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Abstract

THE ROLE OF RX IN EMBRYONIC RETINOGENESIS: DETERMINING GENETIC
INFLUENCES ON OPTIC VESICLE FORMATION AND PHOTORECEPTOR CELL
FATE.

Helen M. Rodgers

Eye development is a dynamic and complex process that is controlled by the interactions of
transcription factors, signaling pathways, and growth factors. Disruption of the developmental
process can result in ocular malformations or retinal diseases, which can cause blindness.
Developing tools to study embryonic retinogenesis and understanding the molecular
mechanisms involved are important for increasing our understanding of neural development,
understanding ocular malformations such as anophthalmia, and may improve or lead to new
treatments for eye diseases including blindness. This work aims to develop new tools for
studying early eye development and explore genes associated with optic vesicle development
and photoreceptor cell fate. In Study 1, we sought to identify and characterize markers of
embryonic cone photoreceptors. We identified that two genes involved in phototransduction,
phosducin and cone transducin vy, are expressed in developing cones. We characterized the
temporal and spatial profile of both genes and their associated proteins over the developmental
timeline of retinogenesis. Further, we determined their colocalization with known cone and
photoreceptor markers and thus established them as useful markers for further studies of early
cone histogenesis. In Study 2, we assessed the role of the homeobox gene, Rx, in progenitor
proliferation and cell fate determination in the mouse retina using a conditional knockout.
Deletion of Rx in retinal progenitors led to a loss of retinal lamination, depletion of the retinal
progenitors and in the mature retina showed changes in retinal cell types. Late-born cells (rods,
bipolar cells, and Miiller glia) were absent, likely due to the depleted progenitor pool. Cones (an
early-born retinal cell type) were also absent; examination of cone histogenesis showed Rx is
necessary for cone photoreceptor generation. Finally, in Study 3 we identified an effective gene
knockdown method for 3D optic vesicle organoid culture that is useful for studying gene
expression and early retinal development. Using this method, we assessed the roles of three
candidate genes in optic vesicle development and identified one gene that warrants further
investigation in vivo. Collectively these studies provide new tools for studying early
embryogenesis and further our knowledge of the genetics underlying optic vesicle development
and cone photoreceptor formation.
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Chapter 1:

Literature Review



Approximately 1.02 million Americans are blind and another 3.22 million have visual
impairments and those numbers are expected to double in the next 40 years (Varma et al.,
2016). Among the causes of blindness are retinal diseases and ocular malformations. Retinal
diseases include age-related macular degeneration and inherited retinal dystrophies like retinitis
pigmentosa. Ocular malformations include microphthalmia (small eyes) and anophthalmia (a
complete absence of eyes). Ocular malformations are a less common cause of blindness with
an incidence rate of one in 5300 in the USA (Parker et al., 2010). Studying the genetic and
molecular mechanisms involved in eye development will provide valuable information that will
aid our understanding of neural development, and provide knowledge that could enhance
current therapies, while potentially being a step toward developing new strategies to treat retinal

diseases including blindness.

Eye development is a dynamic and intricate process that is controlled by a highly organized
sequence of interactions between signaling pathways, growth factors and transcription factors.
Disruption of the developmental process can lead to ocular malformations and retinal diseases.
This review chapter begins with a focus on eye development and its regulation by transcription
factors. Next, the expression, function and clinical significance of one of the main transcription
factors in eye development, Rx, will be discussed. Finally, stem cells and stem cell-derived
retinal neurons will be examined, including the development of three-dimensional (3D) optic

vesicles in culture and their potential for studying retinal development.

Overview of eye development

The eyes develop as an extension of the developing forebrain. Development begins early in
embryogenesis and consists of several overlapping stages starting with the induction of neural
tissue and the formation of the anterior neural plate. In the second stage the anterior neural
plate is subdivided into fields, one of which is the eye field that subsequently splits from the

developing forebrain. The third step is the generation and patterning of bilateral optic vesicles.
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Stage four includes the formation of the lens and formation and regionalization of the optic cup.
The optic cup is a bilayered structure, the inner layer of the optic cup becomes neural retina and
the outer layer becomes retinal pigmented epithelium (RPE). The final stage is the

differentiation of retinal neurons and glia.

As the optic cups form, the first retinal neurons (retinal ganglion cells) are born from retinal
progenitors, followed by the remaining differentiated retinal cell types in a characteristic
sequence. The cells align in distinct layers, forming the outer nuclear layer, the inner nuclear
layer and the retinal ganglion layer. Synapses form between the cellular layers in what are
called the plexiform layers of the retina. Visual signaling starts in the retina at postnatal day
(P)13-14 in mice (Hoffpauir et al., 2009). Figure 1 displays a schematic of the major events in
eye development. A more detailed discussion of eye development follows with a specific focus
on the formation of optic vesicles and development of photoreceptors during neurogenesis. The
regulation of these two stages of development involves the interaction of many factors, but this

discussion will primarily focus on transcriptional regulation.

Early eye development - optic vesicle formation

In mice, the first visible stage of eye development is the formation of bilateral optic vesicles
beginning with the appearance of optic sulci or optic pits at embryonic day (E) 8 (Heavner and
Pevny, 2012). Regulation of early eye development occurs through an interaction of extrinsic
signaling factors and intrinsic transcription factors. Early in embryogenesis, neural induction of
the dorsal ectoderm occurs with the inhibition of bone morphogenetic protein (BMP) signaling
via antagonists such as, Noggin, Follistatin, Chordin, Cerberus, and Xnr3 (Weinstein and
Hemmati-Brivanlou, 1999; Gestri, 2005) and suppression of BMP signaling by Wnt and
fibroblast growth factor (FGF) signaling (Graw, 2010). The induction of neural tissue is followed
by specification of the anterior neural plate. The formation of the anterior neural plate is

accomplished via the inhibition of the Wnt and/or Nodal signaling pathways by either actions of
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Lefty, Cerberus or Dickkopf-1 (Dkk1) (Bouwmeester et al., 1996; Glinka et al., 1998; Branford
and Yost, 2002). These pathways are responsible for organization of left-right axial structures in
early embryonic development. A transcription factor, Six3, has also been proposed as playing a
role in anterior neural plate specification through promotion of cell proliferation and inhibition of

BMP (Graw, 2010).

The anterior neural plate is then subdivided into fields along the anterior-posterior axis, one of
which is the eye field. Interactions of Cerberus, Dkk1, Chordin and Noggin, as well as
components of the Wnt, Nodal, FGF and insulin-like growth factor (IGF) signaling pathways,
work together to generate the appropriate regionalization of the fields of the anterior neural plate
(McFarlane et al., 1998; Piccolo et al., 1999; Pera et al., 2001; Houart et al., 2002; Lagutin et al.,
2003). Eye field formation requires a series of inductive events including the expression of a
combination of transcription factors, known as eye field transcription factors (EFTFs). The
expression of the EFTFs are induced by the actions of noggin and Otx2 (Zuber et al., 2003).
The anterior neuroectoderm begins to express the transcription factors Otx2 and Sox2, which in
combination prime the anterior neural plate for eye field specification and activate the
transcription of a crucial EFTF, Rx (Danno et al., 2008). Rx is required for the proliferation of
retinal progenitors and leads to an increase in transcription of other transcription factors
including Pax6, Six3, Lhx2, and Six6 (also known as Optx2) (Bailey et al., 2004). This group of
transcription factors, including Rx, make up the EFTFs, which are expressed in slightly different
but overlapping areas of the eye field (Zuber et al., 2003). Otx2 is repressed as the EFTFs are
expressed (Zuber et al., 2003). Disruptions during early eye development can lead to ocular
malformations such as anophthalmia (absence of eyes) or microphthalmia (small eyes).
Mutations in Sox2, Otx2, and Rx are all associated with ocular malformations (Gonzalez-

Rodriguez et al., 2010; Williamson and FitzPatrick, 2014). Studies utilizing models of over-



expression and deletion have shown that transcription factors, such as Otx2, Rx, Pax6, Six3

and Lhx2 all play an important role in early eye development (Andreazzoli, 2009).

After eye field specification, the neuroectoderm divides in two. Separation at the midline is
controlled by a combination of the activation of sonic hedgehog (Shh) (Chiang et al., 1996) by
Six3 expression (Geng et al., 2008; Jeong et al., 2008) and signaling factors such as Ndr2
(Rebagliati et al., 1998). Disruptions in Shh, Six3, or Ndr2 expression result in midline defects
such as holoprosencephaly (HPE) that can include the formation of a single eye, cyclopia
(Belloni et al., 1996; Roessler et al., 1996; Rebagliati et al., 1998; Muenke and Cohen, 2000;
Geng et al., 2016). At approximately E8.5 in the mouse, the walls of the diencephalon form
evaginations called optic vesicles. Studies suggest that Rx, Pax6 and tll are involved in the
evagination of the optic vesicles (Bailey et al., 2004; Chow & Lang, 2001; Hollemann, Bellefroid,
& Pieler, 1998; Loosli et al., 2001; Loosli et al., 2003; Rembold, Loosli, Adams, & Wittbrodt,
2006). The optic vesicles contain retinal stem cells that will eventually give rise to all the

neuroectoderm-derived cells of the eye (Heavner and Pevny, 2012).

Prior to optic cup formation, the optic vesicle undergoes patterning along the dorsal-ventral axis
and along the naso-temporal axis. This patterning results in the formation of regions that
correspond to the presumptive neural retina (distal region), RPE (dorsal proximal region) and
optic stalk (ventral proximal region). Regulation of optic vesicle patterning involves the
expression of several transcription factors in specific regions that are important for the formation
of a specific cell type. The presumptive neural retinal in the dorsal region expresses Vsx2
(previously called Chx10) and Pax6 (Adler & Canto-Soler, 2007; Liu et al., 1994), the dorsal
proximal region that will become RPE expresses the basic helix-loop-helix (bHLH) transcription
factor Mitf, along with Otx2, and Pax6. Pax2 is expressed in the ventral proximal region of the
optic vesicle, which is the presumptive optic stalk (Nornes et al., 1990; Hodgkinson et al., 1993).
In addition, extrinsic signals including members of TGFB, FGF, and Wnt families and Shh are
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involved in optic vesicle patterning prior to it forming the optic cup (Heavner and Pevny, 2012).
Once the optic vesicle is formed, it interacts with the overlying ectoderm and will invaginate to
create a bilayered optic cup. Figure 2 is a diagram of the events surrounding optic vesicle

development, including key transcription factors and signaling pathways that are involved.

Neural Retina Formation — Photoreceptor Development

The stepwise process of retinal neurogenesis begins early with FGF and Shh signaling along
with the expression of transcription factors, Pax6, Pax2, Vax, Rx, Mitf, and Otx2 directing the
regionalization of the optic cup (Yang, 2004). The optic cup forms a bilayered structure, where
the inner layer will become the retina and the outer layer will become RPE. As the optic cup is
forming, the generation of the differentiated retinal cell types begins. The retina contains seven
principal cell types, six different neuronal cells (including retinal ganglion cells, amacrine cells,
bipolar cells, horizontal cells, cone photoreceptors, and rod photoreceptors) and one glial cell
type, Miller glia. All of the different retinal cell types are formed from a common multipotent

retinal progenitor (Turner and Cepko, 1987; Holt et al., 1988; Turner et al., 1990).

Proliferation of Retinal Progenitors

Retinal progenitors are highly proliferative, multipotent cells produced in the neuroblastic layer
of the optic cup. Proliferation and cell cycle exit of retinal progenitors is tightly regulated during
development to ensure that there is a sufficient pool of progenitors to form all retinal cell types in
the appropriate ratios (Dyer and Cepko, 2001) and to maintain proper eye size. Early in
development, the retinal progenitors divide symmetrically to increase the number of progenitor
cells. Proliferation is regulated by several transcription factors including Hes1, Pax6, Vsx2, RXx,
Lhx2, Prox1 and Sox2 (Dyer et al., 2003; Ohsawa and Kageyama, 2008; Sigulinsky et al., 2008;
Agathocleous and Harris, 2009; Wall et al., 2009), as well as by neurotransmitters, such as

dopamine (Martins and Pearson, 2008) and extrinsic signals, such as Hedgehog signaling



(Cwinn et al., 2011). Disruption in the regulation of proliferation can result in deficits, which can

lead to loss of retinal neurons, alterations in eye size or a complete absence of eyes.

Once a sufficient pool of progenitors forms, the retinal progenitors undergo asymmetric
divisions, producing one daughter cell that will differentiate and one daughter cell that will
continue to divide as a progenitor. When neurogenesis is near completion, both daughter cells
of the dividing retinal progenitor will terminally differentiate and are likely to form Muller glia,
depleting the entire retinal progenitor pool. In mouse, the final mitotic divisions occur around
P10. The retinal progenitors, although starting off as multipotent, go through a series of stages
whereby the range of cell types produced is restricted (Marquardt & Gruss, 2002). This
restriction results in a heterogeneous pool of progenitors with overlapping subpopulations that
have a semi-restricted cell fate (Trimarchi et al., 2008), and these progenitors are often called
committed progenitors (Wong and Rapaport, 2009). The progression of cell fate determination

from multipotent progenitor to a differentiated neuron is shown in Figure 1C.

The birth of neurons from progenitors follows a conserved temporal pattern in vertebrates with
two distinct but overlapping phases (Young, 1985; Rapaport et al., 2004). The retinal cells born
during the early phase include retinal ganglion cells, amacrine cells, cone photoreceptors and
horizontal cells. The late-born retinal cell types include rod photoreceptors, bipolar cells and
Mdiller glia. In the mouse, the early phase of cell birth starts with retinal ganglion cell formation
at E10.5, followed by amacrine cells, cone photoreceptors and horizontal cells that start at
approximately E11.5. The majority of early born cells are generated before birth, whereas the
majority of late born cells are generated postnatally, however the formation of the late-born cells
starts during embryogenesis. The late-born cells start with rod photoreceptor generation at
E13.5, followed by bipolar cell birth that starts at E15 and finally Miller glia, which are formed
starting at approximately E16.5 (See Figure 3C for a schematic showing the time period for the

generation of each cell type).



In addition to the characteristic temporal pattern of retinal cell development, there is also a
spatial pattern followed during retinogenesis. The development of the central and peripheral
retina shows a difference in timing between these regions (See Figure 1C). The differentiation of

retinal neurons occurs first in the central retina and spreads to the periphery (Young, 1985).

Regulation of retinal neurogenesis is controlled by both extrinsic factors (morphogens and
growth factors) and intrinsic factors (transcription factors). Transcriptional regulation of the
differentiation of retinal neurons generally involves a combination of two main types of
transcription factors, homeobox (hb) and basic helix-loop-helix (bHLH), which can act as
activators or repressors for certain cell types. Specification of cell fate for a specific retinal cell
type results from the combination of actions of activators and repressors. Activators direct a cell
toward one fate while the repressors prevent the cell from adopting a different fate. The
specification of each retinal cell type requires a unique group of repressors and activators to
guide the cell to the appropriate cell fate. Alterations in transcription factors during retinogenesis
can lead to changes in cell fate, such that a cell that would become one cell type switches and
becomes another. For example, deletion of Pax6 leads to the development of amacrine cells at
the expense of all others (Marquardt et al., 2001). A discussion of the transcriptional regulation
of each cell type formed during retina development is beyond the scope of this introduction;

therefore, the discussion will be limited to the formation of photoreceptors.

Formation of Photoreceptors

Photoreceptors are the highly specialized cells that form the outer nuclear layer of the retina and
are responsible for phototransduction. There are two types of photoreceptors, rods and cones.
Each photoreceptor type is responsible for processing different types of light. Rods are highly
sensitive, and mediate vision in dimly lit conditions via the photopigment, rhodopsin. Cones
mediate vision in brightly lit conditions. There are different subtypes of cones. In mice, the two

primary subtypes are S-cones and M-cones, whereas humans contain a third cone type, L-
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cones. Each cone subtype is maximally responsive to a different wavelength of light thus
allowing color vision. The photopigments in cones are the opsins. In mice, M-cones primarily
express M-opsin (Opnlmw), which has a peak sensitivity to medium wavelength or the green
region of the light spectrum. S-cones predominantly express S-opsin (Opnlsw), which has a
peak sensitivity to short wavelength or blue region of the light spectrum. Opsin expression in
mice occurs in opposing gradients, such that most cones expression both S- and M-opsin but in
differing levels (Szél et al., 1996; Applebury et al., 2000). M-opsin is expressed at highest
concentrations dorsally and S-opsin ventrally (Szél et al., 1996; Applebury et al., 2000). In

humans, cones express one opsin (either L, M or S) per cone subtype.

Photoreceptors display distinct morphology containing 1) an outer segment that is filled with
photopigments (opsins) and interacts with the RPE; 2) an inner segment, which is connected to
the outer segment via a narrow connecting cilium; 3) a nucleus; and 4) a synaptic terminal. See
Figure 3B for a diagram of photoreceptor morphology. Disruption of the factors that regulate
photoreceptor development can affect formation, survival and function of photoreceptors, which

can lead to vision loss.

The formation of a differentiated and fully functioning photoreceptor is a stepwise process that
begins with the proliferation of the multipotent progenitor cells. Next, is the restriction of the
competency of the retinal progenitor cells, followed by the cell fate specification and
commitment to becoming a photoreceptor. Next, the cell will express photopigment-specific
genes, and finally there is a period of synapse formation and the outer segment formation. This
process is regulated by the combination of many transcription factors. For an overview of the

process and the transcription factors involved, see Figure 4.

One of the earliest identified transcription factors involved in photoreceptor formation is Otx2

(Nishida et al., 2003). Conditional deletion of Otx2 in mice results in a loss of photoreceptors



(rods and cones), and bipolar cells (Nishida et al., 2003; Koike et al., 2007). Activation of Otx2 in
progenitors leads to the activation of other transcription factors involved in photoreceptor cell
fate determination. Within the Otx2-positive population of progenitors, the expression of Blimpl
(also known as Prdm1) helps to determine whether the cells will become photoreceptors or
bipolar cells. The deletion of Blimp1 in a conditional knockout (CKO) model leads to a decrease
in photoreceptor numbers and an increase in bipolar cells (Brzezinski et al., 2010; Katoh et al.,
2010). Blimpl promotes photoreceptor cell fate through the repression of Vsx2, which is

required for bipolar cell formation (Brzezinski et al., 2010; Katoh et al., 2010).

Downstream of Otx2 is the transcription factor Crx (Cone-rod homeobox) (Nishida et al., 2003).
Crx is expressed in developing and mature photoreceptors in mice starting at E12.5 (Furukawa,
Morrow, & Cepko, 1997). Mice with a Crx deletion still develop photoreceptors, but they fail to
express photoreceptor-specific genes, such as the opsins, and they fail to form outer segments
(Furukawa, Cepko, Morrow, Li, & Davis, 1999). Eventually, Crx-deficient mice suffer from retinal
degeneration (Furukawa et al., 1999). CRX mutations in humans are associated with cone-rod
dystrophy, retinitis pigmentosa and Leber’s congential amaurosis (Freund et al., 1997; Sohocki
et al., 1998). At later stages of photoreceptor development, Crx acts in concert with Rx to
transactivate rhodopsin and opsin promoters and thus promote the expression of photoreceptor-
specific genes (Irie et al., 2015). This result suggests that Crx is important in photoreceptor
development, playing roles in outer segment formation, photoreceptor gene expression and

photoreceptor survival, but it alone does not specify photoreceptor cell fate.

The determination of rod photoreceptor fate is largely mediated through the expression of the
transcription factor, Nrl (Neural retina leucine zipper) (Mears et al., 2001). Nrl is preferentially
expressed in rod photoreceptors (Swaroop et al., 1992) and when deleted in mice, results in a
loss of rods that instead have adopted a S-cone-like photoreceptor fate and display abnormal
outer segments (Mears et al., 2001). Nrl transactivates several genes involved in rod
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development including Nr2e3 (Oh et al., 2008) and Rorg (Fu et al., 2014). Ectopic expression of
Nrl in photoreceptor precursors leads to the induction of rod-like characteristics and suppresses
cone-specific gene expression (Oh et al., 2007). In humans, NRL mutation is associated with
retinitis pigmentosa (Bessant et al., 1999; Martinez-Gimeno et al., 2001). Together these

studies provide evidence that Nrl is critical in specifying rod photoreceptor fate.

Another transcription factor involved in the development of photoreceptors is Ror (retinoid-
related orphan receptor beta), an orphan nuclear receptor that is expressed in the developing
retina with high expression in the presumptive photoreceptor layer (Schaeren-Wiemers et al.,
1997; Srinivas et al., 2006). RorB-null mice, similar to Nrl-null mice, lack rods and have excess
S-cone-like photoreceptors, which fail to form outer segments and do not express S-opsin
(Srinivas et al., 2006; Jia et al., 2009). Nrl and Nr2e3 are down-regulated in RorB-null mice
suggesting that Ror acts upstream of Nrl (Jia et al., 2009). There is also feedback interaction

whereby Nrl can activate RorB and thus reinforce the commitment to rod fate (Fu et al., 2014).

Another important transcription factor in rod cell fate determination is Nr2e3, an orphan nuclear
receptor that is activated by Nrl (Oh et al., 2008). Nr2e3 mutants display an up-regulation of
cone-specific genes and a down-regulation of rod-specific genes (Peng et al., 2005). Nr2e3 acts
in concert with Crx to specify rod fate through its repression of cone-specific genes, and it also
has the ability to activate certain rod-specific genes, such as rhodopsin (Chen, Rattner, &

Nathans, 2005; Cheng et al., 2004, 2006; Peng et al., 2005).

Whereas the transcriptional network responsible for rod photoreceptor cell fate determination
and development is fairly well studied, much less is known about cone photoreceptor
specification, and currently there are very few cone-specific markers that have been identified

and characterized in embryonic retinogenesis.

11



Based off of the evidence from current studies, a model of photoreceptor development has been
proposed whereby photoreceptors originate from a common photoreceptor precursor that has
been specified by Otx2, Crx and Rorf8 and, without additional regulatory signals (such as Nrl or
TrB2), will follow a default pathway and develop as an S-cone. This hypothesized model is

called ‘transcriptional dominance’ (Swaroop, Kim, & Forrest, 2010).

Several transcription factors have been identified that act on cone photoreceptors to activate
opsin expression. Thyroid hormone receptor B2 (TrB2) is expressed transiently in developing
cones during embryonic cone histogenesis (Applebury et al., 2007; Ng et al., 2009). NeuroD1
regulates Trp2 in developing cones (Liu et al., 2008). Deletion of Tr2 causes a loss of M-
cones with an increase in S-cones, and it disrupts the characteristic gradient of opsin
expression in the mouse retina (Ng et al., 2001). This phenotype indicates that the green cone
subtype (M-opsin) requires Tr32 activity. Since cones are still born but the green subtype is lost
in the Tr2 mutant, this result suggests that Tr32 is not required for the initiation of cone

formation but is necessary for cone subtype specification.

Other transcription factors work in concert with Crx to activate opsin expression. Rorf3, a
transcription factor that is important in early rod formation also acts in cooperation with Crx to
activate S-opsin expression in cone photoreceptors (Srinivas et al., 2006). Another nuclear
receptor, Rora, also works synergistically with Crx to activate S-opsin and M-opsin expression in

postnatal cones (Fujieda et al., 2009).

Another transcription factor, Rxry, is expressed in developing cones and retinal ganglion cells
(Mori et al., 2001). Deletion of Rxry does not affect the initiation of cone development, but all
cones express S-opsin, while M-opsin expression is unaffected (Roberts et al., 2005). This

phenotype suggests that Rxry is not necessary for M-opsin regulation but instead functions to
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suppress S-opsin in the dorsal portion of the retina and therefore helps to form the opsin

gradient found in the mouse retina.

Homeobox Genes in Eye Development

Each step in eye development is regulated by the collaboration of transcription factors, growth
factors and signaling pathways. Several of the transcription factors involved in eye development
have been identified through their expression patterns, and their functions revealed by
mutations, gene knockouts, and overexpression studies. These transcription factors can be
classified into three gene families, homeobox, basic helix-loop-helix, and forkhead box.
Homeobox genes encode transcription factors that contain a specific DNA sequence of 60
amino acids known as the homeodomain. The DNA binding homeodomain canonically binds to
core TAAT/ATTA motifs (Gehring et al., 1994). In addition to the homeodomain, there are
unique flanking domains which impart specificity (Gehring et al., 1994). Homeobox genes can
be classified based on the presence of these additional domains, for example those containing
paired or LIM domains. Homeobox genes are known to play a critical role in numerous aspects
of development including eye formation. Homeobox genes are involved with the specification of
the eye field, progenitor proliferation, cell fate determination, and retinal neuron differentiation
(Zagozewski, Zhang, Pinto, Wigle, & Eisenstat, 2014). Many of these genes play multiple roles
throughout eye development, and mutations affecting these genes can lead to a number of
ocular defects. The following are some of the main homeobox genes that play key roles in

regulating eye development.

Otx2
One of the earliest transcription factors expressed in eye development, Otx2 (Orthodenticle
homeobox 2), belongs to the orthodenticle-related family of transcription factors. The

orthodenticle-related family of genes includes the Drosophila orthodenticle (otd) and the

vertebrate Otx1 and Otx2 genes. The orthodenticle-related family genes encode bicoid-like,
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homeodomain-containing transcription factors that play important roles in development. Otx2 is
expressed very early in mouse development, as in situ hybridization with an Otx2 probe shows
wide spread expression at E5.5 in the embryonic ectoderm (Simeone et al., 1993). As
development proceeds, this expression become restricted to anterior regions that correspond to
forebrain and midbrain areas, including the eye field (Simeone et al., 1993; Simeone,
Acampora, Gulisano, Stornaiuolo, & Boncinelli, 1992). As the optic vesicle is formed, Otx2 is
expressed throughout; however, later in development expression become restricted to the
dorsal portion of the optic vesicle (presumptive RPE) (Bovolenta et al., 1997). Around the
beginning of neural retinogenesis, Otx2 is expressed strongly in the RPE of the optic cup and
weakly in the neural retina (Nishida et al., 2003). By E12.5, the intensity of Otx2 expression has
increased in the neural retina and continues to robustly label the RPE (Nishida et al., 2003).
Otx2 expression at E17.5 is concentrated in the outer aspect of the neuroblastic layer, which is
the location of the photoreceptors in mature retinas (Nishida et al., 2003). In addition to
developing photoreceptors, transient expression of Otx2 occurs in ganglion, amacrine, and
horizontal cells in mouse embryos (Baas et al., 2000), in contrast to embryonic otx2 expression
in the chick, which transiently labels differentiating neuroblasts of all retinal cell types (Bovolenta
et al., 1997). Postnatally, as retinogenesis is nearing completion, Otx2 expression decreases in
the RPE and is restricted to the bipolar cells within the inner nuclear layer by P6 (Baas et al.,

2000; Nishida et al., 2003).

Corresponding to its very early expression pattern in the developing embryo, Otx2 plays an
important role in brain development, Otx2-null mice die early in embryogenesis, and they lack
presumptive forebrain and midbrain structures (Ang et al., 1996; Matsuo, Kuratani, Kimura,
Takeda, & Aizawa, 1995). Due to a loss of the presumptive forebrain region from which the eye
develops in Otx2-null mice, functions of Otx2 in eye development have been gleaned primarily

from clinical studies, other vertebrate models such as Xenopus and conditional knockout mice.
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Otx2 is critical very early in eye development. Heterozygous mutations of OTX2 in humans are
associated with severe ocular malformations, including anophthalmia (Ragge et al., 2005; Wyatt
et al., 2008). The splitting of the eye field in the anterior neural plate leads to the formation of
the optic vesicles. Eye field formation requires a series of inductive events, including the
expression of a combination of transcription factors, EFTFs. The expression of the EFTFs are
induced by the actions of noggin and Otx2 (Zuber et al., 2003). Otx2 is repressed as the EFTFs
are expressed (Zuber et al., 2003). Once the eye field is formed, Otx2 in combination with Sox2
interacts to regulate Rx expression in the optic vesicle (Danno et al., 2008). Mutations in Otx2,
Sox2 and Rx are all associated with ocular malformations in humans (Gonzalez-Rodriguez et

al., 2010).

A second function for Otx2 in eye development is its role in retinal neuron cell fate decisions.
Conditional deletion of Otx2 in the developing retina results in many changes, including
microphthalmia and changes in retinal cell fate. Developing photoreceptors in the Otx2 CKO
retina instead become amacrine-like cells (Nishida et al., 2003). Expression of the cone-rod
homeobox (Crx) gene is absent in the Otx2 CKO, suggesting that Otx2 is controlling
photoreceptor cell fate by being a direct upstream regulator of Crx (Nishida et al., 2003). Otx2 is
expressed in the final cell cycle of photoreceptor precursors (Muranishi et al., 2011). The
regulatory locus directing Otx2 expression in photoreceptor precursors has been identified
(called embryonic enhancer locus for photoreceptor Otx2 transactivation; EELPOT) (Muranishi
et al., 2011). Otx2 retinal expression was found to be dramatically reduced in Rx CKO mice,
and in retinal progenitors, Rx interacts with the EELPOT enhancer to transactivate Otx2 during
the final cell cycle (Muranishi et al., 2011). Otx2 is expressed in the progenitors of both
photoreceptors and bipolar cells, with transient expression of Blimp1l in a subset of precursors
directing their fate towards photoreceptors and preventing them from becoming bipolar cells

(Brzezinski et al., 2010).
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Sox2

Another transcription factor, Sox2 belongs to the Sox (sex determining region Y-box) gene
family, which includes approximately 20 genes. The Sox family is grouped according to their
amino acid identity. Sox2 is in the B1 group, which contains a high-mobility-group domain and a
C-terminal transactivation domain (Hever et al., 2006). Sox2 is widely expressed very early in
embryonic development. Homozygous germline deletion of Sox2 shows normal development to
the blastocyst stage but is embryonic lethal at the peri-implantation stage (Avilion et al., 2003).
Sox2 expression in eye development appears at the earliest stages. Sox2 is expressed in the
anterior neural plate and as development proceeds, in the optic cup it eventually becomes
restricted to the neuroblastic layer (Uwanogho et al., 1995; Uchikawa et al., 1999; Inoue et al.,
2007). Retinal progenitor cells in the neuroblastic layer express Sox2 until they exit the cell
cycle to become differentiated neurons (Taranova et al., 2006). Sox2 expression is also found in
Muiller glia and a subset of amacrine cells within the mature retina (Le et al., 2002; Lin et al.,

2009).

The functions of Sox2 are well studied and include stem cell pluripotency, progenitor
maintenance, cell fate determination and cancer (Feng and Wen, 2015). Sox2 is critical for
maintaining the pluripotency of embryonic stem cells (Masui et al., 2007) and is often used as a
marker for neural stem cells and progenitors. The role of Sox2 in stem cell maintenance is
supported by its use in reprogramming differentiated cells in the generation of induced
pluripotent stem cells (Takahashi and Yamanaka, 2006). Sox2 is also important for the induction
of neural fate. In embryonic stem cells, Sox2 can promote a neuroectodermal fate (Foshay and
Gallicano, 2008). Sox2 induces neural fate through the repression of regulators of mesodermal
fates, such as Brachyury (Zhao, Nichols, Smith, & Li, 2004). Deletion of Sox2 in retinal
progenitors of the optic cup results in a cell fate switch from neuronal cell types to non-neural,

ciliary body epithelium fate (Matsushima et al., 2011). Taranova et al. (2006) showed that Sox2

16



controls retinal progenitor cell proliferation through the activation of Notchl. An additional role
for Sox2 was identified in its ability to transactivate Rx in combination with Otx2 during eye field
specification (Danno et al., 2008). Sox2 also plays a role in lens formation and is expressed in

the ventral surface ectoderm prior to lens placode formation (Chow and Lang, 2001).

Dominant mutations in Sox2 are associated with severe ocular defects, such as anophthalmia
and microphthalmia (Hever et al., 2006). Sox2 mutations are one of the main genetic causes of
these ocular defects. The eye phenotype associated with Sox2 mutations is variable, ranging

from bilateral anophthalmia to bilateral microphthalmia (Hever et al., 2006).

Pax2/ Pax6

Several homeobox genes have been identified that contain a paired domain. These genes
belong to the paired box (Pax) gene family that encodes transcription factors important in
development. Two of these genes, Pax2 and Pax6, have established roles in eye development.
Pax6 protein contains two DNA binding regions, the paired domain and a homeodomain,
whereas Pax2 contains only a paired domain. While both Pax2 and Pax6 are expressed in the
developing eye, they have different expression patterns. Pax6 is expressed early, starting at the
end of gastrulation in the anterior neural plate (Kenyon et al., 2001). As development continues,
Pax6 expression becomes restricted to the dorsodistal optic vesicle and presumptive lens
ectoderm (Grindley et al., 1995). As the optic cup forms, Pax6 is expressed throughout this
structure; however, in the differentiated retina, Pax6 expression is limited to ganglion and
amacrine cells (Belecky-Adams et al., 1997). In addition to its expression in the developing eye,
Pax6 is also expressed in the other developing tissues, including the brain (Grindley et al.,
1997), lacrimal gland (Makarenkova et al., 2000), pancreas (St-Onge et al., 1997) and nasal
epithelium (Hogan et al., 1986). Pax2 expression starts later at E9 in the optic vesicle (Nornes
et al., 1990). During the formation of the optic cup, Pax2 is expressed in the ventral portion and
in the optic stalk, and as development proceeds, expression is restricted to the optic disc and
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along the optic nerve (Nornes et al., 1990). At E18, in addition to optic nerve expression, a thin
layer of cells on the inner border of the neuroblastic layer also expresses Pax2 (Nornes et al.,

1990).

Pax6 has numerous important functions in eye development that are highly conserved between
Drosophila and vertebrates (Quiring et al., 1994). Because of this, Pax6 was once proposed to
be the master control gene of eye development (Gehring, 1996). Mutations in Pax6 lead to
ocular defects. The Small eye (Sey) phenotype occurs in mice and rats that are heterozygous
for a semi-dominant mutation of Pax6 (Hill et al., 1991; Hogan et al., 1986; Matsuo et al., 1993),
which is characterized by microphthalmia, iris hypoplasia, and cataractogenesis. Similar
mutations in humans are associated with aniridia, an absence of the iris (Ton et al., 1991;
Glaser et al., 1992; Lee and Colby, 2013). Additionally, microphthalmia/anophthalmia is
associated with mutations in PAX6 (Deml et al., 2016). Mice that are homozygous for the Sey
mutation have anophthalmia, lack nasal cavities and die around birth (Hogan et al., 1986;
Grindley et al., 1995). In Sey/Sey mutants, the optic vesicle forms but is abnormally broad and
fails to constrict proximally (Grindley et al., 1995). The optic vesicle contacts the overlying
ectoderm, but the lens placode fails to thicken in these mutants (Grindley et al., 1995). An optic
cup-like structure eventually forms; however, it lacks the characteristic differentiated layers that
correspond to the presumptive neural retina and RPE (Grindley et al., 1995). Studies have
shown that Pax6 gene dosage is important for normal eye formation. Transgenic mice with
additional copies of Pax6 display eye defects, but the introduction of a single copy of Pax6 can
rescue the Sey mutant phenotype in mice with a heterozygous Pax6 mutation (Schedl et al.,
1996). A role for Pax6 in retinogenesis was discovered in a conditional deletion model of Pax6.
In this model, Pax6 was inactivated in the distal retina using cre-lox recombination. The deletion
restricted the potential of retinal progenitors, leading to an overexpression of non-glycinergic

amacrine cells at the expense of other retinal cell types (Marquardt et al., 2001). More recently,
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Pax6 was identified as being downstream of suppressor of fused (Sufu), a regulator of
hedgehog signaling (Cwinn et al., 2011). Conditional deletion of Sufu leads to a decrease in
Pax6 expression and a loss of multipotency in retinal progenitors (Cwinn et al., 2011). These
studies indicate that Pax6 is important in maintaining the multipotency of retinal progenitors
during retinal development. Pax6 has another important role in eye development; along with
Pax2, it is important for patterning of the optic vesicle for optic cup formation. The boundary
between the presumptive neural retina and optic stalk forms through the reciprocal actions of
Pax6 and Pax2 (Schwarz et al., 2000). Without Pax2, Pax6 expression expands ventrally into
the optic stalk, and the tissue develops into neural retina. In Pax6 mutants, Pax2 expression
expands dorsally (Schwarz et al., 2000). Pax2 and Pax6 proteins can reciprocally bind to each

other’s promoter elements and inhibit the other’s activity (Schwarz et al., 2000).

Lhx2

Lhx2 (LIM homeobox protein 2) encodes a homeodomain transcription factor that is important in
eye development. Lhx2 is a member of the LIM-homeodomain subfamily, which in addition to
the homeodomain contains two zinc finger-like LIM domains that are involved in protein-protein
interactions (Porter et al., 1997). Expression of Lhx2 starts early, appearing in the presumptive
eye field of the anterior neural plate (Tétreault et al., 2009). Lhx2 belongs to the group of
transcription factors called EFTFs and along with Rx is one of the earliest expressed
transcription factors in the eye field (Zuber et al., 2003; Tétreault et al., 2009). Lhx2 is observed
in the optic vesicle by E8.5 in mouse (Porter et al., 1997), and its expression continues as the
optic cup is formed where it is localized to the optic stalk and retinal progenitors (Gordon et al.,
2013). As the retina matures, Lhx2 expression is limited to the inner nuclear layer and is
detected in a subset of amacrine cells and in Miiller glia (de Melo et al., 2012; Gordon et al.,

2013).
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Lhx2 is important in many developmental processes and can function as a transcriptional
activator or repressor (Zagozewski, Zhang, & Eisenstat, 2014). In mice, homozygous deletion
of Lhx2 is lethal late in embryogenesis and results in anophthalmia and cerebral cortex
abnormalities (Porter et al., 1997). The optic vesicle develops in Lhx2-null mutants, but the optic
cup fails to form (Porter et al., 1997), suggesting a critical role for Lhx2 in the formation of the
optic cup. Few incidences of human mutations of LHX2 have been identified and while there
are some implications LHX2 mutations may result in anophthalmia, they are not a frequent
cause of anophthalmia in humans (Desmaison et al., 2010). Evidence for a role of Lhx2 in very
early eye development showed Lhx2 inactivation delayed the expression of three EFTFs— RX,
Pax6 and Six3 (Tétreault et al., 2009). In addition, Lhx2 can activate Rx, Pax6 and Six3 in the
presumptive eye field and, in combination with Pax6, can transactivate Six6 (Tétreault et al.,
2009). Lhx2 also plays a role in the regionalization of the optic vesicle as it develops into the
optic cup. Lhx2-mutant optic vesicles fail to express factors important in patterning the optic
vesicle (Vsx2 and Mitf), and eye development arrests at the optic vesicle stage (Yun et al.,
2009). Conditional deletion of Lhx2 has identified functions beyond optic cup formation. Lhx2
conditional knockout retinas show a depleted retinal progenitor pool that results in excess retinal
ganglion cell formation at the expense of other cell types (Gordon et al., 2013). Conditional
deletion of Lhx2 later in retinogenesis results in excess formation of rods (Gordon et al., 2013).
Recently, Lhx2 has been shown to have a role in maintaining mature Miiller glia in a nonreactive

state (de Melo et al., 2012).

Vsx2 (Chx10)

Vsx2 (Visual system homeobox 2), which was previously referred to as Chx10, encodes a
transcription factor that belongs to the paired-like (prd) class of homeobox proteins. Vsx2, in
addition to containing a homeodomain, also has a CVC domain and an OAR domain (Liang and

Sandell, 2008). Expression of Vsx2 starts at approximately E9.5 in mouse in the distal wall of

20



the optic vesicle that is in close contact with the overlying surface ectoderm (Liu et al., 1994).
This expression is the earliest of transcription factors expressed specifically in tissue that will
become the neuroblastic layer of the developing optic cup (presumptive neural retina). As the
optic cup forms, Vsx2 is expressed in the outer neuroblastic layer in retinal progenitors, and this
expression is down-regulated when the progenitors exit the cell cycle (Liu et al., 1994). Later in
development and in the mature retina, Vsx2 expression is limited to the inner nuclear layer
where it is expressed in bipolar cells and a subset of Miiller glial cells (Liu et al., 1994; Rowan &

Cepko, 2004).

Vsx2 has a role in patterning of the optic vesicle, where it is expressed in what will become
presumptive neural retina in the optic cup. In mice with a Vsx2 null allele (or’/or’ mice), Mitf is
upregulated and there is a transdifferentiation of neural retina into RPE (Horsford et al., 2005;
Rowan et al., 2004). A recent study of optic vesicles formed using human induced pluripotent
stem cells (IPSCs) from a patient with a VSX2 mutation showed a subset of components of the
Wnt signaling pathway were misexpressed and upregulated (Capowski et al., 2016). Thus,
these studies suggest that Vsx2 confers neural retina identity through the repression of Mitf

(Horsford et al., 2005) and regulation of Wnt signaling (Capowski et al., 2016).

In humans, VSX2 mutations are associated with autosomal recessive microphthalmia (Reis et
al., 2011) and non-syndromic microphthalmia/anophthalmia (Bar-Yosef et al., 2004; Ferda
Percin et al., 2000; Zhou et al., 2008). The ocular retardation (or’) mouse is the result of a
premature stop codon in the Vsx2 gene creating a null allele (Burmeister et al., 1996). Mice
homozygous for the or’ allele showed no Vsx2 expression, a reduction of retinal progenitors and
a lack of bipolar cells (Burmeister et al., 1996). These changes lead to mice with
microphthalmia, thin retinas and optic nerve aplasia (Burmeister et al., 1996). These changes as

a result of the Vsx2 mutation suggest important functions for Vsx2 in progenitor proliferation and
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the generation of bipolar cells. Further support for the role of Vsx2 in bipolar cell fate comes
from a study of Vsx2 knockdown in postnatal retinas using shRNA, which resulted in a
significant decrease in bipolar cells (Green et al., 2003). There is evidence to suggest the
mechanism through which Vsx2 influences bipolar cell fate is via the repression of
photoreceptor-inducing factors. The conditional knockout of Blimp1, a transcription factor
important for photoreceptor cell fate, leads to an increase in Vsx2 and bipolar cells at the

expense of photoreceptors (Brzezinski et al., 2010; Katoh et al., 2010).

Six3/ Six6 (Optx2)

The sine oculis homeobox (Six) family of genes was first identified in Drosophila as being
important in eye development (Kumar, 2009). Several orthologs have been identified in
vertebrates, two of which are important in eye development— Six3 and Six6 (also called Optx2).
Six3 and Six6 encode transcription factors that contain two conserved domains, the DNA-
binding homeodomain and the Six domain, which is involved in protein-protein interactions
(Kumar, 2009). Six3 and Six6 are expressed multiple times during eye development. Six3 is first
expressed in the anterior neural plate around E6.5 in mouse (Oliver et al., 1995; Bovolenta et
al., 1998) and is commonly used as an anterior neural plate marker. Six3 is one of the identified
EFTFs that are found in the developing eye field of the anterior neural plate (Oliver et al., 1995;
Bovolenta et al., 1998; Zuber et al., 2003). Six3 expression continues in the optic vesicles and,
as the optic cup forms, is expressed in the neural retina and optic stalk (Bovolenta et al., 1998;
Loosli, Koster, Carl, Krone, & Wittbrodt, 1998; Oliver et al., 1995). As development proceeds,
there is differential expression in the neuroblastic layer with strong labeling in the inner portion
and weak labeling in the outer neuroblastic layer where progenitors reside; by E18 in mice, the
only remaining expression is in the inner neuroblastic layer (Oliver et al., 1995). In the fully
differentiated adult eye, Six3 expression is maintained in the inner nuclear layer and in select

retinal ganglion cells (Granadino et al., 1999). In addition to its expression in the developing
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eye, Six3 is also expressed in the ventral diencephalon, olfactory placodes, and Rathke’s pouch

(Oliver et al., 1995).

Similar to Six3 expression, Six6 is expressed in the eye field of the anterior neural plate and is
considered an EFTF (Toy et al., 1998; Toy and Sundin, 1999; Zuber et al., 2003). Expression of
Six6 continues in the optic vesicles and through the optic cup stage, where it is expressed in the
neuroblastic layer and the optic stalk (Toy et al., 1998; Jean et al., 1999; Toy and Sundin,
1999). In mice at E13.5, Six6 is expressed in the neural retina nearest the RPE, and at birth
expression is undetectable (Toy and Sundin, 1999). However, in adults Six6 expression in mice
is observed in the inner nuclear and ganglion cell layers (Toy and Sundin, 1999), which differs
from the expression in chickens, where it is also found in mature photoreceptors (Toy et al.,

1998).

Mutations in SIX3 in humans are associated with holoprosencephaly (Wallis et al., 1999;
Lacbawan et al., 2009; Solomon et al., 2009; Ribeiro et al., 2011). Holoprosencephaly (HPE) is
a cephalic disorder of varying severity that results when the embryonic forebrain fails to
separate properly. Clinically, HPE presents as craniofacial anomalies that, when severe, can
include microcephaly, cyclopia, anophthalmia, microphthalmia, formation of a proboscis, and
cleft lip/palate (Solomon et al., 2009). Studies show that Six3 is necessary to activate Shh,
which normally induces the separation of the embryonic forebrain (including the eye field) and
when this process is disrupted, the result is HPE (Geng et al., 2008; Jeong et al., 2008). The
brain defects (microcephaly) and eye defects (microphthalmia, anophthalmia, and cyclopia)
associated with Six3 mutations provide support that Six3 plays an important role in the
development of the anterior neural plate and the eye. Inactivation of Six3 in the mouse provides
further support; Six3-null mutants die at birth, lack forebrain structures, eyes and nose (Lagutin
et al., 2003). Six3 represses Wnt signaling, which is required for forebrain development, and
injections of Six3 can rescue the headless mutation in zebrafish (Lagutin et al., 2003). These

23



results show that Six3 acts on Wnt signaling to help form the anterior neural plate and on Shh
for midline separation. Both are important to eye development. Six3 may also play a role in
retinal determination, as misexpression of Six3 in Medaka results in regions of the midbrain
converting to optic-cup like structures (Loosli, Winkler, & Wittbrodt, 1999). Six6 may also be
involved in retinal determination, since overexpression of Six6 in Xenopus at low concentration
increases eye size and at higher concentrations can induce the formation of ectopic eyes and

transform the midbrain into retina (Bernier et al., 2000).

Retinal Homeobox Gene (Rx)

The retinal homeobox gene, Rx (also called Rax) is arguably one of the most vital homeobox
genes in eye development. Rx was first identified in 1997 by three independent labs as a novel
homeobox gene expressed in developing forebrain and eye (Casarosa, Andreazzoli, Simeone,
& Barsacchi, 1997; Furukawa, Kozak, & Cepko, 1997; Mathers, Grinberg, Mahon, & Jamrich,
1997). Casarosa et al. (1997) first reported the isolation of Rx from a stage 24/25 Xenopus
cDNA library that was screened with fragments of the murine Orthopedia gene. Mathers et al.
(1997) isolated Rx by screening a cDNA library made from ammonium chloride-treated Xenopus
ectoderm with degenerate primers and then identified homologues in human, mouse, zebrafish
and Drosophila. Furukawa et al. (1997) isolated Rx from screening a mouse P0O-P3 eye cDNA
library with a Rx cDNA fragment obtained from using degenerate primers to amplify sequences

from E18 and P4 rat retina.

Structure

Rx is a paired-like homeobox gene that is located in the distal region of chromosome 18 in mice
(Furukawa et al., 1997). The identified Rx nucleotide and amino acid sequence show two
possible translation initiation codons in the same reading frame as the homeodomain (Casarosa
et al., 1997; Furukawa et al., 1997; Tucker et al., 2001). Rx encodes a 342 amino acid
transcription factor with four conserved motifs. The amino acid sequence of Rx shows it has a
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highly conserved homeodomain capable of DNA binding that shares a high degree of homology
with the homeodomain of the paired-like homeobox gene Vsx2 (Casarosa et al., 1997;
Furukawa et al., 1997). Rx has the octapeptide domain that is characteristic in paired-box
genes, but Rx does not encode a paired-box motif and is classified as paired-like (Casarosa et
al., 1997; Furukawa et al., 1997; Mathers et al., 1997). The carboxy-terminal end contains a
stretch of 15 amino acids that are homologous to other homeodomain proteins such as Vsx2.
This conserved region is known as the OAR region (or paired tail)(Furukawa et al., 1997;
Mathers et al., 1997). Additionally, an area between the OAR region and the homeodomain is
proline-, serine- and threonine-rich and is a potential activation domain (Casarosa et al., 1997;

Furukawa et al., 1997).

Rx genes have been identified in many species from Drosophila to humans and are
evolutionarily well conserved. The number of Rx genes varies between species. In mice, a
single Rx gene has been identified (Furukawa et al., 1997; Mathers et al., 1997), likewise in
Drosophila (Mathers et al., 1997; Eggert et al., 1998; Davis et al., 2003) and in Astyananax
mexicanus, the cavefish (Strickler et al., 2002). Two Xenopus genes (Xrx1 and Xrx2) have
been identified with expression patterns that appear to be identical (Casarosa et al., 1997,
Mathers et al., 1997). In addition, a Rx-like gene was identified in Xenopus, Rx-L, which shares
homology with Rx at the homeodomain, OAR and Rx domain but does not have an octapeptide
motif (Pan et al., 2006). A single Rx gene was identified in humans (Mathers et al., 1997), but
like Xenopus, a Rx-like gene was also identified, called QRX, which is also found in bovine
(Wang et al., 2004). In chickens a Rx gene (cRax) was identified (Ohuchi et al., 1999), as was a
Rx-like gene, termed cRaxL (Chen & Cepko, 2002; Ohuchi et al., 1999). In medaka, two Rx
genes have been identified (Rx2 and Rx3) that display differing expression patterns in the
forebrain and eye during development (Deschet, Bourrat, Ristoratore, Chourrout, & Joly, 1999;

Loosli et al., 2003). Three Rx genes have been identified in zebrafish (Zrx1/2/3) (Mathers et al.,
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1997). Zrx1 and Zrx2 show identical expression patterns in the developing eye, but Zrx3 is
mostly limited to the early eye field and ventral forebrain (Mathers et al., 1997; Chuang et al.,

1999).

Expression

The expression of Rx has been well studied and is found in three main areas, early in the
developing neural plate, the eye, and in the brain. This expression is conserved in vertebrates,
including those with multiple Rx gene numbers, where the combined expression pattern of the
genes together is similar to that of species with a single Rx gene. In Drosophila, Rx (drx), which
has a very similar homeodomain to vertebrates, expression is similar and shown in the
procephalon, a region that gives rise to the presumptive eye primordia and brain hemispheres
(Eggert et al., 1998). Starting early in embryonic development, Rx can be detected by in situ
hybridization in mice at E7.5 in the cephalic neural fold (head fold), which is the presumptive
forebrain and midbrain territory (Furukawa et al., 1997). By E8.5 there is strong expression in
the anterior neural plate, which is the prospective forebrain/optic vesicle region (Furukawa et al.,
1997; Mathers et al., 1997). Expression of Rx is confined to the optic vesicles and developing
optic cup, optic stalk and the ventral diencephalon on E9.5-E10.5 (Furukawa et al., 1997,
Mathers et al., 1997). As the development of the eye proceeds from E11.5 to E18.5, Rx
expression within the eye is restricted to the neural retina (Furukawa et al., 1997; Mathers et al.,
1997). During retinogenesis, expression of Rx within the neural retina corresponds to the
location of the retinal progenitors and is down-regulated in areas at approximately the same
time that progenitors exit the cell cycle (Furukawa et al., 1997; Mathers et al., 1997).
Postnatally (at P6), Rx expression is limited to the photoreceptor layer and inner nuclear layer
(Mathers et al., 1997). At P9, expression of Rx is restricted to the Muller glia in the inner
nuclear layer (Furukawa et al., 2000). Expression of Rx during adulthood in mice has been

found in the ciliary body, an area containing multipotent retinal progenitor-like cells (Lord-
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Grignon et al., 2006). Despite widespread expression in the developing eye, Rx signal has not
been detected in the developing lens or cornea (Furukawa et al., 1997). In addition to
expression in the eye, Rx is also expressed in the brain. In the developing forebrain at E10.5
and E12.5, Rx is expressed in the hypothalamus and the posterior pituitary (Mathers et al.,
1997; Lu et al., 2013). In the adult brain, Rx is expressed in the posterior pituitary, pineal gland,

and the hypothalamus (Asbreuk et al., 2002; Rhode et al., 2011).

Mutations and Clinical Significance

Mutations in Rx have been identified in mice, medaka, zebrafish, Xenopus, and humans. These
mutations are associated with several eye defects, most notably small eyes or a complete lack

of eyes.

In mice, the eyeless mutation (eyl) was identified in the 1940s and has been used as a model
of spontaneous human anophthalmia (Chase and Chase, 1941; Tucker et al., 2001). The
eyeless phenotype consists of severe eye defects (ranging from a complete lack of eyes, which
is most common, to small eyes), and hypothalamic abnormalities (Tucker et al., 2001). During
development in eyeless mice, the optic vesicles evaginate normally but are smaller in size and
connect poorly with the overlying ectoderm. These mice have a mutation in Rx that results in the
removal of an alternate start codon (M10L), which leads to a reduction in Rx protein expression

(Tucker et al., 2001).

Another eyeless mutant has been described, the eyeless mutation in medaka. This is a
temperature-sensitive recessive mutation that affects eye development and results in death at
the early larval stage (Winkler et al., 2000). In eyeless medaka mutants, optic vesicle
evagination does not occur, and as a result, eyes do not form (Winkler et al., 2000). The gene

affected by the eyeless mutation was identified as Rx3 (Loosli et al., 2001). It was shown that
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there was an intronic insertion of a transposon in Rx3 that lead to a disruption of Rx protein

formation (Loosli et al., 2001).

Similar to the eyeless mutation in medaka, zebrafish chokh mutants lack eyes from early stages
of development (Kennedy et al., 2004; Loosli et al., 2003; Winkler et al., 2000). Optic vesicles
fail to form, and although the chokh mutants hatch, they die at 3-4 weeks (Loosli et al., 2003).
The chokh mutation is a nonsense point mutation that results in a premature stop codon in the
homeodomain of Rx3, creating a null allele (Loosli et al., 2003). The loss of Rx3 leads to a
reduction in Rx1 and Rx2 in these mutants, but Pax6 and Six3, two other important genes in
eye development, are unaffected (Loosli et al., 2003). Injection of medaka Rx3 mRNA was able

to rescue the chokh phenotype (Loosli et al., 2003).

Analogous to the mutation in fish, a Rx mutant has been identified in Xenopus. A nonsense Rx
mutation that led to a premature stop codon after the octapeptide domain was identified in a
Xenopus mutant with an eyeless phenotype (Fish et al., 2014). In these mutants, eye formation
is halted before the optic vesicle is formed, and the tissue that was fated to become retina

instead develops diencephalon and telencephalon characteristics (Fish et al., 2014).

In humans, mutations of RAX have been identified in patients with severe ocular disorders,
including microphthalmia, anophthalmia and coloboma (MAC disorders). Severe ocular defects
are rare, occurring in approximately 1 in every 5300 live births in the USA (Parker et al., 2010).
Anophthalmia is characterized by the absence of either one or both eyes, whereas in
microphthalmia, the eyes are present but one or both are abnormally small. Coloboma, similar
to microphthalmia and anophthalmia, can affect one or both eyes and is characterized by a hole
in one or more of the structures of the eye, including cornea, iris, retina, choroid, optic disc and
ciliary body (Onwochei et al., 2000). To date, there are six reports of human mutations in RAX,

identifying 12 patients with a MAC phenotype. In the first report of a human genetic mutation of
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RAX, a compound heterozygous RAX mutation was identified in a patient with anophthalmia of
the right eye and sclerocornea and retinal detachment in the left eye (Voronina et al., 2004).
Two mutations, a truncated allele (Q147X) and a missense mutation (R192Q), both in the DNA
binding homeodomain of RAX, were found (Voronina et al., 2004). Lequeux et al. (2008),
reported a novel heterozygous RAX mutation in a patient with bilateral anophthalmia. Two
mutations in exon 3 of RAX were identified. A frameshift deletion and a nonsense mutation both
created premature stop codons, which would create a truncated RAX protein that is predicted to
lack the OAR domain and thus be nonfunctional (Lequeux et al., 2008). Another report of
human RAX mutations identified a patient with a retinal coloboma of the right eye (London et al.,
2009). Molecular analysis revealed this patient had a novel missense mutation in exon 1 of RAX
and two polymorphisms (E44/D44 and Q294Q) that were previously identified by Voronina et
al., 2004 (London et al., 2009). Additional novel human RAX mutations were found in a report
that identified two patients, one with right anophthalmia and one with right microphthalmia, both
had novel heterozygous RAX mutations (R110G and T50P) (Gonzalez-Rodriguez et al., 2010).
Three patients with autosomal recessive bilateral anophthalmia from two unrelated
consanguineous families were identified. Molecular analysis showed a novel homozygous
splicing mutation affecting the last exon of RAX in these patients that was predicted to result in
a truncated RAX protein (Abouzeid et al., 2012). Recently, a large screening of 150
microphthalmic/anophthalmic patients identified four individuals (3% of those screened) with
homozygous or compound heterozygous mutations in RAX (Chassaing et al., 2014). Three of
the patients had bilateral anophthalmia and one had bilateral microphthalmia. The mutations in
three of the patients affected the homedomain of RAX (Chassaing et al., 2014). In addition to
RAX, several gene mutations have been linked with a MAC phenotype (See Bardakjian &
Schneider, 2011 for a review of the genetics of ocular malformations). In the report above, they
screened seven genes (GDF6, FOXE3, OTX2, PAX6, SOX2, RAX, VSX2) in 150 patients and
had a mutation detection rate of 21% (Chassaing et al., 2014), which highlights the small
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number of known genes responsible for the MAC phenotype, suggesting these conditions are
heterogeneous. There are likely many putative genes that have yet to be identified whose
mutations lead to ocular defects, and despite the relative rarity of these disorders, identifying the
role that these genes play in optic vesicle development is important because of the severity of

these disorders and to further understand normal eye development and ocular malformations.

Function

The conserved expression pattern of Rx during embryogenesis combined with evidence from
reports of Rx mutations suggest a role for Rx in anterior neural plate patterning, eye
development, forebrain development and the proliferation of progenitors. This discussion will

focus on the role of Rx in development as it relates to eye formation.

Eye Development

The importance of Rx in eye development was first established in 1997 with its identification and
the first functional study of Rx in a generated mouse Rx-null mutant (Mathers et al., 1997). The
Rx-null allele was generated from the targeted deletion of Rx by the homologous recombination
of a 2.7-kb portion of the mouse Rx locus with a 1.8-kb neomycin selection gene. The deleted
portion included exons 1 and 2, which code for the protein initiation site, the octapeptide, and
the N-terminal end of the homeodomain. Homozygous Rx-null mutants are born without eyes,
have varying degrees of forebrain defects, and exhibit perinatal lethality; whereas mice
heterozygous for the Rx-null allele appear phenotypically normal. Phenotypic differences in the
Rx mutant become apparent as early as E8.5, when the optic pit, the beginning of optic
vesicles, fails to form, demonstrating that Rx is required for eye formation during the earliest

stages.

Since then the functions of Rx in eye development have been studied in many vertebrate

species and in Drosophila. Like the expression of Rx, the importance of Rx in eye formation is
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also conserved in vertebrates, but that is not the case in Drosophila. While the Drosophila Rx
gene shows a similar expression pattern to that found in vertebrates, it is not necessary for the
development of the Drosophila visual system, but does play a role in the development of the
brain and clypeus (Davis et al., 2003). The following will review the role of Rx in multiple stages

of eye development using studies from a variety of vertebrate species.

Rx is involved in anterior neural plate patterning and eye field formation

The earliest function of Rx in eye development is in eye field formation. Patterning of the
anterior neural plate leads to the formation of the eye field from which the optic vesicles are
produced. Specification of the anterior neural plate requires the activation of several homeobox
transcription factors. Studies of Rx expression initially detect it in the anterior neural plate
(Zhang, Mathers, & Jamrich, 2000). Rx belongs to a group of transcription factors that are
expressed in the eye field (EFTF). In Xenopus, eye field specification occurs through the
expression of these transcription factors (Zuber et al., 2003). Overexpression of the EFTFs
along with Otx2 leads to the formation of secondary eye fields that develop into ectopic eyes
(Zuber et al., 2003). The Xenopus Rx mutant provides further evidence of the role of Rx in eye
field specification. The expression of the other EFTFs was initially normal, suggesting they did
not require Rx for their initial activation and gene analysis showed a down-regulation of genes
important in eye development and an up-regulation in those involved in forebrain development
(Fish et al., 2014). These results suggest that Rx is involved in the specification of the eye field
through the repression of genes involved in patterning the forebrain and in activating eye field-
promoting genes (Fish et al., 2014). A similar conclusion was drawn from whole transcriptomic
sequencing data of zebrafish rx3 " mutants showing genes involved in eye development were

downregulated and genes involved in brain formation were upregulated (Yin et al., 2014).

The importance of Rx in ante