogenesis initiates vertebrate eye development. In ocular 

morphogenesis, the anterior neural plate, part of the developing forebrain, gives 

rise to the neural portion of the eye known as the eyefield (Chow & Lang, 2001; 

Chuang et al., 1999; Fuhrmann, 2010; Katherine E Brown et al., 2010; Loosli et 

al., 2003; Rojas-Muñoz et al., 2005; Stigloher et al., 2006). The eyefield 

evaginates toward the surface ectoderm to form two bilateral optic vesicles 

(Chow & Lang, 2001; Choy & Cheng, 2012; England et al., 2006; Sampath et al., 

1998; Schier & Talbot, 2003; Varga et al., 1999). Upon contact with surface 

ectoderm, the optic vesicles invaginate to form a bilayered optic cup.  The inner 
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most layer will give rise to the neural retina while the outer layer will give rise to 

the retinal pigmented epithelium (RPE) (Chow & Lang, 2001; Fuhrmann, 2010; Z. 

Li et al., 2000; Pillai-Kastoori et al., 2014; S. W. Wilson & Houart, 2004). The 

anterior structures of the eye form from the surface ectoderm, neuroectoderm, 

periocular mesenchyme, and periocular neural crest (Chow & Lang, 2001; Cvekl 

& Tamm, 2004; Sowden, 2007).  During the formation of the optic cup, a channel 

remains open on the ventral side for the choroid vasculature to enter the eye and 

the optic nerve to exit the eye. This opening is referred to as the choroid fissure, 

which eventually fuses as retinal development progresses.  Failure of choroid 

fissure closure results in coloboma (Chow & Lang, 2001; Cvekl & Tamm, 2004; 

Fuhrmann, 2010; James et al., 2016; Pillai-Kastoori et al., 2014). 

A fully differentiated retina is comprised of three nuclear layers, two 

plexiform layers, and the optic nerve (Agathocleous & Harris, 2009; Demb & 

Singer, 2015; Masland, 2012; Pillai-Kastoori et al., 2014; Weysse & Burgess, 

1906). The retina consists of six different cell types: five classes of retinal 

neurons and one intrinsic glial cell. In the zebrafish, these cells are generated 

sequentially from a single pool of progenitor cells. The rod photoreceptors are 

one of the last retinal neurons born (Pillai-Kastoori et al., 2015; Stenkamp, 2007).  

The SoxC subfamily is comprised of Sox4, Sox11, and Sox12.  All contain 

a highly conserved HMG domain, and a transactivation domain located near the 

C-terminus.  The HMG domain binds to the minor groove of its target DNA 

sequence, known as the Sox motif. The transactivation domain is responsible for 

partnering with other proteins to activate transcription (M. Angelozzi & Lefebvre, 

2019; Bowles et al., 2000; Dy et al., 2008; Hoser et al., 2008; Penzo-Méndez, 

2010; Stevanovic et al., 2021; Van De Wetering et al., 1993; Wiebe et al., 2003). 

The transcription factor Sox4 has previously been implicated as an important 

factor in both ocular morphogenesis and retinal development by studies in mice, 

zebrafish, and Xenopus (Bhattaram et al., 2010; Cizelsky et al., 2013; Jiang et 

al., 2013; Usui, Iwagawa, et al., 2013; Usui, Mochizuki, et al., 2013; Wen, 2016; 

Wen et al., 2015) and is associated with visual impairment in humans (Marco 
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Angelozzi et al., 2022; Ghaffar et al., 2021; Zawerton et al., 2019).  Due to a 

genome duplication that occurred at the base of the teleost lineage, zebrafish 

have duplicates of many genes, including sox4, resulting in sox4a and sox4b co-

orthologues (Mavropoulos et al., 2005). 

In zebrafish, sox4a and sox4b are expressed in the embryo prior to 

zygotic genome activation due to the presence of maternally deposited mRNA 

transcripts (data not shown). Because sox4a/b are single exon genes, 

morpholinos targeting sox4a/b were designed to block the translation start site, 

preventing expression of both zygotic and maternal sox4 transcripts.   In the sox4 

morphants, ocular phenotypes included microphthalmia, coloboma, and a 

reduction of rod photoreceptors (Wen, 2016; Wen et al., 2015). However, it was 

not clear whether these phenotypes were due to loss of zygotic or maternal 

Sox4, or both. To further investigate the function of Sox4 in eye development, 

germline sox4a and sox4b mutants were generated using CRISPR-Cas9 

genome editing. Characterization of the ocular phenotypes in single and double 

zygotic and maternal zygotic (MZ) mutants suggests that maternal Sox4 is 

required for proper eye development, and that Sox4 has a critical role in 

specification of the early eyefield that influences later retinal differentiation. 

3.3 Results 

3.3.1 Zebrafish Mutants Were Identified for sox4a and sox4b 

To further explore the role of Sox4 in ocular morphogenesis and retinal 

differentiation, zebrafish mutants were generated using CRISPR/Cas9 genome 

editing.  Two single strand guide RNAs (sgRNA) were designed for each co-

orthologue of Sox4, targeting before and after the HMG domain.  Both sgRNAs 

were injected with Cas9 mRNA to generate a large deletion in both sox4a and 

sox4b.  Founder fish were identified for mutations in both sox4a and sox4b. The 

sox4a mutation consisted of a 427bp deletion and a 297bp inversion.  The 

predicted protein would be 68 amino acids long with only the first 5 sharing 

homology to wildtype Sox4a, which consists of 363 amino acids.  The sox4b 
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mutation consisted of a 407bp deletion.  The predicted protein would be 128 

amino acids long with only the first 51 sharing homology to wildtype Sox4b, 

which consists of 342 amino acids (Fig. 3.1) (Wen, 2016). qPCR was performed 

to detect the mutant copy of sox4 in each mutant.  This revealed a 9-fold 

downregulation of sox4a expression in sox4a mutants, and a 5-fold 

downregulation of sox4b expression in sox4b mutants (Fig. 3.5), indicating that 

both mutant transcripts are subject to nonsense-mediated decay.   

 

Figure 3.1  CRISPR mutagenesis produces large deletions in sox4a and 
sox4b.  

(A) sox4a mutant genomic DNA sequence. (C) sox4b mutant genomic DNA 
sequence.) and their predicted proteins (B) Sox4a mutant gDNA sequence. (D) 
Sox4b mutant gDNA sequence.) to Wildtype.   (A & C) CRISPR target sites are 
notated on the wildtype strand in blue (Wen, 2016). 
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3.3.2 Sox4 maternal zygotic (MZ) Mutants Display Microphthalmia 

The sox4 mutants were initially characterized using stereo microscopy to 

visualize general morphology.  Sox4a -/-, sox4b -/-, and sox4ab -/- embryos from 

sox4ab +/- incrosses displayed no detectable phenotype (Figure 3.2).  During 

oogenesis, some maternal mRNAs are deposited into the egg to initiate 

development upon fertilization until the embryo undergoes the maternal-to-

zygotic transition and is able to start making transcripts of its own during the mid-

blastula transition (MBT) (Aanes et al., 2011; Newport & Kirschner, 1982; Yasuda 

& Schubiger, 1992).  sox4 is one of these maternally expressed transcripts (data 

not shown).  To remove the maternal contribution of sox4, homozygous sox4 

mutants were incrossed with one another to generate maternal zygotic (MZ) 

homozygous mutants.  The sox4a MZ, sox4b MZ, and sox4ab MZ mutants were 

characterized using stereo microscopy (Fig. 3.3).  27.7% of sox4a MZ, 38.5% of 

sox4b MZ, and 100% of sox4ab MZ embryos displayed microphthalmia.  To 

quantify the microphthalmia, the area of the eye was measured and then 

normalized to the length of the embryo to account for any eye size differences 

that may be due to an overall reduction in body size.  The sox4a MZ had a 18%, 

sox4b MZ had a 12%, and sox4ab MZ mutants had a 13% average reduction in 

normalized eye size at 48 hpf and the sox4a MZ had a 15%, sox4b MZ had a 

20%, and sox4ab MZ mutants had a 25% average reduction in normalized eye 

size at 72 hpf (Fig. 3.3 D-D’). The mutants also displayed delayed closure of the 

choroid fissure. 35% of sox4a MZ, 40% of sox4b MZ, and 43% of sox4ab MZ 

mutants had delayed choroid fissure closure at 48 hpf; however, choroid fissure 

closure did occur by 72 hpf across all mutant genotypes.  Another phenotype that 

was observed in the Sox4 MZ mutants was opacity of the developing brain at 24 

hpf, which was detected in 4% of sox4a MZ, 9% of sox4b MZ, and 18% of 

sox4ab MZ embryos; brain opacity suggests that those cells may be undergoing 

apoptosis.  An acridine orange staining, which labels apoptotic cells, confirmed 

that a similar percentage of embryos had an increase in apoptosis in the brain 

region at 24 hpf (Fig. 3.4).  These results suggest that loss of maternal and 
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zygotic Sox4 results in microphthalmia, delayed fusion of the choroid fissure, and 

increased cell death in the head. 

 

Figure 3.2  Zygotic sox4 mutants have no discernible ocular phenotypes.  

(A-D) 72 hpf zebrafish (A) WT (B) sox4a -/- mutant (C) sox4b -/- mutant (D) 
sox4ab -/- mutant (E) Boxplot of normalized eye size. 
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Figure 3.3  Maternal zygotic sox4 mutants display microphthalmia, delayed 
choroid fissure closure, and opaque brains.  

(A) 24, (B) 48, and (C )72 hpf sox4 maternal zygotic (MZ) mutants. (A-C) WT, 
(A’-C’) sox4a MZ, (A”-C”) sox4b MZ, (A”’-C”’) sox4ab MZ. (A”-A”’) Arrow points to 
cloudy brain. (B’-B”’) Arrow points to unclosed choroid fissure. (D) Boxplot of 
normalized eye size at 48 hpf. (D’) Boxplot of normalized eye size at 72 hpf. 
Significance at p ≤ 0.05 notated with *. 
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Figure 3.4  Maternal zygotic sox4 mutants have increased apoptosis in the 
head.  

Acridine orange stain of 24 hpf sox4 MZ mutants (A) WT (B) sox4a -/- mutant (C) 
sox4b -/- mutant (D) sox4ab -/- mutant (E) Boxplot of acridine positive cells, 
counted in the head between the anterior edge of the nose to the anterior edge of 
the otic placode. Significance at p ≤ 0.05 notated with *. 

 

3.3.3 Loss of Sox4 Leads to Transcriptional Adaptation 

In previous studies, sox4 morphants were shown to have microphthalmia 

and ocular coloboma (Wen et al., 2015). In contrast, the sox4 MZ mutants 

display microphthalmia but do not have ocular coloboma.  This phenomenon of 

less severe phenotypes in mutants vs. morphants has been observed in 

numerous zebrafish studies and may be due to non-sense mediated decay of the 

mutant transcript triggering transcriptional adaptation by other related genes (El-

Brolosy et al., 2018; Rossi et al., 2015).  The SoxC family members share a high 

degree of sequence homology and partially overlapping function (Dy et al., 2008; 

Hoser et al., 2008; Penzo-Méndez, 2010; Van De Wetering et al., 1993; Wiebe et 

al., 2003).  Sox11 mRNA was able to partially rescue the sox4 morphant 

phenotype (Wen 2015) indicating that compensation could be a possible 

explanation for the reduced penetrance and severity of the sox4 MZ mutant 
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phenotype.  To assess potential compensation from other SoxC members, qPCR 

was performed to compare transcript levels of sox4a, sox4b, sox11a, and sox11b 

in wild type and sox4 MZ mutant embryos at 48 hpf.  In the sox4a MZ mutants, 

sox4b is upregulated by 2.7-fold; in the sox4b MZ mutants, sox11b is 

upregulated by 2.6-fold; and in the sox4ab MZ mutants, sox11b is upregulated by 

2-fold (Fig. 3.5).  Taken together, these results suggest upregulation of other 

SoxC members may compensate for the loss of sox4 through transcriptional 

adaptation. 

An alternative explanation for the discrepancy between the more severe 

phenotypes observed in previous sox4 morpholino studies and the milder 

sox4a/b MZ mutant phenotypes is that the morphant phenotypes were due to off-

target effects. To test this hypothesis, the sox4a morpholino was microinjected 

into the sox4a mutant, and similarly the sox4b morpholino was microinjected into 

sox4b mutant. If the morpholinos had off-target effects, this should result in a 

more severe phenotype in the sox4 mutants. However, no exacerbation of the 

mutant phenotype was observed  (data not shown). This result indicates that the 

less severe phenotype in sox4a/b MZ mutants is due to transcriptional adaptation 

in the mutants and not off-target effects from the morpholino. 
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Figure 3.5  Maternal zygotic sox4 mutants display upregulation of other 
soxC family members.  

qPCR of soxC transcription factors in 48 hpf sox4 MZ mutants (A) sox4a 
expression (B) sox4b expression (C) sox11a expression (D) sox11b expression. 
Significance at p ≤ 0.05 notated with *. 

 

3.3.4 Eyefield Volume is Reduced in Maternal Zygotic sox4 Mutants 

To get a clearer image of why the sox4 MZ mutants have microphthalmia, 

the mutants were crossed onto the RX3:eGFP transgenic background, which 

expresses GFP in cells specified to become the eyefield and continues to 

express GFP in the optic vesicle and optic cup.  Wildtype and sox4 MZ mutant, 

RX3:eGFP positive embryos were collected at the following timepoints: 1 somite 

stage (ss) (10 hpf),  6ss (12 hpf), 10 ss (14 hpf), 15 ss (16 hpf), and 18 ss (18 

hpf); the GFP+ cells were imaged in whole fixed embryos using lightsheet 

microscopy. When comparing wildtype and mutant embryos, imaging revealed 

that sox4 MZ mutants have a reduction of the eyefield volume starting at 1 ss.  

This reduction persists through 18 ss.  The phenotype is both increased in 

penetrance and severity in the sox4a/b MZ mutants compared to the induvial 

sox4a MZ and sox4b MZ mutants (Fig. 3.6 A-E””). This reduction in volume 

remains steady over time (Fig. 3.6 G).  Additionally, the expression of the 

RX3:eGFP transgene is also reduced, suggesting that rx3 expression is 

downregulated in the sox4 MZ mutants (Fig. 3.6 A-D””,F-F””).  Live imaging was 

performed on wildtype and sox4b MZ mutants from 10 to 18 hpf (Videos 2.1, 3.1) 

and no difference was noted between the timing of the separation between the 

optic vesicles and pre-thalamus (Fig. 3.6 G’). Taken together, these results 

suggest that the microphthalmia observed in sox4 MZ mutants is a consequence 

of fewer cells in the eyefield and not delayed or altered cell migration during 

ocular morphogenesis. 
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Figure 3.6  Eyefield is reduced in maternal zygotic sox4 mutants starting at 
10 HPF.  

RX3:eGPF positive sox4 MZ mutants (A-A””) WT, (B-B””) sox4a MZ mutant, (C-
C””) sox4b MZ mutant, (D-D””) sox4ab MZ mutant, (E-E””) Boxplot of the volume 
of RX3:eGFP cells, (F-F””) Boxplot of the max intensity of RX3:eGFP expression. 
(A-E) 1 SS (10 HPF), (A’-E’) 6 SS (12 HPF), (A”-E”) 10 SS (14 HPF), (A’”-E’”) 15 
SS (16 HPF), (A””-E””) 18 SS (18 HPF). (G) Line graph of the change of the 
volume of RX3:eGFP cells at each timepoint by genotype. (G’) Boxplot of the 
time of separation between the optic vesicles and prethalamus during live image 
analysis.  Significance at p ≤ 0.05 notated with *. 
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3.3.5 Reduced Eyefield in the Maternal Zygotic sox4 Mutants is Not Due to 
Changes in Apoptosis or Cellular Proliferation 

Why are sox4 MZ mutant eye fields abnormally small? One possibility is 

that the eyefield cells could be undergoing apoptosis. Another possibility is that 

sox4 MZ mutant retinal progenitor cells (RPCs) do not proliferate at the normal 

rate. Alternatively, it is possible that fewer cells become specified to the eye field 

at the earliest stages of regionalization of the forebrain.  To investigate these 

possibilities, TUNEL labeling was performed on RX3:eGFP positive embryos at 

the 1 ss; no apoptotic cells were detected in the eyefield at this stage in either 

wild type or mutant embryos (Fig. 3.7 A-E). Cell proliferation was observed by 

collecting 1 ss RX3:eGFP positive embryos and performing IHC for the mitosis 

marker PH3+; again, no significant difference was detected in the number of 

proliferating cells in the eyefield between wild type and sox4 MZ mutant embryos 

(Fig. 3.7 A’-E’). This suggests that the differences in eye size are likely due to 

fewer cells being specified to become the eyefield. 

 

Figure 3.7  No significant difference in apoptosis and cell proliferation in 
maternal zygotic sox4 mutant eyefields.  

(A-E) TUNEL stain for apoptosis, (A’-D’) PH3 IHC for proliferating cells. (A-A’) 
WT, (B-B’) sox4a -/- mutant, (C-C’) sox4b -/- mutant (D-D’) sox4ab -/- mutant, (E) 
TUNEL positive control. (E’) Boxplot of PH3 and RX3:eGFP positive cells. No 
significant differences were observed between genotypes. 
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3.3.6 sox4 MZ Mutants Have a Reduction in Rod Photoreceptors   

The sox4 MZ mutants show defects in ocular morphogenesis, but is retinal 

differentiation affected? Immunohistochemistry was performed on retinal sections 

at 5 dpf with antibodies that recognize the different retinal cell types.  Since the 

sox4 MZ mutants have microphthalmia, all cell counts were normalized to the 

perimeter of the retina to account for differences in eye size.  No significant 

differences were observed in the density of any retinal cell type, with the 

exception of a reduction in rod photoreceptors in all sox4 MZ mutants and a 

modest reduction of retinal ganglion cells in the sox4b MZ mutants (Fig. 3.8 A, 

A”, G and 3.10).  The reduction of rod photoreceptors is specific to the MZ 

mutants and was not present in the zygotic mutants (Fig. 3.9).  This result aligns 

with data from the sox4 morphants, which also showed a reduction of rod 

photoreceptors but not in other retinal neurons (Wen 2016). This reduction of rod 

photoreceptors in the sox4 MZ mutants persisted through development, and 

remained significant at 3, 5, 7, and 14 dpf (Fig. 3.10 A-D”’).  While rod density 

initially seemed to start catching up at 5 dpf in the sox4 mutants, it failed to 

increase at the same rate as the wildtype retinas and sox4ab MZ rod density 

remained 31% less than wild type at 14 dpf (Fig. 3.10 H). Moreover, the rods that 

were produced in mutant retinas had a “wispy” appearance compared to their 

wildtype counterparts due to being significantly smaller in size (Fig. 3.10 F-F’, G-

G’).  After differentiation, rod photoreceptors still need to mature prior to being 

able to contribute to the visual abilities of the retina.  Maturation of the rod 

photoreceptors is complete in zebrafish larvae by 20 dpf when their outer 

segments reach their full adult length (Branchek & Bremiller, 1984).  At 14 dpf, in 

addition to a reduction in the density of rod photoreceptors in the retina, the rod 

photoreceptors that were present appeared to be less mature due to the 

shortened and wispy morphology at this timepoint (Fig. 3.10 A”’-D”’).   
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Figure 3.8  Maternal zygotic sox4 mutants display no difference in the 
majority of retinal neurons.  

Retinal cell type in 5 dpf sox4 MZ mutants (A) WT (B) sox4a MZ mutant (C) 
sox4b MZ mutant (D) sox4ab MZ mutant (E) Boxplots of retinal cell counts 
normalized to retina size. Significance at p ≤ 0.05 notated with *. 

The reduction of rod photoreceptors in sox4 MZ mutants could be 

explained by lack of rod progenitors due to lower RPC proliferation, apoptosis of 

rods or their progenitors, or a delay or arrest of terminal differentiation in rods.  A 

TUNEL assay revealed no differences in apoptosis in the differentiating retina at 

48 or 72 hpf in the sox4 MZ mutants (Fig. 3.11).  This suggests that the reduction 

of rod photoreceptors is not due to the rod photoreceptors or their progenitors 

dying.  Cell proliferation was assessed by EdU staining and PH3 IHC at 72 hpf.  

There was a significant reduction in EdU-positive cells the CMZ, but the 

reduction in PH3 positive cells did not meet the threshold for significance (Fig. 

3.12).  PH3 labels cells only in late G2/M phase whereas EdU labels cells in S 

phase (Flomerfelt & Gress, 2016; Kim et al., 2017). This suggests that fewer cells 

are entering the cell cycle at 72 hpf.   However, rod photoreceptors are not 

derived from the CMZ but from proliferating progenitors in the ONL.  To fully 

assess whether differences in proliferation are contributing the reduction of rod 

photoreceptors, this experiment needs to be repeated at 48 hpf.  Data from sox4 

morphants showed no reduction in the number of nr2e3 positive rod progenitors 

through fluorescent in situ hybridization, suggesting the reduction in rod 

photoreceptors in the morphants is not due to problems with cell fate 

specification (Wen, 2016). Although this experiment needs to be repeated for the 

sox4 mutants, taken together these results suggest that the reduced number of 

rods in upon loss of Sox4 is not due to changes in cell death, cell proliferation, or 

lineage specification, but rather to effects on their terminal differentiation. 
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Figure 3.9 Zygotic sox4 mutants have no discernible change in rod 
photoreceptors.  

Rod photoreceptors in sox4 zygotic mutants (A) WT (B) sox4a -/- mutant (C) 
sox4b -/- mutant (D) sox4ab -/- mutant (E) Boxplot of rod photoreceptor counts 
normalized to retina size. 
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Figure 3.10 Maternal zygotic sox4 mutants have a notable reduction of rod 
photoreceptors  

Rod photoreceptors are reduced in sox4 MZ mutants (A-A”’, F) Wildtype (B-B”’) 
sox4a MZ mutant (C-C”’) sox4b MZ mutant (D-D”’, F’) sox4ab MZ mutant. (A-D) 
3 dpf retinas (A-D) 5 dpf retinas (A-D) 7 dpf retinas (A-D) 14 dpf retinas. (E-E”’) 
Boxplots of rod photoreceptor counts normalized to retina size. (F-F’) 5 dpf retina 
whole mounts. (G) Boxplot of rod photoreceptor counts from retina whole 
mounts.(G) Boxplot of rod photoreceptor average size from retina whole mounts. 
(H) Line graph of the change of the rod photoreceptors per 100 mm at each 
timepoint by genotype. Significance at p ≤ 0.05 notated with *. 

 
Figure 3.11 Maternal zygotic sox4 mutants display no apparent difference 
in levels of apoptosis in the retina.   

Apoptosis in 48 and 72 hpf sox4 MZ mutant retinas (A-D) 48 hpf (A’-D’) 72 hpf 
(A-A’) WT (B-B’) sox4a MZ mutant (C-C’) sox4b MZ mutant (D-D’) sox4ab MZ 
mutant. (E) TUNEL positive control. 
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Figure 3.12 Maternal zygotic sox4 mutants have a smaller CMZ at 72 hpf.  

Cell Proliferation in 72 hpf sox4 MZ mutant retinas. (A-D) EdU stain, (A’-D’) PH3 
IHC. (A-A’) WT (B-B’) sox4a MZ mutant (C-C’) sox4b MZ mutant (D-D’) sox4ab 
MZ mutant. (E) Boxplot of EdU positive cells (E’) Boxplot of PH3 positive cells. 
Significance at p ≤ 0.05 notated with *. 

 

3.3.7 Cell heterogeneity can be detected in the early eye field by scRNA-Seq 

This interesting phenotype of reduced rod photoreceptors is present in the 

sox4 MZ mutants but not in the sox4 zygotic mutants.  This indicates that the lack 

of maternal sox4 is influencing specific cell type differentiation later in retinal 

development.  Differences in the developing eye are apparent as early as the 

eyefield stage in the sox4 MZ mutants.  Therefore, it is possible that loss of Sox4 

at the eyefield stage influences development of rod photoreceptors later in 

development by altering RPC specification or some intrinsic neurogenic timer in 

the eyefield RPC population. For this to be the case, the RPCs of the eyefield 

must be more transcriptomically distinct than has been previously appreciated. 

Some previous lineage tracing studies in Xenopus have suggested that the 

eyefield is in fact a heterogeneous population of cells.  The expression patterns 

of transcription factors like rx1, pax6, six3, and otx2 are known to partially 

overlap but also be expressed in distinct regions of the eyefield (Zaghloul & 

Moody, 2007). Individual loss of signaling of  rx1 or pax6, starting in the eyefield 
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stage rather than later in ocular morphogenesis leads to the alteration of specific 

cell fates in retinal development (Zaghloul & Moody, 2007). This suggests that 

there are different populations within the developing eyefield that are already 

skewed towards a particular neuronal fate.  With the advent of single cell 

transcriptomics, this hypothesis can now be tested.  
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Figure 3.13 Assessment of scRNA-seq parameters for quality control.  

(A-F) UMAP of FACS sorted GFP positive cells from wildtype and sox4b MZ, 
RX3:eGFP transgenic fish at 12,18, & 24 HPF (6 SS, 18 SS, 5-prim).  (A) UMAP 
of cells labeled by total count of reads. (B) UMAP of cells labeled by percentage 
of mitochondrial reads. (C) UMAP of cells labeled by expressed genes. (D) 
UMAP of cells labeled by percentage of ribosomal reads. (E) UMAP of cells 
labeled by genotype. (F) UMAP of cells labeled by timepoint. 

To that end, scRNA-seq was performed on FACs sorted GFP positive 

cells from wild type Rx3:eGFP transgenic fish at 12 hpf (6 ss, eyefield), 18 hpf 

(18ss, optic vesicle), and 24 hpf (prim-5, optic cup) stages. Quality of the data 

collected was assessed by comparing the following parameters: total count of 

reads per cell, number of expressed genes per cell, percentage of mitochondrial 

reads per cell, and the percentage of ribosomal reads per cell.  Cells that 

exceeded 50,000 total counts were filtered out as duplicates.  A portion of the 

cells overlapped with low number of expressed genes, high percentage of 

mitochondrial reads, and low percentage of ribosomal reads per cell.  Taken 

together, these combined parameters suggest that these cells were ‘unhealthy’ 

and were removed from the dataset (Fig. 3.13 A-D).  Percentages of ‘unhealthy’ 

cells did not vary between genotypes and timepoints, suggesting they are likely 

an artifact of sample preparation (data not shown).  

Cells from 12 hpf clustered distinctly from those at 18 and 24 hpf which 

strongly overlapped with one another (Fig. 3.13 F) suggesting that even though 

the timepoints represented are equally spaced out from one another, cells from 

18 and 24 hpf optic vesicle and cup are highly similar to one another 

transcriptomically.  This makes sense in that at 12 hpf, the cells are part of a 

single contiguous eye field whereas by 18 hpf they are 2 optic vesicles and a 

prethalamus, or 2 optic cups and a prethalamus at 24 hpf.  These results indicate 

that cells that make up the optic vesicle/cup and prethalamus at 18 and 24 hpf 

are structurally and transcriptomically similar to one another.  

At 12 hpf the eyefield is still one contiguous population and has not started 

yet to evaginate into two optic vesicles (Fig. 3.6 A’). Graph-based clustering 

across a UMAP categorized the cells into 10 clusters.  3 of these clusters were 
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enriched with overlapping canonical eyefield genes such as lhx2b, otx2, pax6, 

rx3, and six3. The other 7 clusters were not enriched with genes distinct to their 

clusters alone.  The top differentially expressed genes were expressed broadly 

across the dataset, suggesting the defining factor of these clusters was the 

reduction of expression in the canonical eyefield genes (data not shown).  To 

determine if this was an artifact of the cells existing in different states of 

differentiation within the eyefield, a trajectory analysis to calculate the cells 

position in pseudotime was performed on the dataset. The cells separated out 

into two distinct trajectories suggesting there are two different populations of 

RPCs at this stage, rather than one population spanning different differential 

states.  The cells in these two trajectories which will be referred to as 

superclusters 1 and 2 (Fig. 3.14 B).  Supercluster 1 is transcriptomically 

distinguished by the strong expression of the canonical eyefield genes lhx2b, 

otx2, pax6, rx3, and six3.  These genes are also expressed in supercluster 2 but 

they are downregulated with respect to supercluster 1 and are expressed in 

fewer cells throughout the cluster (Fig. 3.14 K). Therefore, Supercluster 2 is 

primarily distinguished by a weaker canonical eyefield signature.  

Interestingly, one gene that is differentially expressed between the two 

superclusters is her9, which our lab has shown is involved in photoreceptor fate 

specification and rod and red/green cone photoreceptor survival (Coomer et al., 

2020).  In the wildtype eyefield, 68.87% of 6 SS Rx3:eGFP positive cells express 

her9.  her9 expression accounts for 92.78% of the cells in supercluster 1 but only 

43.25% of cells in supercluster 2. To determine whether this difference in 

expression could be detected in the eyefield in vivo, in situ hybridization chain 

reaction (HCR) was performed on Rx3:eGFP transgenic fish at the 6 SS to detect 

her9 RNA expression. This experiment showed that her9 expression is restricted 

the lateral and posterior edges of the eyefield, colocalizing with 69.05% of 

eyefield cells (Fig. 3.14 E,G-I).  Since her9 is most strongly expressed on the 

borders of the eyefield, this domain may correspond to the supercluster 1 cells 

observed in the scRNA-Seq dataset. Moreover, given its location, her9 and other 

supercluster 1 cell genes may represent a transcriptomic signature for cells that 
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are preparing to evaginate out to become the optic vesicles.  This would need to 

be followed up by tracking cells expressing her9 within the eyefield and 

observing their fate throughout ocular morphogenesis. 

A pathway analysis was performed to identify the top pathways 

differentially regulated between superclusters 1 and 2.  Some of the most 

differentially enriched pathways were Notch signaling, FoxO signaling, TGF-beta 

signaling, and Wnt signaling, all of which were downregulated in supercluster 2 

(Table 3.4) relative to supercluster 1.  However, no genes or pathways related to 

neurogenesis or cell lineage specification were differentially expressed between 

the two superclusters. Thus, there is no current evidence of individual eyefield 

subpopulations being skewed towards a later neuronal fate. Rather, the evidence 

points towards the source of eyefield heterogeneity being the strength of 

canonical eyefield identity. 

Given that scRNA-Seq indicates the wildtype eyefield is a heterogeneous 

population of cells, we next asked whether loss of Sox4 alters the transcriptional 

signature of any or all of the eyefield cells. scRNA-seq was repeated under the 

same conditions on sox4b MZ mutants to compare to the wildtype dataset.  The 

sox4b MZ mutants were selected over the sox4a MZ and sox4a/b MZ for this 

experiment because they had the highest fecundity out of the sox4 mutant lines 

and were able to produce enough embryos at a single time for the scRNA-seq 

experiment. At the eyefield stage (12 hpf), the majority of sox4b MZ mutant cells 

clustered independently from their wildtype counterparts.  This separate cluster 

of sox4b MZ cells was distinct from the wildtype superclusters 1 and 2 and was 

therefore designated supercluster 3 (Fig. 3.14 C-D).  This suggests that the loss 

of sox4b transcriptomically alters the identity of cells within the eyefield at 12 hpf.  

A pseudo bulk RNA-seq analysis was performed to find the top differentially 

regulated genes (DRG). 227 genes were upregulated in the sox4b MZ mutants 

and 1626 were downregulated by a fold change of 2 or greater. A pathway 

analysis on the DRG revealed that the top enriched pathways were for ribosomal 

proteins in addition to other post-transcriptional modification pathways, Notch 
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signaling, Hh signaling, and Wnt signaling (Table 3.5).  The enrichment of the Hh 

signaling pathway is of interest considering Hh expression was expanded in the 

sox4 morphants at the midline at this timepoint (Wen et al., 2015). The role of the 

other pathways has not yet been explored in relation to the loss of Sox4 in 

zebrafish. 

Similar to supercluster 2, the sox4b MZ cells that form supercluster 3 are 

distinguished by a downregulated expression of canonical eyefield genes such 

as lhx2b, otx2, pax6, rx3, and six3 compared to supercluster 1 (Fig. 3.14 K). This 

suggests that the loss of sox4 reduces a strong eyefield identity in Rx3:eGFP 

positive cells.  Also similar to supercluster 2, supercluster 3 also showed a 

downregulation in her9 expression and the number of cells expressing her9  was 

19.22%, compared to 92.78% in supercluster 1 and 43.25% in supercluster 2 

(Fig. 3.14 E).  HCR of her9 was repeated under the same conditions on sox4b 

MZ mutants to compare to the wildtype by measuring the amount of 

colocalization between Rx3:eGFP and her9. In contrast to the scRNA-Seq data, 

quantification of Rx3:GFP+ and her9 positive cells indicated that sox4b MZ 

mutants had a higher percentage of their eyefield co-expressing her9 compared 

to wildtype, with 97.8% colocalizing with Rx3:GFP-positive eyefield cells (Fig. 

3.14 G-I).  This result conflicts with the scRNA-seq dataset which is surprising 

given the reproducibility found in the wildtype dataset at this same timepoint. A 

plausible reason for this is that the scRNA-Seq was obtained from cells that were 

collected by FACS; therefore, cells must have a threshold level of GFP to be 

collected by this method.  Given that expression of the Rx3:eGFP transgene is 

reduced in the sox4b MZ mutants, it is possible that a portion of low-expressing 

Rx3:GFP+ cells that also express her9 were detected by the more sensitive 

imaging methods but did not meet the threshold of fluorescence for sorting, thus 

skewing the scRNA-Seq expression data.  Interestingly, the HCR of her9 does 

show a different expression pattern in the sox4b MZ mutants compared to the 

wildtype.  Expression of her9 is expanded along the lateral edges and reduced at 

the midline posterior to the eyefield (Fig. 3.14 H-I). Given that Her9 has a known 

role in photoreceptor differentiation and survival (Coomer et al., 2020), the 
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expanded her9 expression in the sox4b MZ eyefield may connected in some way 

to the later retinal phenotypes. 

Pathway analysis of the DEGs between wildtype and sox4b mutant 

eyefield cells revealed one of the top differentially expressed pathways was for 

ribosomal proteins (Table 3.5).  A total of 40 ribosomal proteins were upregulated 

and 7 were downregulated by at least a 2-fold change in the sox4b MZ cells (Fig. 

3.14J).  In particular, rpl26 (60S ribosomal protein L26) was strongly upregulated 

in the sox4b MZ cells and was differentially expressed across the two wildtype 

superclusters (Fig. 3.14 F,J). This result is intriguing because there is recent 

evidence suggesting heterogeneity among ribosomal subunits can influence 

translation of specific mRNA transcripts over an extended period of time (Caron 

et al., 2021; Dörrbaum et al., 2018; Genuth & Barna, 2018).  The differences in 

rpl26 expression (and other ribosomal subunit genes) between wildtype and 

sox4b mutants will need to be validated in vivo.  If confirmed, it will be interesting 

to determine whether altered expression of ribosomal subunits leads to 

differences in translational capacity, or even altered translation of specific 

mRNAs, in sox4 mutants, and whether these differences could account for the 

retinal differentiation phenotypes observed at later stages. 
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Figure 3.14 her9 and rpl26 show differential expression between WT and 
sox4b MZ cells at 12 hpf.   

scRNA-seq 12 hpf WT vs. sox4b MZ.  (A-B) 12 hpf WT Rx3:eGFP cells labeled 
by superclusters (A) UMAP, (B) Trajectory analysis, (C-F) UMAPs of 12 hpf WT 
and sox4b MZ, Rx3:eGFP cells, (C) Cells labeled by supercluster, (D) Cells 
labeled by genotype, (E) Cells labeled by her9 expression, (F) Cells labeled by 
rpl26 expression, (G-H) HCR of her9, (G) 12 hpf WT Rx3:eGFP, (H) 12 hpf 
sox4b MZ Rx3:eGFP, (I) Boxplot of her9 expression that colocalizes with 
Rx3:eGFP cells. Significance at p ≤ 0.05 notated with *, (J) KEGG ribosome 
pathway, ribosomal genes upregulated in sox4b MZ cells are labeled in green 
and ribosomal genes downregulated in sox4b MZ cells are labeled in red, (K) 
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Bubble plot of expression of canonical eyefield transcription factors between 
superclusters. 

 

3.3.8 Rod Photoreceptor Bias is Not Detectable by scRNA-seq  

ScRNA-seq was also performed on FACS sorted GFP positive cells from 

Rx3:eGFP transgenic fish at 18 and 24 hpf in both wildtype and sox4b MZ fish.  

Interestingly, the cells at 18 and 24 hpf do not cluster independently from one 

another like the cells from 12 hpf do (Fig. 3.13 F).  Prior to 18 and 24 hpf, the 

eyefield split into two optic vesicles and the prethalamus. Known markers were 

used to identify cells that belonged to the prethalamus versus the optic 

vesicle/cup (Fig 3.15 B-B’, Table 3.3).  Cells with a prethalamus versus optic 

identity did not strongly cluster out from one another. Some of the clusters 

identified by graph-based clustering were enriched with markers for a 

prethalamus versus optic identity but the majority shared expression of these 

markers (Fig. 3.15 A-A’, B’).  This is likely because neuronal progenitors in the 

retina and in the brain share some redundancy in the transcriptional networks 

they use to differentiate.  The cells were examined for expression of known rod 

photoreceptor progenitor markers.  No evidence was found of any progenitors 

being skewed towards a rod photoreceptor fate at these timepoints.  Genes 

specific to the rod photoreceptor lineage, nrl, nr2e3 and rho are not yet 

expressed.  There are distinct clusters in this population at 18 and 24 hpf, which 

indicates heterogeneity among the progenitors (Fig. 3.15 A’). RNA-seq has 

previously been performed on cells from developing optic vesicles at 16,18, and 

24 hpf where distinct transcriptomic changes were noted between the neural 

retina and RPE prior to actual structural changes (Buono et al., 2021).  Cluster 

18 from cells at 18 and 24 hpf (Fig. 3.15 A’) shared a similar expression to the 

transcriptomic profile associated with the RPE (Buono et al., 2021). It would be 

worth following up on markers associated with these populations in addition to 

the others identified by graph-based clustering to see if they mark distinct 
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populations in vivo and if those populations are skewed towards giving rise to 

specific cell types later in retinal differentiation.  

Additionally, the cells from wildtype vs. sox4b MZ fish share more 

similarity at these stages than at the 12 hpf timepoint but still show some distinct 

transcriptomic differences (Fig. 3.13 E).  Previous work in zebrafish sox4 

morphants suggested that Sox4 downregulates Hh signaling at the midline 

through regulation of Bmp signaling (Wen et al., 2015). In the scRNA-seq 

dataset, bmp2b, bmp4, shha, and shhb are down-regulated at 6 SS in the sox4b 

MZ cells and bmp2b, bmp4, and bmp7b are down-regulated at 18 hpf (Fig. 3.15 

C-C’).  The bmp genes were also down-regulated in the sox4 morphants at the 

same timepoints as detected by qPCR (Wen et al., 2015). In contrast, the 

scRNA-Seq dataset does not show a similar response of upregulation in ihhb 

expression as was observed in the sox4 morphants.  However, the expansion of 

Hh signaling in the sox4 morphants was localized to the ventral midline adjacent 

to the eye, and therefore we would not expect to see differences in the 

Rx3:eGFP cells at 18 and 24 hpf.  Additionally, transcriptional adaptation in the 

sox4b MZ mutants may reduce the transcriptomic effects from the loss of sox4b.  

Taken together, these results suggest that Bmp signaling is downregulated in 

response to the loss of sox4. However, it is not yet clear whether the loss of sox4 

leads to an upregulation of Hh signaling in the sox4 mutants. 
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Figure 3.15 Bmp signaling is downregulated in sox4b MZ cells compared to 
WT at 12 and 18 hpf.  

scRNA-seq (A-A”’) UMAP of Rx3:eGFP Positive Cells at 12, 18, and 24 HPF, (A) 
Cells labeled by type, (A’) Cells labeled by graph-based clusters, (A”) Cells 
labeled by genotype, (A”’) Cells labeled by timepoint. (B) Expression profile of 
markers by classified cell type, (B’) Expression profile of markers graph-based 
clusters, (C) Bmp and Hh gene expression by genotype at 12 HPF, (C’) Bmp and 
Hh gene expression by genotype at 18 HPF. 

3.4 Discussion 

The vast network that regulates eye development is complex and our 

understanding of it is starting to expand. Several congenital disorders in humans 



   
 

80 

with ocular complications have been linked to mutations in SOX4 or SOX11; 

examples are MAC, CSS, CHARGE syndrome, and SOX4-Related 

Neurodevelopmental Syndrome (Al-Jawahiri et al., 2022; Marco Angelozzi et al., 

2022; Ghaffar et al., 2021; Pillai-Kastoori et al., 2014; Sperry et al., 2016; 

Tsurusaki et al., 2014; Zawerton et al., 2019).  However, the specifics of how loss 

of SOXC transcription factors leads to those ocular complications are not fully 

understood. Previous work in zebrafish using morpholinos demonstrates a role 

for Sox4 and Sox11 in ocular morphogenesis (Pillai-Kastoori et al., 2014; Wen et 

al., 2015).  Building off of this work we demonstrate a role for Sox4 in ocular 

morphogenesis and retinal differentiation in zebrafish sox4 MZ mutants. 

The sox4 MZ mutants displayed microphthalmia and delayed choroid 

fissure closure, similar to the phenotype described in the sox4 morphants, which 

displayed microphthalmia and coloboma (Wen, 2016; Wen et al., 2015). 

Additionally, both the sox4 morphants and mutants showed a reduction in rod 

photoreceptors, which was similar in severity in the mutants when compared to 

the sox4 morphants without coloboma. The sox4 morphants with coloboma had a 

much more severe reduction in rods but this may have been secondary to the 

coloboma phenotype (Wen, 2016). Although the sox4 mutants had 

microphthalmia, delayed choroid fissure closure and reduced rods, similar to the 

sox4 morphants, overall, the mutant phenotype was less severe than the sox4 

morphants.  This phenomenon has previously been observed with morphant and 

mutant comparisons in zebrafish (Rossi et al., 2015).  Evidence suggests it is 

due to non-sense mediated decay of the mutant transcript which triggers 

transcriptional adaptation from genes with similar sequence and function (El-

Brolosy et al., 2018).  Upregulation of other SoxC family members was detected 

in sox4 mutants by qPCR.  We were able to show that the severity and 

penetrance of the mutant phenotypes increased when zebrafish lacked both 

sox4a and sox4b. However, these double mutants showed an increase in sox11b 

expression.  In order to fully appreciate the effect SoxC transcription factors have 

on zebrafish eye development, quadruple mutants for sox4a, sox4b, sox11a, and 

sox11b will need to be generated. 
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Observations of the eyefield using the Rx3:eGFP transgenic line were used 

to investigate the sox4 MZ mutant phenotype of microphthalmia.  This showed 

that the sox4 MZ mutants have smaller volume of Rx3:eGFP+ cells from 1-18 

SS. Moreover, the level of GFP expression was reduced in sox4 mutant eyefield 

cells.  Given that these differences are detectable at the earliest stage of eyefield 

formation, this suggests that loss of Sox4 alters eyefield formation prior to or 

concurrent with the onset of expression of rx3.  Formation of the eyefield requires 

the expression of rx3 which is regulated by Wnt and b-Catenin signaling 

(Cavodeassi et al., 2005). Therefore, it is possible that loss of Sox4 disrupts 

either or both of these signaling pathways, which would place rx3 expression 

downstream of but not completely reliant on Sox4. 

Our results show that there is an additional role for Sox4 in rod 

photoreceptor neurogenesis.  The loss of Sox4 leads to a reduction of the 

number of rod photoreceptors and delays their maturation.  There was a 

reduction in proliferating cells the CMZ of sox4 mutants at 72 hpf, suggesting that 

abnormal rod progenitor proliferation might account for the rod phenotype of sox4 

mutants. However, the rod photoreceptor progenitors are derived from 

proliferating cells in the ONL and not the CMZ.  Therefore, cell proliferation in this 

region needs to be assessed at 48 hpf to determine if there are any alterations of 

proliferation in the ONL contributing to the phenotype.  

It is particularly intriguing that the sox4 mutant phenotypes are dependent 

on the presence or absence of wildtype maternal sox4 transcripts.  This indicates 

that aberrant expression of sox4 very early in development continues to affect 

events occurring days later.  One of the upregulated genes in the eyefield of 

sox4b MZ mutants compared to WT was rpl26. Mutations in RPL26 are 

associated with the disease Diamond-Blackfan anemia (DBA), which can also be 

caused by mutations in RPL3, RPL7, RPL8, RPL10, RPL14, RPL17, RPL19, 

RPL23A, RPL26, RPL27,RPL35, RPL36A, RPL39, RPS4X, RPS4Y1, and 

RPS21 (Gazda et al., 2012).  Out of these ribosomal proteins rpl7, rpl10, rpl14, 

rpl23a, rpl26, rpl27, rpl35, and rpl36a were upregulated in the sox4b MZ mutant 
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eyefield at 12 hpf.  Interestingly, DBA is also associated with ocular 

complications such as cataracts and glaucoma (Tsilou et al., 2010), and ocular 

abnormalities are observed in other diseases cause by mutation of ribosomal 

protein subunits.  Taken together, these data show that changes in ribosomal 

proteins result in tissue specific phenotypes, including in the eye, rather than 

causing global complications.  This is interesting since translation is an essential 

process in all cells and sparks the consideration that there may be cell-type 

specific heterogeneity among ribosomes.  Ribosomal heterogeneity has been 

proposed to influence ribosomal function and which transcripts are selected for 

translation (Genuth & Barna, 2018).  For example, loss of Sox9 in chondrocytes 

early in chondrogenesis caused an alteration in the expression of different 

ribosomal proteins leading to a reduction of total protein translation capacity and 

altered modes of translation, which was correlated with inhibition of chondrogenic 

differentiation.  These differences were detected as far out as 7 days post knock-

down (Caron et al., 2021).  In human neuronal cell culture, it was shown that 

ribosomal proteins have long half-lives of 6-11 days (Dörrbaum et al., 2018).   

Taken together, these data strongly suggest that regulation of ribosomal subunit 

gene expression by Sox4 early in eye development may contribute to the later 

developmental phenotypes of microphthalmia and altered rod photoreceptor 

neurogenesis. To follow up on this hypothesis, there are some methods currently 

available to test ribosomal function such as the SUnSET assay (Caron et al., 

2021; Goodman & Hornberger, 2013; Schmidt et al., 2009), Polysome 

Fractionation (Caron et al., 2021; Panda et al., 2017), and the Bicistronic 

Reporter Assay (Caron et al., 2021; van den Akker et al., 2021). The caveat to 

the aforementioned methods, is that they all examine the function of ribosomal 

activity overall. RIBO-seq can be used in parallel with RNA-seq to determine 

which mRNA transcripts are actively being transcribed versus translated and 

provide a sense of translational efficiency and how that varies across different 

transcripts (Wu et al., 2022). Given the consideration that ribosomes may not be 

a monolith and instead may be heterogenous according to developmental or 

tissue context (Genuth & Barna, 2018), mass spectrometry can be used to detect 
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the different subunits of the ribosome and determine if they are actually a 

heterogenous population (Benjamin et al., 1998; Van De Waterbeemd et al., 

2018).  

In summary, these findings support a role for Sox4 in specification of the 

eyefield and in rod photoreceptor neurogenesis and maturation. The sox4 MZ 

zebrafish mutants will be a useful tool in determining the precise mechanism by 

which Sox4 contributes to these processes.  The scRNA-seq data provides 

evidence that the eyefield is already a heterogenous population as early as 12 

hpf.  It is still unclear exactly how the different cell identities in the eyefield impact 

the process of ocular morphogenesis and possibly later events in neurogenesis 

of the retina, but it may in part be possibly mediated by ribosomal proteins.    

3.5 Methods 
 

3.5.1 Animal Husbandry 

All experiments involving the use of zebrafish (Danio rerio) were carried out in 

accordance with protocols established by the University of Kentucky Institutional 

Animal Care and Use Committee (IACUC). The Tg(XlRho:EGFP) transgenic line 

(referred to as XOPS:GFP) was obtained from J.M. Fadool (Florida State 

University, Tallahassee, FL) and has been previously described (Fadool, 2003).  

The Tg(Rx3:eGFP) transgenic line was obtained from J. Famulski (University of 

Kentucky, Lexington, KY) and has been previously described (Cavodeassi et al., 

2013; Ebert et al., 2014; Katherine E Brown et al., 2010). Zebrafish were bred, 

raised, and kept with a 14 h light:10 h dark cycle at 28.5°C. 

3.5.2 Genotyping 

Adult fish were anesthetized in 0.168 mg/mL of tricane (MS222) in fish water. To 

extract DNA, part of the tail was removed (Westerfield, 2007), placed in 20ml of 

1x ThermolPol Buffer and incubated at 95°C for 15 min.  Sample was cooled. 5ml 

of ProteinaseK was added to the sample and incubated at 55°C overnight.  
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ProteinaseK was inactivated the next morning at 95°C for 15 min.  DNA was 

used in a PCR of sox4a and/or sox4b and run on an agarose gel to screen for 

the presence of a large deletion.  Primer details can be found in table 3.1. 

 

3.5.3 RNA Extraction, RT-PCR, and Real-Time Quantitative PCR (qPCR) 

Samples were homogenized in TRIzol (Invitrogen, Grand Island, NY) and then 

treated with DNAse I (Roche, Indianapolis, IN), according to the respective 

manufacture’s protocols.  The sample was then purified by a phenol/chloroform 

extraction. cDNA was synthesized from 500ng of RNA using the GoScript 

Reverse Transcriptase System (Promera, Madison, WI).  qPCR primers were 

then used in combination with Faststart Essential DNA Green Master mix 

(Roche) to amplify a specific region on the genes of interest on the Lightcycler 96 

Real-Time PCR System (Roche). Biological and technical replicates? Primer 

details can be found in table 3.1. The relative transcript abundance was 

normalized to a geometric mean of two housekeeping genes, atp5h and elfa to 

determine the Dct.  The Dct was then used to determine the log fold change 

between genotypes. 

 

3.5.4 Tissue Sectioning 

Samples were fixed in 4% paraformaldehyde (PFA) overnight and then 

cryoprotected in 10% sucrose for 8 hours followed by 30% sucrose overnight.  

The samples were then arranged in OTC Medium (Ted Pella, Redding, CA) and 

frozen at -80°C overnight.  Tissue samples were sectioned in 10-micron thick 

sections on a cryostat (Leica CM 1850, Leica Biosystems, Buffalo Grove, IL).   

The sections were then adhered to Superfrost Plus (VWR, Randor, PA) or 

gelatin-coated slides and air-dried at room temperature overnight. 
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3.5.5 Immunohistochemistry 

Immunohistochemistry was performed on retinal sections, whole zebrafish 

embryos, or whole mount zebrafish retinas as previously described (Forbes-

Osborne et al., 2013).  Primary antibodies used can be found in Table 3.2.  

Secondary antibodies used were Alex Fluor conjugated antibodies (Molecular 

Probes, Invirtogen) and Cy5-conjugated antibodies (Jackson Immunoresearch) 

at a 1:200 dilution.  DAPI (1:10,000 dultion) was used to counterstain and 

visualize nuclei.  Slides were mounted in 40% glycerol in 1xPBS.  Whole 

zebrafish embryos, or whole mount zebrafish retinas were mounted in 1% low-

melting temperature (LMT) agarose.  Samples were imaged at 20x and 40x on 

an inverted fluorescent microscope (Eclipse Ti-U, Nikon Instruments), a 

fluorescent scanning laser confocal microscope (Nikon C2 plus), or at 20x on a 

lightsheet microscope (Zeiss LightSheet Z.1 Dual Illumination Microscope 

System). 

 

3.5.6 TUNEL Staining 

The ApopTag Fluorescein Direct In Situ Apoptosis Detection Kit (Millipore, 

Billerica, MA) was used to perform Teminal deoxynucleotide transferase (TdT)-

mediated dUTP nick end labeling (TUNEL) on retinal cryosections. Slides were 

mounted in 40% glycerol in 1xPBS and imaged at 20x and 40x on an inverted 

fluorescent microscope (Eclipse Ti-U, Nikon Instruments). 

 

3.5.7 EdU labeling 

Zebrafish embryos were incubated in fish water containing 1.5mM EdU (made 

from 10mM EdU in DMSO stock) for 1 hour at room temperature.  Samples were 

then fixed, cryoprotected and sectioned as described in 3.11.4 or whole embryos 

were fixed in 4% overnight and stored in 1xPBS. Samples were post-fixed with 
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1% PFA, washed in PBS, rinsed in TBS, incubated in the Click-iT reaction 

cocktail (Invitrogen), washed in TBS, and then washed in PBS. DAPI (1:10,000 

dultion) was used to counterstain and visualize nuclei.  Slides were mounted in 

40% glycerol in 1xPBS and imaged at 20x and 40x on an inverted fluorescent 

microscope (Eclipse Ti-U, Nikon Instruments). 

 

3.5.8 Acridine Orange staining  

24 hpf embryos were incubated in 5ug/mL acridine orange (Sigma) for 10 

minutes in the dark and then rinsed in fish water for 30 seconds.  Embryos were 

mounted in 1% low-melting temperature (LMT) agarose on a glass bottomed 

petri dish and imaged using a fluorescent scanning laser confocal microscope 

(Leica TCS SP8 DLS) using the 10x objective. Acridine orange positive cells 

were counted in FIJI (Schindelin et al., 2012) from between the otic vesicle and 

the anterior most end of the embryos. 

 

3.5.9 Hybridization chain reaction (HCR) 

Tg(Rx3:eGFP) fish were collected in 4% PFA at 12 hpf  from both Wildtype and 

sox4b MZ mutants.  After an 8-hour fixation, the samples were washed in 1x PBS 

for 5 min. 4 times followed by being washing in MeOH for 5 min 4 times. The 

samples were then stored in MeOH at -20°C until ready for use.  Next, the 

samples were rehydrated in a MeOH:1xPBST gradient (3:1, 1:1, 1:3) until in 

1xPBST.  Samples were washed in 1xPBST 2 times, post-foxed with 1mL of 4% 

PFA for 20 min, and washed in 1xPBST 5 times for 5 min. each. Samples were 

pre-hybridized with probe hybridization buffer (Molecular Instruments, Inc) for 30 

min at 37 ◦C and then incubated in the probe solution (Molecular Instruments, 

Inc) overnight at 37 ◦C.  Then the samples were washed 4 times for 15 min in 

probe wash buffer at 37 ◦C, then 2 times for  5 min with 5× SSCT at room 
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temperature. Samples were pre-amplified in amplification buffer (Molecular 

Instruments, Inc) for 30 min at room temperature and then incubated in the 

hairpin solution (Molecular Instruments, Inc) overnight in the dark at room 

temperature.  Samples were washed in  5× SSCT at room temperature 2 times 

for 30 min. Samples were imaged on a lightsheet microscope (Zeiss LightSheet 

Z.1 Dual Illumination Microscope System). 

 

3.5.10 Eye size measurements 

Zebrafish embryos were anesthetized in 0.168 mg/mL of tricane (MS222) in fish 

water, placed in 3% Methyl Cellulose, and imaged at 24, 48, and 72 hpf using a 

stereo microscope (Digital Sight Ds-Fi2, Nikon instruments). Area of the eye and 

length of the embryos were measured using FIJI (Schindelin et al., 2012). 

 

3.5.11 Live Imaging 

Live imaging and analysis of Tg(Rx3:eGFP) fish was performed as previously 

described (Petersen & Morris, 2021) on Wildtype and sox4b MZ embryos from 

10-24 hpf using a Zeiss Z.1 Lightsheet microscope. Analysis of live imaging 

datasets was performed using arivis Vision4D software to detect the volume of 

the eye as it evaginates and splits into the optic vesicles and prethalamus. 

 

3.5.12 Cell counts and statistics 

All retinal cell counts and retinal measurements were performed blindly.  Cell 

counts taken from sections containing the optic nerve and were normalized to the 

measured perimeter of the retina.  A minimum of 15  transverse retinal sections 

were imaged per genotype, 5 retinas for each of 3 biological replicates.  Analysis 
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pipelines were built in arivisVison4D to analyze static images of Tg(Rx3:eGFP) 

fish, HCR samples, and IHC of whole zebrafish embryos. 

 

Cell counts, retinal measurements, eyefield and optic vesicle measurements, 

qPCR results were compared across the various genotypes using either a 

student t-test or a one-way ANOVA followed by a Tukey Test to determine any 

significant differences.  Statistical analyses were run through the open-source 

software R, using the program stats.  The open-source software R was used to 

generate boxplots of quantitative measurements using the program ggplot2. 

 

3.5.13 Single cell RNA-seq 

Fluorescent Activated Cell Sorting (FACS) was performed on GFP positive cells 

from Tg(Rx3:eGFP) fish at 12, 18, and 24 hpf on 2 biological replicates from both 

Wildtype and sox4b MZ mutants.   The GFP positive cells were processed 

through 10x genomics to isolate and extract RNA from individual cells, label the 

RNA from each cell it originated from, and generate a cDNA library from that 

RNA. The cDNA library was then sent for sequencing at Novogene.  Sequencing 

results were then run through Cell Ranger to align and count the reads.  Cell 

Ranger output a filtered feature matrix for each sample that was subsequently 

imported to Partek (Partek® Genomics Suite®, 2022).  Cell counts, ribosomal 

counts, and mitochondrial counts were used to set quality control thresholds.  

Cells with total counts between 600 and 50,000 were accepted to eliminate any 

data from cell duplicates.  Cells with mitochondrial transcripts accounting for 

greater than 10% of the cells total counts were eliminated from analysis (Fig. 

3.13).  The cell population was acquired during an active developmental process 

therefore, variation due to cell cycle transcripts was not regressed from the data 

set (Luecken 2019).  PCA, UMAP, graph-based clustering, and trajectory 

analyses were performed. Specific cell markers were used to classify different 

cell types in the dataset and can be found in table 3.3.   
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Video 3.1 Time-lapse video of Tg(rx3:GFP) WT zebrafish embryo from 1ss-
24hpf 

Video 3.2 Time-lapse video of Tg(rx3:GFP) sox4b MZ zebrafish embryo 
from 1ss-24hpf 

Table 3.1  PCR Primer List  
Target Forward Primer Reverse Primer Product Purpose 

sox4a 

TAGTGCATGGG

CACAGACC 

GCTGTCCTTTCATAACT

AGCGC 1120 bp Genotyping 

sox4b 

GAAGGATATGC

AGAAGGAGTCG 

AACGTGCAAAAATCAA

TCACAG 1513 bp Genotyping 

sox4a 

CAGAGCATGAA

AAAGTGCAGTC 

TTTGGTCAATGTGGAA

ACAAAG 279 bp qPCR 

sox4b 

GAAGGATATGC

AGAAGGAGTCG 

ACTCAGTCTGATTGCA

GCACA 209 bp qPCR 

sox11

a 

TCTAGGTCCGT

TTCCACGTC 

GCTCAGGCGTGCAATA

GTCT 217 bp qPCR 

sox11

b 

AGTGCGCCAAA

CTCAAGC 

CGTCGTCTTCGTCGTC

AGTA 205 bp qPCR 

elfa 

CTTCTCAGGCT

GACTGTGC 

CCGCTAGCATTACCCT

CC 358 bp qPCR 

atp5h 

TGCCATCTCAG

CAAAACTTG 

CACAGGCTCAGGAACA

GTCA 200 bp qPCR 
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Table 3.2  Primary Antibody List  

Antibody Labels 
Raised 
in 

Dilution Vendor 

HuC/D 
Ganglion & Amacrine 

Cells 
Mouse 1:40 Invitrogen 

PKC-(A-

3) 
Bipolar Cells Mouse 1:100 

Santa Cruz 

Biotechnology 

Prox-1 Horizontal Cells Rabbit 1:2000 Milliopore 

Zpr-1 
Red/Green Cones 

Photoreceptors  
Mouse 1:20 ZIRC 

GS Müller Glia Mouse 1:500 BD Biosciences 

𝛂-GPF GFP Rabbit 1:1000 abcam 

PH3 Mitotic Cells (G2/M) Rabbit 1:500 Milliopore 
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Table 3.3  Cell Markers for scRNA-seq 

Prethalamus 

Optic 
Vesicle/Cup 

crlfa bsx 

emx3 hmx4 

emx2 rx1 

fezf1 rx2 

vamp2 thbx5a 

gng3 vsx2 

mllt11  

sncb  

stmn1b  

stxbp1a  

dlx1a  

dlx2a  

dlx2b  

dlx5a  

dlx6a  

gad1  

otpa  

nkx2.2b  
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Table 3.4  Pathway Report for 12 hpf WT Supercluster 1 vs. 2 Cells – Top 25 
Results 

Gene set Description 

Enrichm
ent 
score P-value 

Genes 
in list 

Genes 
not in 
list 

path:dre04

330 

Notch signaling 

pathway 12.8371 2.66E-06 13 51 

path:dre04

210 Apoptosis 9.35112 8.69E-05 20 159 

path:dre04

068 

FoxO signaling 

pathway 8.86781 

0.0001408

5 19 152 

path:dre04

350 

TGF-beta signaling 

pathway 8.63168 

0.0001783

65 15 104 

path:dre04

310 

Wnt signaling 

pathway 8.03895 

0.0003226

48 20 177 

path:dre04

218 Cellular senescence 6.91371 

0.0009940

6 18 166 

path:dre04

110 Cell cycle 6.37366 0.0017059 15 132 

path:dre04

140 Autophagy - animal 5.3666 0.00467 16 163 

path:dre04

115 

p53 signaling 

pathway 4.73115 

0.0088163

7 9 73 

path:dre04

150 

mTOR signaling 

pathway 4.56088 0.0104529 16 179 
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Table 3.4 Continued. 

path:dre04

625 

C-type lectin 

receptor signaling 

pathway 4.09666 0.0166282 11 111 

path:dre03

460 

Fanconi anemia 

pathway 4.08058 0.0168977 6 42 

path:dre04

012 

ErbB signaling 

pathway 3.42237 0.032635 9 93 

path:dre04

217 Necroptosis 3.05621 0.0470658 12 149 

path:dre00

440 

Phosphonate and 

phosphinate 

metabolism 2.89321 0.0553983 2 7 

path:dre00

565 

Ether lipid 

metabolism 2.73941 0.0646082 5 45 

path:dre03

320 

PPAR signaling 

pathway 2.73697 0.0647661 7 75 

path:dre03

018 RNA degradation 2.73697 0.0647661 7 75 

path:dre04

137 Mitophagy - animal 2.43898 0.0872501 7 81 

path:dre04

920 

Adipocytokine 

signaling pathway 2.39272 0.0913805 7 82 

path:dre04

010 

MAPK signaling 

pathway 2.33183 0.0971182 22 356 
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Table 3.4 Continued. 

path:dre04

340 

Hedgehog signaling 

pathway 2.134 0.118363 5 55 

path:dre04

810 

Regulation of actin 

cytoskeleton 2.03767 0.130332 16 255 

path:dre04

620 

Toll-like receptor 

signaling pathway 2.01498 0.133323 7 91 

 

Table 3.5  Pathway Report for 12 hpf WT vs. sox4b MZ Cells – Top 25 
Results 

Gene set Description 

Enrichm
ent 
score P-value 

Genes in 
list 

Genes not 
in list 

path:dre04

142 Lysosome 14.7379 

3.98E-

07 66 91 

path:dre04

141 

Protein processing 

in endoplasmic 

reticulum 13.8528 

9.63E-

07 76 116 

path:dre00

970 

Aminoacyl-tRNA 

biosynthesis 11.4067 

1.11E-

05 21 15 

path:dre00

513 

Various types of N-

glycan 

biosynthesis 9.8184 

5.44E-

05 24 23 

path:dre04

330 

Notch signaling 

pathway 9.81585 

5.46E-

05 30 34 

path:dre04

340 

Hedgehog 

signaling pathway 9.15194 

0.00010

6014 28 32 
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Table 3.5 Continued. 

path:dre03

010 Ribosome 8.94807 

0.00012

9988 50 79 

path:dre04

310 

Wnt signaling 

pathway 8.10835 

0.00030

1015 69 128 

path:dre00

510 

N-Glycan 

biosynthesis 7.1474 

0.00078

6911 25 32 

path:dre04

210 Apoptosis 7.08999 

0.00083

3408 62 117 

path:dre04

350 

TGF-beta signaling 

pathway 6.8653 

0.00104

337 44 75 

path:dre00

280 

Valine, leucine and 

isoleucine 

degradation 6.51878 

0.00147

546 24 32 

path:dre00

900 

Terpenoid 

backbone 

biosynthesis 6.20658 

0.00201

613 12 10 

path:dre00

071 

Fatty acid 

degradation 6.17804 

0.00207

449 22 29 

path:dre04

068 

FoxO signaling 

pathway 6.15682 

0.00211

899 58 113 

path:dre00

310 Lysine degradation 5.98386 

0.00251

908 30 47 

path:dre04

115 

p53 signaling 

pathway 5.59603 

0.00371

258 31 51 
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Table 3.5 Continued. 

path:dre01

212 

Fatty acid 

metabolism 5.525 

0.00398

587 26 40 

path:dre00

531 

Glycosaminoglyca

n degradation 5.26452 

0.00517

185 12 12 

path:dre04

110 Cell cycle 5.02066 

0.00660

019 49 98 

path:dre00

514 

Other types of O-

glycan 

biosynthesis 4.76583 

0.00851

581 21 32 

path:dre04

145 Phagosome 4.69722 

0.00912

058 52 108 

path:dre04

012 

ErbB signaling 

pathway 4.39433 

0.01234

71 35 67 

path:dre00

534 

Glycosaminoglyca

n biosynthesis - 

heparan sulfate / 

heparin 4.14942 

0.01577

36 13 17 
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CHAPTER 4. DISCUSSION 

There are many conditions that result in visual impairment, only a portion 

of which are able to be treated.  Understanding the mechanisms behind eye 

development is an essential step prior to preventing these conditions or 

developing therapies to treat them.  Eye development is a complex process that 

is tightly regulated by a vast network of genes and signaling pathways.  Our 

understanding of this network and how it operates is rapidly expanding with the 

advent of new techniques, but there is still much to be learned.  

SOXC transcription factors have been implicated in having an important 

role in eye development in model organisms and in humans.  Several congenital 

disorders with ocular complications have been attributed to mutations in SOX4 or 

SOX11, like MAC, CSS, CHARGE syndrome, and SOX4-Related 

Neurodevelopmental Syndrome (Al-Jawahiri et al., 2022; Marco Angelozzi et al., 

2022; Ghaffar et al., 2021; Pillai-Kastoori et al., 2014; Sperry et al., 2016; 

Tsurusaki et al., 2014; Zawerton et al., 2019).  However, the specifics of how 

SOXC transcription factors lead to those ocular complications are not fully 

understood.  Furthering our understanding of the mechanisms in this process will 

build a base of information that can be used to derive future therapeutic and 

preventative measures for patients with ocular complications due to mutations in 

SOX4 or SOX11.  Some studies have already been done on the role of Sox4, 

implicating it as an important factor in both ocular morphogenesis and retinal 

development by studies in mice, zebrafish, and Xenopus (Bhattaram et al., 2010; 

Cizelsky et al., 2013; Jiang et al., 2013; Usui, Iwagawa, et al., 2013; Usui, 

Mochizuki, et al., 2013; Wen, 2016; Wen et al., 2015).  The goal of this 

dissertation was to further elucidate the role of Sox4 in both ocular 

morphogenesis and retinal neurogenesis. 

The sox4 MZ mutants display microphthalmia, suggesting a role for Sox4 

in ocular morphogenesis.  Visualizing ovular morphogenesis in vivo by time lapse 

imaging increases the temporal resolution at which events like ocular 

morphogenesis can be observed.  This makes it an ideal tool to determine how 
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the process of ocular morphogenesis is altered in the sox4 MZ mutants.  In 

Chapter 2, I established a protocol, using Lightsheet microscopy, to perform 

time-lapse imaging of eye development using the Rx3:GFP transgenic reporter 

line.  The resulting dataset from this approach can provide valuable insights into 

the process of ocular morphogenesis, as well as perturbations to this process as 

a result of genetic mutation, exposure to pharmacological agents, or other 

experimental parameters.  There are additional modifications that can be made 

to this protocol that would allow for multiple embryos to be sequentially imaged at 

each time interval or by quantifying the eye field by other parameters.  A pipeline 

could be made to quantify and track individual cells or determine the rate of optic 

vesicle evagination.  This information could be used to inform on different 

dynamic aspects that impact ocular morphogenesis and how they might be 

altered under experimental conditions. Additionally, this protocol provides 

instructions for image acquisition analysis specifically using the Lightsheet Z.1 

Dual Illumination Microscope System and arivis Vision4D analysis software. 

There are other commercially available Lightsheet microscopes made by Leica, 

Olympus, and Luxendo, as well as image analysis software by Imaris, that could 

be used to achieve similar results.  The selection of equipment and software for 

this protocol was determined by availability at our institution, and therefore some 

steps may be specific to the type of imaging equipment being used.  

Nevertheless, this protocol provides a starting point for conducting time-lapse 

imaging using Lightsheet microscopy and for image quantification of early eye 

development in zebrafish, which I was able to utilize in Chapter 3 to compare 

wildtype and sox4b MZ embryos.  This technique was particularly useful for 

demonstrating that the timing of key events in the process of ocular 

morphogenesis, such as evagination of the optic vesicles, was not altered in the 

sox4b MZ embryos.  However, given the challenge in acquiring a high number of 

replicates, static imaging of the RX3:eGFP transgenic line proved more useful for 

volume analysis at individual time points.  Additionally, if the relationship between 

RX3:eGFP positive cells and another marker of interest is to be observed, it 
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needs to be paired with another transgenic line for live experiments or fixed to 

stain at a static point in time. 

In Chapter 3, I characterized novel zebrafish mutants for the genes sox4a 

and sox4b.  Interestingly, sox4a -/- and sox4b -/- zygotic mutant zebrafish had no 

detectable phenotype.  Sox4 mRNA transcripts are maternally deposited, so 

homozygous sox4a -/- and sox4b -/- zebrafish were incrossed to generate 

embryos lacking any wildtype copy of sox4, maternal or zygotic. The sox4 MZ 

mutants displayed microphthalmia and delayed choroid fissure closure.  This was 

similar to the phenotype described in the sox4 morphants, which also displayed 

microphthalmia and coloboma, although the mutants displayed reduced 

penetrance and severity of these phenotypes compared to the sox4 morphants 

(Wen, 2016; Wen et al., 2015).  The sox4 morphants were generated with 

translation blocking morpholinos injected at the single-cell stage.  This prevented 

the translation of both maternal and zygotic sox4 mRNAs.  Therefore, it is 

unsurprising that the sox4 MZ mutants have a more similar phenotype to the 

morphants than the sox4 zygotic mutants.  Additionally, both the sox4 morphants 

and mutants showed a reduction in rod photoreceptors, which was similar in 

severity in the mutants when compared to the sox4 morphants without coloboma. 

The sox4 morphants with coloboma had a much more severe reduction in rods 

but this may have been secondary to the coloboma phenotype (Wen, 2016).  

One advantage of generating the sox4 mutants is the ability to examine 

phenotypes at much later stages of development, at timepoints when 

morpholinos would no longer be effective. When the sox4 MZ mutants were 

examined at later timepoints (5, 7, and 14 dpf), there was still a reduction in rods 

compared to wild type retinas of the same age.  The magnitude of this reduction 

initially seems to start catching up at 5 dpf but then fails to increase in density at 

the same rate as the wildtype retinas. This suggests that although rods are able 

to be generated, this process is occurring at a slower rate in the absence of Sox4 

and thus indicates that Sox4 is involved in the differentiation of rod 

photoreceptors beyond the initial wave of neurogenesis. 
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Although the sox4 mutants had microphthalmia, delayed choroid fissure 

closure and reduced rods, similar to the sox4 morphants, overall, the mutant 

phenotype was less severe than what was observed in the sox4 morphants.  This 

phenomenon has been previously observed when comparing morphant and 

mutant phenotypes in zebrafish (El-Brolosy et al., 2018; Rossi et al., 2015).  

Evidence suggests it is due to non-sense mediated decay of the mutant 

transcript which triggers transcriptional adaptation from genes with similar 

function and sequence (El-Brolosy et al., 2018).  Indeed, I detected an 

upregulation of other SoxC family members in individual sox4 mutants by qPCR.  

We were able to show that the severity and penetrance of the mutant phenotypes 

increased when zebrafish lacked both sox4a and sox4b. However, these double 

mutants showed an increase in sox11b expression.  To fully appreciate the effect 

SoxC transcription factors have on zebrafish eye development, quadruple 

mutants for sox4a, sox4b, sox11a, and sox11b will need to be generated.  

To further characterize the microphthalmia phenotype, I used the 

RX3:eGFP transgenic line to observe the process of ocular morphogenesis.  I 

found that the sox4 MZ mutant eyefield was reduced in volume and displayed 

lower transgene expression starting at 1 SS.  This was observed in response to 

the loss of sox4a and sox4b both individually.  Loss of both sox4a and sox4b 

together further reduced the size of the eyefield, suggesting a role for both sox4a 

and sox4b in eyefield induction. Live imaging of the sox4b MZ eyefield did not 

show a significant difference in the timing of separation between the optic 

vesicles and prethalamus, indicating that the eyefield is not reduced due to a 

developmental delay. The sox4 MZ mutant eyefield did not display a significant 

difference in apoptosis or cell proliferation at 1 SS. This suggests that the 

reduction in eyefield upon loss of Sox4 is a result of improper specification or 

induction of this domain.  As discussed in the Introduction, formation of the 

vertebrate eyefield requires the expression of the transcription factor Rx  (Rx3 in 

zebrafish), which is regulated by Wnt and b-Catenin signaling (Cavodeassi et al., 

2005). It is possible that loss of Sox4 disrupts either or both of these signaling 

pathways, which would place rx3 expression downstream of Sox4.  However, rx3 
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expression is still detectable in the sox4 MZ mutants which indicates that rx3 

expression is not fully dependent on Sox4. The sox4 morphants have a reduction 

in Bmp signaling and an expansion of Hh signaling (Wen, 2016; Wen et al., 

2015). Hh signaling along the ventral midline has been shown to play a role in 

ocular morphogenesis through regulation of the pax2/6 gradient of expression 

(Ekker et al., 1995; Macdonald et al., 1995). Similarly, Bmp ligand expression 

was reduced in the sox4b MZ mutant RX3:eGFP positive cells at 12 and 18 hpf 

by scRNA-seq.  This supports a model whereby Sox4 upregulates Bmp 

signaling, which in turn downregulates Hh signaling to promote proper ocular 

morphogenesis in zebrafish. In addition to rx3, the expression pattern of other 

known eyefield markers like pax6, six3, and otx2, which are known to partially 

overlap but are also expressed in distinct regions of the eyefield (Zaghloul & 

Moody, 2007), was reduced in sox4b MZ RX3:eGFP positive cells at 12 hpf by 

scRNA-seq. This suggests that loss of Sox4 causes a reduction of eyefield 

through a reduction but not a complete loss of several genes necessary for 

proper specification of the eyefield. 

Sox4 was originally identified as having a potential role in rod 

photoreceptor neurogenesis in a microarray analysis of the adult XOPS:mCFP 

zebrafish retina (Ann C. Morris et al., 2011) In sox4 morphants, there was a 

decrease in the number of rod photoreceptors present at larval stages. (Wen, 

2016). Taken together, these data suggested that Sox4 is important for the 

genesis of rod photoreceptors, both during embryonic development and in adult 

retinal regeneration.  In the sox4 MZ mutants, the loss of Sox4 leads to a 

reduction of the number of rod photoreceptors and delays their maturation, 

adding another piece of evidence to support a role for Sox4 in rod photoreceptor 

neurogenesis.  This reduction in rod photoreceptors is not due to apoptosis of the 

rods or their progenitors.  There was a reduction in proliferating cells the CMZ of 

sox4 mutants at 72 hpf, suggesting that abnormal rod progenitor proliferation 

might account for the rod phenotype of sox4 mutants. However, the rod 

photoreceptor progenitors are derived from proliferating cells in the ONL  and not 

the CMZ.  Therefore, cell proliferation in this region needs to be assessed at 48 
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hpf to determine if there are any alterations of proliferation in the ONL 

contributing to the phenotype.  Additionally, the reduction in rod photoreceptors 

could be due to a failure to terminally differentiate.  This can be assessed by 

doing in situ hybridization to look for the presence and density of markers of rod 

photoreceptor specification and differentiation, such as crx, nrl, and nr2e3 in the 

sox4 MZ mutants. Data from sox4 morphants showed no reduction in the number 

of nr2e3 positive rod progenitors through fluorescent in situ hybridization, 

suggesting the reduction in rod photoreceptors is due to a delay or arrest of 

terminal differentiation, rather than specification, of rod precursors (Wen, 2016). 

Given the reduction of rod photoreceptors and the delay in maturation at 

14 dpf, it is possible that this impacts the vision of the sox4 MZ mutants. Rod 

photoreceptors in wildtype zebrafish reach full maturity and begin to contribute to 

zebrafish dark-adapted vision at 20 dpf (Branchek & Bremiller, 1984). At this age 

two different methods could provide more insight to rod photoreceptor function, 

the Optokinetic Reflex (OKR) and electroretinogram (ERG).  OKR uses the 

phenomena of fish tracking the movement of a rotating grating with their eyes. 

The movement of their eyes can be tracked to provide information regarding how 

well they are able to see (Easter, Jr. & Nicola, 1996; Easter & Gregory Nicola, 

1997; Zou et al., 2010).  ERGs can be done on zebrafish larvae and adults 

(Brockerhoff et al., 1998). The ERG response consists of three major 

components, an a-wave that measures photoreceptor cell activity, a b- wave that 

measures activity of second order neurons, and the c-wave that measures RPE 

activity (Chrispell et al., 2015).  To ensure rod function is being measured rather 

than cone function, the zebrafish would need to be dark adapted prior to being 

tested (Bilotta et al., 2001).  

As mentioned above, Sox4 was originally identified as having a potential 

role in rod photoreceptor neurogenesis in a microarray analysis of the adult 

XOPS:mCFP zebrafish retina (Ann C. Morris et al., 2011).  Studying 

neurogenesis from the context of regeneration also provides valuable information 

on the genetic pathways required to regenerate rod photoreceptors.   Damage 

can be specifically induced to the photoreceptors by the use high intensity light 



   
 

104 

(Vihtelic & Hyde, 2000), through use of the nitroreductase-metronidazole system 

to chemically ablate rods expressing the appropriate transgene (Mathias et al., 

2014; Montgomery et al., 2010), or through the XOPS:mCFP transgenic line (Ann 

C. Morris et al., 2011).  These methods could be applied to adult sox4 mutants to 

determine the role Sox4 plays in the regeneration of rod photoreceptors.  It would 

be of interest to compare rod regeneration in zygotic vs. MZ sox4 mutants.  It 

may be that loss of early Sox4 in retinal development may affect retinal 

regenerative capabilities later and may exacerbate any potential affect the loss of 

zygotic Sox4 has on the regeneration of rod photoreceptors. 

It is interesting that only the reduction in the rod photoreceptors was only 

apparent in the sox4 mutants lacking both maternal and zygotic copies of sox4.  

Eyefield specification begins early in development with the expression of rx3 in 

the forebrain at the end of gastrulation (Chow & Lang, 2001; Chuang et al., 1999; 

Fuhrmann, 2010; Katherine E Brown et al., 2010; Loosli et al., 2003; Rojas-

Muñoz et al., 2005; Stigloher et al., 2006); therefore, it is possible that loss of 

maternal sox4 alters this population in a way that leads to the reduction of rods 

several days later in development.  

This is the earliest stage in eye development that has been analyzed by 

scRNA-seq thus far.  Our data from scRNA-seq of the eyefield at the 12 hpf 

suggests that the eyefield is already a heterogenous population of cells primarily 

divided by the presence or absence of strong expression of canonical eyefield 

markers like lhx2b, otx2, pax6, rx3, and six3.  These genes are strongly 

expressed in supercluster 1 and are still present supercluster 2 but they are 

downregulated and expressed in fewer cells (Fig. 3.14 K). Supercluster 2 is 

primarily distinguished by the downregulation or absence of the genes highly 

expressed in supercluster 1 rather than by any upregulated gene signature of its 

own. A pathway analysis revealed that the top pathways differentially regulated 

between superclusters 1 and 2 were Notch signaling, FoxO signaling, TGF-beta 

signaling, and Wnt signaling, all of which were downregulated in supercluster 2 

(Table 3.4).  These signaling pathways all have established roles in eye 
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development (Bernardos et al., 2005; Cavodeassi et al., 2005; Eckert et al., 

2019; Moose et al., 2003; Saika, 2005). At 12 hpf, the eyefield is preparing to 

evaginate into the optic vesicles.  The differences in these signaling pathways 

could correlate to cells within the eyefield preparing for this event.  They may 

indicate the onset of structural changes, polarity within the tissue, or both.  While 

we did find evidence for cell type heterogeneity in the eyefield, there is no overt 

evidence of individual subpopulations being skewed towards a later neuronal 

fate; rather, the evidence points towards the source of heterogeneity being the 

strength of eyefield identity. 

One gene of interest that was differentially expressed between the two 

superclusters was her9, which was upregulated in supercluster 1.  Previous 

research in our lab has shown a role for Her9 in photoreceptor fate specification 

and rod and red/green cone photoreceptor survival (Coomer et al., 2020).  In the 

wildtype eyefield, 68.87% of 12 hpf RX3:eGFP positive cells express her9. This 

expression was confirmed by HCR performed on wild type Rx3:eGFP transgenic 

fish at 12 hpf to detect her9 RNA expression, which showed that her9 expression 

is restricted the lateral and posterior edges outside of the eyefield and posterior 

region within the eyefield, colocalizing with 69.05% of eyefield (Fig. 3.14 E,J). 

Given that the labeling of her9 is restricted to the edges of the eyefield it could be 

possible that these cells are preparing to evaginate and give rise to the optic 

vesicle.  This could be tested by using the rx3:Kaede transgenic line (Samuel et 

al., 2016) to label cells on the periphery of the eyefield and track their movement 

though optic morphogenesis and later fates in retinal differentiation, providing 

evidence towards whether these specific cells are skewed towards a later 

neuronal fate. 

In the sox4b MZ mutants the majority of eyefield cells clustered 

independently from their wildtype counterparts due to transcriptomic differences.  

This separate cluster of sox4b MZ cells was distinct from the wildtype 

superclusters 1 and 2 and was therefore labeled as supercluster 3.  This 

suggests that the loss of sox4b transcriptomically alters the identity of cells within 
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the eyefield at 12 hpf. A pathway analysis on the DEGs between the wildtype and 

sox4b MZ cells revealed that the top pathways were for ribosomal proteins in 

addition to other post-transcriptional modification pathways, Notch signaling, Hh 

signaling, and Wnt signaling.  Notch, Hh, and Wnt signaling have all been shown 

to have roles in eye development (Bernardos et al., 2005; Cavodeassi et al., 

2005; Eckert et al., 2019; Ekker et al., 1995; Macdonald et al., 1995). Therefore, 

the alteration in expression of these pathways could be contributing to the sox4b 

MZ phenotype of microphthalmia and possibly the later retinal phenotype of 

reduced rod photoreceptors. 

In addition to being differentially expressed across the two superclusters, 

her9 was also downregulated in the sox4b MZ mutant cells that made up 

supercluster 3 and the number of cells expressing her9  was 19.22% (Fig. 3.14 

E,J). HCR of her9 was repeated under the same conditions on sox4b MZ 

mutants and the amount of her9 expression colocalizing to RX3:eGFP signal was 

compared to the wildtype. In contrast to the scRNA-Seq data, quantification of 

Rx3:GFP+ and her9 positive cells indicated that sox4b MZ mutants had a higher 

percentage of their eyefield expressing her9 compared to wildtype with 97.8% 

colocalizing with the eyefield.  Based on the expression pattern of her9 in the 

wildtype eyefield, it could be possible that these cells are preparing to evaginate 

and give rise to the optic vesicle.  With the expansion of her9 expression it could 

indicated that it might alter evagination of the eyefield into the optic vesicles. Live 

imaging of ocular morphogenesis in the sox4b MZ mutants did not indicate any 

difference in the timing of events during optic vesicle evagination.  Therefore, the 

change in her9 expression may be acting differently to affect later neurogenic 

fates. This could also be tested by using the rx3:Kaede transgenic line (Samuel 

et al., 2016) to label cells on the periphery versus the center of the eyefield and 

track their movement though optic morphogenesis and later fates in retinal 

differentiation in the sox4b MZ mutants. 

The conflicting results between the scRNA-seq dataset and HCR of her9 

expression in the sox4b MZ mutants was surprising given the reproducibility 
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found in the wildtype dataset at this same timepoint. The scRNA-Seq was 

obtained from cells that were collected by FACS; therefore, cells must have a 

threshold level of GFP to be collected by this method.  We have observed that 

expression of the Rx3:eGFP transgene is reduced in the sox4b MZ mutants.  

Therefore, it is possible that a portion of low-expressing Rx3:GFP+ cells that also 

express her9 were detected by the more sensitive imaging methods but were not 

detected by scRNA-Seq due to not meeting the threshold of fluorescence for 

FACs sorting, thus skewing the ultimate RNA-Seq data.   

Despite the discrepancies between scRNA-seq dataset and HCR of her9 

expression, the HCR of her9 does show a different expression pattern in the 

sox4b MZ mutants compared to the wildtype.  Expression of her9 is expanded 

along the lateral edges, reduced at the midline posterior to the eyefield, and 

expanded within the eyefield (Fig. 3.14 H-I). Given that Her9 has a known role in 

photoreceptor differentiation and survival (Coomer et al., 2020), the expanded 

her9 expression in the sox4b MZ eyefield may indicate a pathway through which 

the later retinal phenotypes are explained.  Her9 has been shown to be 

downstream of Bmp signaling in inter-pro-neural domains during embryonic 

development (Bae et al., 2006). Expression data from sox4 morphants (Wen, 

2016; Wen et al., 2015) and scRNA-seq data from sox4b MZ mutants, show 

downregulation of Bmp signaling in response to the loss of Sox4.  Therefore, 

Sox4 may be mediating her9 expression through Bmp signaling.  This could be 

tested by microinjecting a small dose of her9 morpholino at the single cell stage 

to see if reduction of the expansion of her9 expression rescues the phenotypes 

of microphthalmia and reduction of rod photoreceptors.  

A pathway analysis was done on the DRGs and one of the top pathways 

was for ribosomal proteins. 40 ribosomal proteins were upregulated and 7 were 

downregulated by at least a 2-fold change in the sox4b MZ cells.  One in 

particular that was differentially expressed in the eyefield of sox4b MZ mutants 

compared to wild type was rpl26, which encodes 60S Ribosomal Protein L26.  

Rpl26 was upregulated in the sox4b MZ mutants by 9.37-fold compared to wild 
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type.  This difference will need to be validated in vivo, especially given the 

discrepancy noted between her9 expression in the scRNA-seq versus by HCR.  

Given that rpl26 is upregulated rather than downregulated like her9 in the sox4b 

MZ cells, I would expect this upregulation to potentially be even more expanded 

in the eyefield in vivo.  Ribosomal Protein L26 (Rpl26) contributes to part of the 

large (60S) subunit of the ribosome.  Mutations in Rpl26 are associated with the 

condition Diamond-Blackfan anemia (DBA).  DBA is characterized by the 

presence of mild-to-severe macrocytic anemia, a normocellular bone marrow, 

selective erythroid hypoplasia, and occasional neutropenia and/or 

thrombocytosis. It also presents with growth retardation and congenital 

anomalies of the head, neck, upper limbs, and urinary system in approximately 

30-50% of patients (Gazda et al., 2012). DBA is also associated with ocular 

complications like cataracts and glaucoma (Tsilou et al., 2010).  Other mutations 

in various ribosomal proteins, RPL3, RPL7, RPL8, RPL10, RPL14, RPL17, 

RPL19, RPL23A, RPL26, RPL27,RPL35, RPL36A, RPL39, RPS4X, RPS4Y1, 

and RPS21 been described to cause DBA (Gazda et al., 2012).  Out of these 

ribosomal proteins rpl7, rpl10, rpl14, rpl23a, rpl26, rpl27, rpl35, and rpl36a were 

upregulated in the sox4b MZ mutant eyefield at 12 hpf.  Other mutations in 

ribosomal proteins are also associated with ocular complications.  Mutations in 

Rps7 and Rpl38 in mice are associated with microphthalmia (Kondrashov et al., 

2011; Watkins-Chow et al., 2013). Treacher Collins Syndrome is also associated 

with coloboma and primarily occurs in response to mutations in TCOF1, which is 

involved in ribosome biogenesis(Chang & Steinbacher, 2012). Taken together, 

these data suggest that the ribosome has an important role in eye development.  

It is interesting that changes in ribosomal proteins result in deficits in specific 

tissues rather than causing global complications since translation is an essential 

process in all cells.  This sparks the consideration that there may be 

heterogeneity among ribosomes that influences their function (Genuth & Barna, 

2018). This has interesting implications for an additional layer of complexity in the 

control of gene expression.  The upregulation of rpl26 along with the differential 
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expression of 46 other ribosomal proteins strongly implicates that proper 

ribosomal function, translation could be compromised in the sox4b MZ mutants.  

Sox4 has predominantly been shown to be a transcriptional activator (Dy 

et al., 2008; Hoser et al., 2008; Penzo-Méndez, 2010; Van De Wetering et al., 

1993; Wiebe et al., 2003) with a single study suggesting a possible role in 

transcriptional repression in vitro (Zhao et al., 2017). This suggests that any 

direct targets of Sox4 would likely be decreased in expression upon the loss of 

Sox4. The majority of ribosomal proteins differentially expressed in the sox4b MZ 

mutants are upregulated and therefore unlikely direct targets of Sox4.  However, 

since Sox4 may have a potential ability to repress transcription, the 5’ UTR of the 

upregulated ribosomal protein sequences should be checked for Sox4’s binding 

motif.  

The mTOR signaling pathway has been established with the ability to 

upregulate ribosome biogenesis through the promotion of ribosomal protein s6 

kinase (S6K) activity. S6K has been shown to promote ribosome biosynthesis 

through rRNA synthesis and is predicted to be the rate limiting step of ribosome 

biogenesis (Jastrzebski et al., 2009; Lempiäinen & Shore, 2009).  The mTOR 

signaling pathway and rps6kb1a (a zebrafish S6K orthologue) are downregulated 

in the sox4b MZ Cells at 12 hpf. This is surprising given the upregulation of 

ribosomal protein transcripts in the dataset at this timepoint.  The mTOR 

signaling pathway and S6K may be upregulated in the sox4b MZ cells prior to 

this point in time, leading to the increase in ribosomal protein transcripts 

observed. This could be tested by doing an in situ for s6k at the onset of eyefield 

specification in wildtype and sox4b MZ embryos.   

Alteration in translation in sox4b MZ mutants may be a pathway through 

which the loss of maternal sox4 leads to ocular morphogenesis defects and a 

reduction of rod photoreceptors.  To follow up on this hypothesis, there are some 

methods currently available to test ribosomal function.  The SUnSET assay 

measures protein synthesis rates by incorporating 3H-puromycin to label newly 

synthesized proteins in vivo (Caron et al., 2021; Goodman & Hornberger, 2013; 
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Schmidt et al., 2009).  Polysome Fractionation observes the presence of the size 

of polysomes attached to a specific mRNA at one time.  It is believed, that the 

larger amount of polysomes attached to a mRNA correlates to the likelihood it will 

be translated (Caron et al., 2021; Panda et al., 2017). The Bicistronic Reporter 

Assay can be used to determine whether ribosome the Internal ribosomal entry 

site (IRES) is able to recognizes the 5’ cap of a specific mRNA transcript and 

initiates translation in vitro (Caron et al., 2021; van den Akker et al., 2021). The 

caveat to the aforementioned methods, is that they all examine the function of 

ribosomal activity overall.  RIBO-seq can be used in parallel with RNA-seq to 

determine which mRNA transcripts are actively being transcribed versus 

translated and provide a sense of translational efficiency and how that varies 

across different transcripts (Wu et al., 2022). Given the consideration that 

ribosomes may not be a monolith and instead may be heterogenous according to 

developmental or tissue context (Genuth & Barna, 2018), mass spec can be 

used to detect the different subunits of the ribosome and determine if they are 

actually a heterogenous population (Benjamin et al., 1998; Van De Waterbeemd 

et al., 2018).  Using all of these tools would provide insight into whether 

ribosomal function is compromised overall in sox4 MZ mutants, and if that deficit 

preferentially affects specific transcripts over others.  

A recent study in mice showed that loss of fbl, a rRNA methyltransferase, 

specifically reduced translation of specific chromatin remodelers in neural stem 

cells of the cerebral cortex.  H3K27me3 is a repressive marker for gene 

expression that primarily acts on genes specific to later timepoints in neuronal 

specification.  This suggests that regulation of chromatin remodelers by 

translation may be a mechanism by which the neurogenic timer is regulated (Wu 

et al., 2022). Assessing translation efficiency in the sox4b MZ mutants could 

provide clues if a similar mechanism may be driving the retinal neurogenic timer. 

Another impact this area of study would have, would be to potentially 

explain how maternal contributions can lead to effects much later in 

development.  In human neuronal cell culture, it was shown that ribosomal 
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proteins have long half-lives of 6-11 days (Dörrbaum et al., 2018). It was shown 

that chondrocytes that experienced an early loss of Sox9 displayed an inhibition 

of chondrogenic differentiation. These effects were linked to alterations in 

ribosomal proteins that could be detected as far out as 7 days post knock-down 

(Caron et al., 2021).  This indicates that any alterations to ribosomal subunits can 

lead to effects that occur many days beyond that initial occurrence.  

In summary, in this dissertation I demonstrate a protocol to visualize the 

process of ocular morphogenesis with high temporal and spatial resolution and 

provide an initial characterization of the retinal phenotypes found sox4 zebrafish 

mutants.  My findings support a role for Sox4 in specification of the eyefield and 

in rod photoreceptor neurogenesis and maturation (Fig. 4.1).  Additionally, my 

scRNA-seq data provides evidence that the eyefield is already a heterogenous 

population as early as 12 hpf.  This information can be expanded upon to 

determine how the different cell identities in the eyefield impact the process of 

ocular morphogenesis and possibly later events in neurogenesis of the retina. 

Going forward, the sox4 MZ zebrafish mutants will be a useful tool in 

determining the precise mechanism by which Sox4 contributes to specification of 

the eyefield and in rod photoreceptor neurogenesis and maturation. The sox4 MZ 

zebrafish mutants also provide us the opportunity to further study how maternal 

contributions lead to long term developmental effects which may in part be 

possibly mediated by ribosomal proteins (Fig 4.1B).    
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Figure 4.1  Model of the role Sox4 has in ocular morphogenesis and rod 
photoreceptor neurogenesis. 
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APPENDIX 1. A POSSIBLE ROLE FOR SOX4 IN NEURAL CREST 
DEVELOPMENT 

4.1 Abstract 

Many tissues are partially derived from neural crest cells.  Neural crest 

cells are a unique, migratory cell type that originates during formation of the 

neural tube.  CHARGE syndrome has phenotypes of choanal atresia, coloboma, 

cardiovascular malformation, choanal atresia, slowed development, genital 

hypoplasia, and ear anomalies. These phenotypes have overlap with cell types 

that are known derivatives of the neural crest.  CHARGE syndrome is primarily 

due to mutations in CHD7.  However, CHD7 functions upstream of SOX4 and 

SOX11 in the nervous system, suggesting that some CHD7-associated CHARGE 

syndrome phenotypes may be due to dysregulated expression of SOX4 and 

SOX11.  Zebrafish sox4 MZ mutants show some similar phenotypes to those 

associated with CHARGE syndrome; these might be mediated through defects in 

the neural crest cell population upon loss of Sox4. 

4.2 Introduction 

Neural crest cells are derived from the neural plate border during 

embryogenesis. Near the end of gastrulation, the neural plate folds and closes to 

form a neural tube. The dorsal neural folds give rise to the neural crest cells with 

the onset of expression of foxd3, snai1/2, sox8, sox9, and sox10.  The specified 

neural crest cells then undergo an epithelial-to-mesenchymal transition (EMT), 

delaminate from the neural tube, and migrate to a variety of developing tissues, 

giving rise to a diverse set of derivatives (Rocha et al., 2020; Simoes-Costa & 

Bronner, 2015).  Chondrocytes, osteocytes, fibroblasts, odontoblasts, cardiac 

mesenchyme, myoblasts, adipocytes, sensory neurons, cholinergic neurons, 

adrenergic neurons, satellite cells, Schwann cells, glial cells, chromaffin cells, 

parafollicular cells, calcitonin-producing cells, and melanocytes are all known 
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derivatives of neural crest cells (Cordero et al., 2011; Kwak et al., 2013; Phillips 

et al., 2006; Rocha et al., 2020; Simoes-Costa & Bronner, 2015; Stoller & 

Epstein, 2005; Thomas & Erickson, 2008)  Defects in neural crest cells have the 

potential to impact many different developmental systems. 

CHARGE Syndrome is primarily characterized by the presence of choanal 

atresia, heart defects, coloboma, characteristic ear malformations and cranial 

nerve anomalies. The additional phenotypes of genital hypoplasia, cleft lip/palate, 

tracheoesophageal fistula, distinctive CHARGE facies, and delayed growth and 

development occur with varying frequencies across patients.  CHARGE 

Syndrome is primarily due to mutations in the chromatin remodeling factor CHD7 

(Blake & Prasad, 2006; George et al., 2020; Lalani et al., 2006; Patten et al., 

2012).  Many of the systems affected in CHARGE patients require neural crest 

cells to properly develop; thus, CHARGE syndrome has been characterized as a 

neurocristopathy.  In a zebrafish CHARGE model, chd7 morphants exhibit 

defects in pigmentation, peripheral neurons, and craniofacial cartilage, which are 

all known derivatives of the neural crest. It was shown that there was a 

dysregulation of sox10 expression in chd7 morphants, that suggested a delay in 

neural crest cell development.  Interestingly, knockdown of sox10 rescued the 

defects in craniofacial cartilage but not the peripheral neuron and pigmentation 

defects, indicating that Chd7 influences these independently of sox10 

expression. (Asad et al., 2016).  In another study, neural crest cells were 

differentiated in vitro from induced pluripotent stem cells (iPSC) generated from 

two CHARGE patients.  These iPSC neural crest cells showed deficits in 

migratory abilities (Okuno et al., 2017).  

Additional evidence for a connection between Chd7, SoxC factors, and 

neural crest cells comes from a CHARGE patient who was identified to have a 

duplication of SOX11 instead of a mutation of CHD7 (Sperry et al., 2016). CHD7 

is a chromatin remodeler and has been shown to directly target SOX4 and 

SOX11.  This suggests that dysregulation of SOXC transcription factors upon 

loss of CHD7 may contribute to the phenotypes observed in CHARGE syndrome, 
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including in tissues derived from neural crest cells (Feng et al., 2013).  There is 

also some direct evidence that SoxC transcription factors influence neural crest 

development. Conditional knockout of Sox4 and Sox11 in the neural crest did not 

affect delamination from the neural tube or migratory behaviors. However, some 

SoxC-deficient cells underwent cell death upon reaching their destination in the 

brachial arches (Bhattaram et al., 2010).  Moreover, in lamprey and Xenopus, 

soxC genes are expressed in the pharyngeal arches, heart, and ganglia similar to 

in chicken and mouse.  Knockdown of soxC genes in both lamprey and Xenopus 

led to down-regulation of neural crest specifier genes and defects in neural crest 

derived ganglia (Uy et al., 2015).  

Sox4 has been shown to play a role in ocular morphogenesis, which may 

include a role for neural-crest derived periocular mesenchymal (POM) cells 

(Bhattaram et al., 2010; Jiang et al., 2013; Usui, Iwagawa, et al., 2013; Usui, 

Mochizuki, et al., 2013; Wen, 2016; Wen et al., 2015). In zebrafish, sox4 

expression co-localizes with sox10:GFP positive cells in the POM at 24 hpf (Wen 

et al., 2015). There is a growing body of evidence suggesting neural crest cells in 

the periocular mesenchyme (POM) are critical for ocular morphogenesis (Bryan 

et al., 2018, 2020; Williams & Bohnsack, 2015).  To determine whether Sox4 has 

a function in neural crest cell development,  zebrafish sox4 MZ mutants were 

characterized for additional phenotypes outside the eye, that would suggest 

defects in neural crest derived tissues.  

4.3 Sox4 MZ Mutants Display Phenotypes Reminiscent of Neural Crest 
Defects 

The sox4a MZ, sox4b MZ, and sox4ab MZ mutants were characterized 

using stereo microscopy.  Zero% of sox4a MZ, 14% of sox4b MZ, and 19% of 

sox4ab MZ embryos displayed hypopigmentation at 48 hpf (Fig. A.1).  Since 

pigment cells are derived from the neural crest (Thomas & Erickson, 2008), this 

suggests that Sox4 may have a role in neural crest development.  
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Figure A.1 sox4b MZ mutants are hypopigmented at 48 hpf  

(A-B) and 72 hpf (A’-B’). (A-A’) WT (B-B’) sox4b MZ mutant. 

 

Neural crest cells contribute to the developing cardiovascular system 

(Stoller & Epstein, 2005). SOX4 is known to play a role in cardiac development 

as the Sox4 knockout in mice is embryonic lethal due to heart defects in the form 

of a common trunk at E14 (Wurm et al., 2008; Ya et al., 1998).  A proportion of 

the sox4 MZ mutants do show heart abnormalities in the form of a heart edema.  

30.2% of sox4a MZ, 34.7% of sox4b MZ, and 37.8% of sox4ab MZ have heart 

edema (Fig. A.3).  Heart edema is a relatively non-specific finding but it is 

suggestive of heart failure (Narumanchi et al., 2021). 

 

Figure A.2 sox4 MZ mutants have heart edema at 72 hpf.  



   
 

118 

(A) WT (B) sox4a MZ mutant (C) sox4b MZ mutant (D) sox4ab MZ mutant (E) 
Percentage of sox4 MZ mutants with heart edema. 

 

The zebrafish auditory system consists of an otic placode which 

resembles the mammalian inner ear (Bever & Fekete, 2002; Haddon & Lewis, 

1996). The otic placode is in part, derived from neural crest cells (Kwak et al., 

2013; Phillips et al., 2006). Imaging of the otic placode by DIC microscopy 

showed that 20% of sox4a MZ, 28% of sox4b MZ, and 35% of sox4ab MZ of 

displayed delayed otic placode development at 48 hpf (Fig. A.3). Delayed otic 

placode development was determined by the presence of undersized otoliths 

within the otic placode as notated by the arrows in (Fig. A.3). 

 

Figure A.3 sox4 MZ mutants have delayed otic development at 48 hpf.  

(A) WT (B) sox4a MZ mutant (C) sox4b MZ mutant (D) sox4ab MZ mutant. (A-D) 
Arrows point to the posterior otolith. 

 

Chondrocytes in craniofacial cartilage are another derivative of neural 

crest cells (Cordero et al., 2011).  Alcian blue was used to observe the 

craniofacial cartilage of 6dpf zebrafish larvae. 28% of sox4a MZ, 26% of sox4b 

MZ, and 31% of sox4ab MZ of displayed craniofacial defects (Fig. A.5).  Out of 

those that displayed craniofacial defects, the ceratohyal:palatoquadrate angle 

and the ceratohyal angle were both increased in the sox4 MZ mutants. 
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Figure A.4 sox4 MZ mutants have craniofacial defects at 6 dpf.  

(A) WT (B) sox4a MZ mutant (C) sox4b MZ mutant (D) sox4ab MZ mutant (E) 
Box plot of ceratohyal:palatoquadrate angle (E’) Box plot of ceratohyal angle (E”) 
Bar graph of sox4 MZ mutants with craniofacial defects. 

4.4 Discussion 

The sox4 MZ mutant zebrafish display phenotypes of hypopigmentation, 

heart edema, delay of otic development, and altered craniofacial cartilage that 

resemble some of the defects associated with CHARGE syndrome.  These 

phenotypes all belong to tissues that require neural crest derived cells (Kwak et 

al., 2013; Phillips et al., 2006; Stoller & Epstein, 2005; Thomas & Erickson, 

2008).  Given that Chd7 influences neural crest development (Asad et al., 2016; 

Okuno et al., 2017) and sox4 is downstream of Chd7 (Feng et al., 2013), Sox4 
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may be playing a role in neural crest development. The sox4 MZ mutant 

zebrafish may be able to act as a model for understanding how developmental 

disorders caused by sox4 mutations affect multiple developmental systems. 

Taken together these data strongly indicate the need to further 

characterize the role of Sox4 in the neural crest cell population.  This can be 

achieved by crossing the sox4 mutants onto different transgenic lines that label 

neural crest cells, for example sox10:RFP (Kucenas et al., 2008) or foxd3:GFP 

(Gilmour et al., 2002) to analyze any potential changes in the neural crest cell 

population. 

4.5 Methods 

4.5.1  Animal Husbandry 

All experiments involving the use of zebrafish (Danio rerio) were carried out in 

accordance with protocols established by the University of Kentucky Institutional 

Animal Care and Use Committee (IACUC). Zebrafish were bred, raised, and kept 

with a 14 h light:10 h dark cycle at 28.5°C. 

4.5.2 Genotyping 

Adult fish were anesthetized in 0.168 mg/mL of tricane (MS222) in fish water. To 

extract DNA, part of the tail was removed (Westerfield, 2007), placed in 20ml of 

1x ThermolPol Buffer and incubated at 95°C for 15 min.  Sample was cooled. 5ml 

of ProteinaseK was added to the sample and incubated at 55°C overnight.  

ProteinaseK was inactivated the next morning at 95°C for 15 min.  DNA was 

used in a PCR of sox4a and/or sox4b and run on an agarose gel to screen for 

the presence of a large deletion.  Primers details can be found in table 3.1. 

4.5.3 Microscopy of Live Zebrafish Embryos/Larvae 

Zebrafish embryos were anesthetized in 0.168 mg/mL of tricane (MS222) in fish 

water, placed in 3% Methyl Cellulose. The pigmentation of 48 hpf embryos and 
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the craniofacial defects of 6 dpf larvae was imaged using a stereo microscope 

(Digital Sight Ds-Fi2, Nikon instruments). The otic vesicles of 48 hpf embryos 

were imaged at 40x using DIC on an inverted fluorescent microscope (Eclipse Ti-

U, Nikon Instruments). 

The hearts of 72 hpf embryos were imaged at 20x on an inverted fluorescent 

microscope (Eclipse Ti-U, Nikon Instruments). 

4.5.4 Alcian Blue 

Zebrafish were treated with 1x 1-phenyl 2-thiourea (PTU) in fish water from 1dpf 

to 6dpf to prevent pigmentation. 6 dpf zebrafish larvae were fixed in 4% PFA 

overnight and then washed in 1xPBST.  The samples were dehydrated in a 

EtOH:1xPBST gradient series (50%, 70%, 90%) and incubated in Alcian blue 

solution (Alcian blue cationic dye, Abcam) for 5 hours.  The samples were 

rehydrated in a EtOH:1xPBST gradient series (70%, 50%, 30%) to 1xPBST. The 

samples were run through a glycerol gradient series (25%, 50%, 75%) and 

stored in 75%glycerol, 2% KOH. Samples were imaged using a stereo 

microscope (Digital Sight Ds-Fi2, Nikon instruments). Measurements were taken 

of the ceratohyal:palatoquadrate angle and the ceratohyal angle. 

4.5.5 Statistics 

All quantitative measurements were compared across the various genotypes 

using either a student t-test or a one-way ANOVA followed by a Tukey Test to 

determine any significant differences.  Statistical analyses were run through the 

open-source software R, using the programs stats. The open-source software R 

was used to generate boxplots of quantitative measurements using the program 

ggplot2. 
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