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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 Muller 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 Muller glia and rod photoreceptors
(Livesey & Cepko, 2001; Pillai-Kastoori et al., 2014; Stenkamp, 2007). In



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 (2 (tr32) or retinoid x receptor y (rxry)
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



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



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



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 Muller 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



(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 Muller glia.
The Mdller glia has several important roles in the retina, providing structure,
monitoring the retinal environment, and responding to injury. When responding
to an injury, the Muller 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
Muller glia will then dedifferentiate and divide asymmetrically. One daughter cell
will remain a Muller 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

11



(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. mMRNA 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, lwagawa, 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

. Binding Target
System Organism Reference
Partner Gene
Brn-1 (Kuhlbrodt et al.,
Oligodendrocytes Rat Nestin 1998; Wiebe et
Brn-2 al., 2003)
(Bhattaram et al.,
Mesoderm Mouse Tead2
2010)
Pancreatic (E. E. Xu et al,,
_ Mouse Neurog3
Endocrine Cells 2015)
(Bergsland et al.,
Mouse Tubb3
2006)
Neurons (Jacob et al.,
Chicken Prox-1
2018)
Human DCS (Mu et al., 2012)
Retinal Ganglion (Jiang et al.,
Mouse Brn3b
Cells 2013)
Retinal Ganglion Plexan1 .
(Kuwajima et al.,
Cell Axon Mouse 2017)
Guidance 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, Sox717 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,
lwagawa, 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 Sox77 null mice
there is a reduction of Bmp7, which may explain the microphthalmia and anterior
coloboma phenotypes (Wurm et al., 2008). Sox171 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 Sox717 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 Sox717 expression. Histone
modifications were detected at the Sox4 and Sox1717 loci. Histone 3 (AcH3) was
found at the Sox717 transcriptional start site and Anti-histone H3 tri-methyl Lys27
(H3K27) was found at transcriptional start sites of Sox4 and Sox771. The timing
of these histone modifications, acetylation of AcH3 and methylation of H3K27,
matched the different temporal expressions of Sox4 and Sox1717 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 sox71 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 sox77 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 Sox771 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 sox71, suggesting a role in rod
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differentiation (Ann C. Morris et al., 2011). In sox771 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, lIwagawa, 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 SOX171, 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 SOX171
(Al-dawanhiri et al., 2022). The clinical presentation of these patients was
compared to previous patients identified with SOX71 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 SOX77 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 SOX1711 (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

19



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 SOX71 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.
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Svnd Neurodevelopmental
ye Syndrome
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Figure 1.2 Developmental syndromes associated with SOXC transcription
factors.

20



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).

A Human SOX4 ( (_Hvme ) (TAD)
1 59 135 441 474
B Zebrafish Sox4a  ( (_HMG ) [TAD)
1 63 134 330 363
Zebrafish Sox4b ( (_HMG ) (TAD)
1 54 125 306 342

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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