Chapter 9
Cell Fate Determination
of Photoreceptor Cells

Constance Cepko

Abstract Rods and cones are highly related, sharing many morphological and
functional features. Early lineage studies showed that they are produced by mitotic
retinal progenitor cells (RPCs) that produce not only photoreceptor cells, but
other retinal cell types as well, even in a terminal division (Holt et al., Neuron
1(1):15-26, 1988; Turner and Cepko, Nature 328 (6126):131-136, 1987; Turner
et al., Neuron 4(6):833-845, 1990; Wetts and Fraser, Science 239(4844):1142—
1145, 1988). More recent lineage studies have added more depth to the conclusions
of these early findings, showing that there are specific and distinct RPCs that
produce specific retinal cell types in a terminal division (Godinho et al., Neuron
56(4):597-603, 2007; Hafler et al., Proc Natl Acad Sci USA 109(20):7882-7887,
2012; Rompani and Cepko, Proc Natl Acad Sci USA 105(1):192—-197, 2008; Suzuki
et al., Proc Natl Acad Sci USA 110(37):15109-15114, 2013). Rather surprisingly,
one type of RPC makes cones and horizontal cells (HCs), whereas another makes
rods and amacrine cells, and still others make only rods, rods and bipolar cells, or
rods and Muller glial cells (Emerson et al., Dev Cell 154(4):928-939, 2013; Hafler
et al., Proc Natl Acad Sci USA 109(20):7882—7887, 2012). The genetic networks
that are operating in these different types of RPCs have similarities and differences,
with one of the differences leading to the cone fate and indirectly repressing the rod
fate. The studies that lead to these conclusions are described in this chapter.
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9.1 Introduction

There are a number of fascinating questions concerning the development of
photoreceptor cells. One question concerns the cell fate determination mechanisms
that direct the irreversible acquisition of the photoreceptor fate, as well as the rod
versus cone fate. Another question concerns the intersection between these fate
determination events and the patterning machinery that regulates the distribution of
rods and cones across the retina: for example, why does the fovea have only cones
and no rods? A third question revolves around the mechanistic aspects of the
morphogenesis of the highly evolved photoreceptor structure, for example, how is
the outer segment built and maintained? Some of these questions are covered within
several chapters in this book, and will be of interest for some time, as we know very
little about most of these processes, although efforts are being made to learn more.
Here, the focus is on the cell fate determination events for rods and cones.

The birthdates of retinal cells are defined as the day when a cell undergoes its last
S-phase. Birthdating studies across many vertebrates, including mammals, birds,
fish, and amphibians, have shown that the birth order of retinal neurons is conserved
(Altshuler et al. 1991). In the mouse, the cone photoreceptors are born early,
starting at embryonic day 10 (E10), which is about the same time as the other
early-born neurons, the ganglion cells and horizontal cells (HCs) (Fig. 9.1)
(Carter-Dawson and LaVail 1979; Young 1985). The last cones are born in the
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Fig. 9.1 Birthdates of rods and cones in the mouse retina. Classical *H-thymidine birthdating for
rods and cones was carried out in the mouse (Carter-Dawson and LaVail 1979). A single injection
of *H-thymidine was given on each day in development in different mice, and it was estimated that
the label was available for approximately 30 min. Carter-Dawson and LaVail calculated that this
would lead to heavily labeled nuclei for approximately 50 % of the cells born on a given day, as
approximately 50 % of the cell cycle is the S-phase (Young 1985). At the termination of
development, they quantified the percentage of all rods and all cones that were heavily labeled
from the injection on a given day. Using the values of Young (Young 1985) for the fraction of all
retinal cells that are rods and cones, 72.3 % and 2.2 %, respectively, the data of Carter-Dawson and
LaVail were transformed into the number of rods (red) and cones (blue) born on a given day (a)
and the cumulative fraction of rods (red) and cones (blue) born over time in development (b)
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periphery at E18. Rod photoreceptors are born between E13 and postnatal day
7 (P7) and thereby have a period of genesis that overlaps that of cones but extends
well beyond it. Rod and cone birthdays in the rat are similar (Rapaport et al. 2004).
Carter-Dawson and LaVail quantified the birthdates of rods and cones in the mouse,
showing that, within 2 days after the commencement of rod genesis, rods already
outnumber cones (Fig. 9.1a). Thus, by E15, there are a greater number of cells fated
to be rods in the embryonic mouse retina than there are those fated to be cones. By
the end of development, rods comprise 72.3 % of all mouse retinal cells, whereas
cones only are 2.2 % (Young 1985). In the chick, which is another useful model of
retinal development, there are clearly more cones than rods (Morris and Shorey
1967; Bruhn and Cepko 1996). However, a precise accounting of the frequency of
rods and cones is not available and may be difficult to obtain as there is significant
variation across the retina in the frequency of rods (Bruhn and Cepko 1996).
However, in one estimate cones comprise approximately 80 % of all photoreceptors
(Morris and Shorey 1967). Most of the data discussed here are taken from studies of
mice and chicks, although many of the observations made in these species have also
been made in Xenopus and zebrafish, two other excellent models of retinal
development.

9.2 Genes Required for the Genesis of Rods and Cones

The development of photoreceptors can be broken down into several stages, those of
cell fate determination, differentiation, and survival. As discussed next, the deter-
mination event seems to occur at approximately the point of genesis, or birthday
(day of birth), and can be thought of as the decision point to become a photoreceptor
or a rod or a cone. Genes required for determination can be defined as those genes
whose loss of function leads to a reduction in the number of photoreceptors, with a
concomitant increase in another cell type(s), exemplified by loss of Otx2 (Nishida
et al. 2003). This definition is meant to allow a distinction between those genes
required for determination versus survival, as those required for survival may lead to
loss of photoreceptors but they will not lead to an increase in another cell type, such
as Neurod1 (Morrow et al. 1999). Differentiation can be defined as the elaboration of
phenotype, such as the onset of markers, or morphological changes, that reflect the
determination event. Genes that have a major role in the direct regulation of differ-
entiation genes are also referred to as terminal selector genes (Hobert 2011). Loss of a
terminal selector gene will lead to a reduction in the expression of photoreceptor
markers, but will not lead to an absence of cells that express early markers or other
features of photoreceptor cells, such as Crx (Furukawa et al. 1999). Complicating the
interpretation of these roles is the possibility that a gene may have more than one
role. Removal of gene function at different stages in the development process may
enable the appreciation of multiple roles. However, genes with more than one role
can present problems of interpretation, if, for example, a gene whose loss leads to a
cell fate switch concomitantly leads to a change in proliferation and/or survival.
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9.2.1 Notchl

Notchl is a gene that acts at a very early, perhaps the earliest, point in photoreceptor
determination (Jadhav et al. 2006; Yaron et al. 2006). The absence of Notch1 leads
to an increase in the number of photoreceptors. Notchl conditional knockout
(CKO) mice have been examined following the introduction of Cre using different
Cre strains, or by infection with a retrovirus carrying Cre. Overproduction of
cone photoreceptors occurs if Notchl is removed early, and other cell types are
diminished accordingly. It is a bit difficult to do quantitative bookkeeping on this
point, however, as there may also be a reduction in proliferation and survival.
Nonetheless, one can see a preponderance of cells expressing cone markers, and a
reduction in the expression of markers of other early-born cell types, by either
microarray, in situ hybridization, or immunohistochemistry, if Notchl is removed
early in development. In the postnatal period, when a retrovirus was used to
introduce Cre, there was an increase in rods (Jadhav et al. 2006; Mizeracka
et al. 2013a). This experiment was done when proliferation was almost over, and
almost every clone in the control was only a single cell, reducing the impact of a
change in proliferation. Increases in photoreceptor number also were seen when
a chemical inhibitor of gamma secretase, DAPT, which inhibits the enzyme needed
to make functional Notch receptor, was added to cultures of the retina (Nelson
et al. 2007). Furthermore, when Rbpj, which is a protein that acts in a complex with
Notch to regulate transcription, was removed in mice, overproduction of photore-
ceptors was observed, as well as overproduction of ganglion cells (Riesenberg
et al. 2009). It is possible that ganglion cell overproduction occurred because
there are multiple Notch genes and all use Rbpj for transcriptional regulation. All
of these observations demonstrate the importance of Notchl in suppressing the
photoreceptor fate.

Notchl is expressed in both mitotic retinal progenitor cells (RPCs) and newly
postmitotic cells (Nelson et al. 2006; Trimarchi et al. 2008b; Bao and Cepko 1997,
Jadhav et al. 2006; Yaron et al. 2006). Its expression is then extinguished as neurons
differentiate, whereas its expression is maintained in Miiller glia, which also
maintain the expression of many other RPC genes (Blackshaw et al. 2004). The
aforementioned studies of the Notchl CKO were conducted such that Notchl was
removed from mitotic cells. We were interested in whether Notchl was needed in
the newly postmitotic cells to regulate the number of rods. This question was of
interest as we wish to understand how RPCs influence the fate of their progeny.
It may be there are different types of RPCs and that they determine the fate of their
progeny by passing down determinants, such as transcription factors (TFs),
microRNAs, and/or chromatin state. These determinants might dictate the fate of
progeny, reducing or eliminating the need for extrinsic cues or stochastic processes
in the choice of fate within newly postmitotic cells. To this end, we used two
methods to remove Notchl from newly postmitotic cells (Mizeracka et al. 2013a).
Almost every cell (~96 %) from which Notchl was removed at this time became a
rod, whereas about 30 % of wild-type cells became bipolar neurons and Miiller glia.
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This study demonstrated that the newborn retinal cells still need Notchl to escape
the rod fate. Interestingly, it is not just the signal from Notch 1 that is required, but
new transcription and translation, because the gene itself is required in the
postmitotic cells. It is not clear at this time if members of the delta or jagged
families of ligands for Notch are required for this function of Notchl in postmitotic
cells. Several ligand genes are expressed at the right time and place to have this role
(Bao and Cepko 1997; Nelson and Reh 2008; Rocha et al. 2009), but the role of
these ligands in signaling newly postmitotic cells, versus signaling RPCs, has not
been analyzed. An excellent candidate is DIl4, which has been shown to be
regulated by Foxn4 (Luo et al. 2012), a TF that is required for the genesis of HCs
and amacrine cell (ACs) (Li et al. 2004) versus photoreceptors. In addition to
identification of the relevant ligand, it will be of interest to determine if the
signaling is between siblings, to establish their asymmetry of photoreceptor and
nonphotoreceptor fates.

9.2.2 Rax/Rx

The retinal and anterior homeobox genes identified in mouse as Rax (Furukawa
et al. 1997a) and in Xenopus as Rx (Mathers et al. 1997) are the founding members
of a group of genes with a paired-type homeobox, an octapeptide domain, and the
OAR domain. Alignment of vertebrate and invertebrate genes has revealed a great
deal of conservation among the sequences in these domains, and has led to a
classification scheme comprising 3 groups (Wu et al. 2009). In the rodent lineage,
there is a curious deletion such that they have only one Rax gene, the founding
member of the group 1 Rax genes. Gain- and loss-of-function experiments in
multiple species have shown multiple roles for Rax/Rx genes (Bailey et al. 2004;
Muranishi et al. 2012). The group 2 Rax/Rx genes, which include some members
referred to as Rax-L, Rax2, or Rx2 genes, are important in photoreceptor genesis
and survival and differentiation. Interference with this type of Rax/Rx gene in chick
(Chen and Cepko 2002), Xenopus (Wu et al. 2009), or zebrafish (Nelson et al. 2009)
led to a reduction in photoreceptors. In the chick, this was at least in part caused by
apoptosis as photoreceptors were being generated. In Xenopus, a clonal analysis
following gain and loss of Rax-L indicated photoreceptor number increased or
decreased, respectively (Wu et al. 2009), with changes also in amacrine and bipolar
cells. The gain of function data from Xenopus is in contrast to gain of function using
mouse Rax gene, overexpressed in rat, in which case there was a reduction in the
formation of all types of neurons, and an increase in cells that resembled Miiller
glia/RPCs (Furukawa et al. 2000). Deletion of the sole Rax gene in midembryonic
development in mouse using a CKO allele showed a reduction in photoreceptor
cells, likely through its role in regulating Otx2 (Muranishi et al. 2011). Of interest
was the lack of a requirement for the Rax gene for postnatal Otx2 expression, even
though Rax was required for embryonic Otx2 expression (discussed further below).
Given the data shown in Fig. 9.1 concerning rod and cone birthdays, it does not
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appear that the embryonic versus postnatal dependence of Otx2 for Rax is a rod
versus cone difference, but rather reflects a difference between embryonic and
postnatal RPCs. Rax may also be involved in the direct regulation of some photo-
receptor genes in mature photoreceptor cells, through binding to the PCE-1/Retl
site (Kimura et al. 2000).

9.2.3 Oix2

Temporally downstream of Notch, commencing expression in some cells as they
exit the cell cycle, is the Otx2 gene (Muranishi et al. 2012; Trimarchi et al. 2008a;
Trimarchi et al. 2008b). Otx2 was found to be required for the production of rods
and cones, as a CKO of Otx2 in the mouse was found to have no photoreceptors
whereas there was an increase in the number of amacrine cells (Nishida et al. 2003).
Although there was cell death in this model, the increase in amacrine fate was quite
substantial and likely reflected a change in cell fate. Moreover, misexpression of
Otx2 via a retroviral vector delivered to the postnatal mouse retina resulted in
clones that contained only rods, whereas wild-type clones normally comprise rods,
amacrine cells, bipolar cells, and Miiller glia (Nishida et al. 2003). Subsequent to
these early studies, it was reported that loss of Otx2 also led to loss of HCs, which
do not express Otx2, and also to loss of bipolar cells, which express high levels of
Otx2 (Sato et al. 2007).

Given its key role in photoreceptor fate determination, the regulation of Otx2 has
been of interest. We used electroporation of chick and mouse retinas to assay for
cis-regulatory modules (CRM) that show enhancer activity (Emerson and Cepko
2011). An Otx2 enhancer, Otx2ECR2, was found to drive expression in both chick
and mouse retinas in the terminal cell cycle of RPCs that produce photoreceptors.
Interestingly, when ECR2 was used to drive Cre, only photoreceptors showed a
history of Otx2ECR?2 expression, despite the fact that Otx2 is also expressed by
bipolar cells, and, as discussed next, transiently in RPCs that produce HCs.
Although many of the cells that express Otx2ECR2 are newly postmitotic cells
fated to be rods or cones, Otx2ECR?2 is expressed by a small number of RPCs in
mouse, and these must be restricted to producing only photoreceptors. As clonal
analyses have shown that some RPCs produce, for example, bipolar cells and rods
in a terminal division (Turner and Cepko 1987; Turner et al. 1990), the restriction of
ECR2 to some RPCs that only produce photoreceptors indicates that there are
intrinsic differences among RPCs, at least in a terminal division.

Muranishi et al. used transgenic mice to assay for Otx2 enhancer activity
(Muranishi et al. 2011). They report an enhancer that is different from Otx2ECR2,
which they termed EELPOT. This approximately 500-bp enhancer is located
further 5 relative to ECR2, and had activity in a subset of embryonic cells, but
interestingly did not have activity in the postnatal mouse retina. Sequence analysis
revealed sites for several families of TFs, including E-boxes for neurogenic basic
helix-loop-helix (bHLH genes), N-boxes for bHLH genes of the Hes/Hey type, and
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binding sites for paired-type homeobox genes, which may include Otx2 or Crx.
Rax was shown to transactivate this enhancer in a heterologous in vitro system.
Similarly, bHLH genes were tested in this assay and some activity was detected for
Ngn2. Hesl, Hes5, and Heyl, which are direct downstream targets of Notch and
that bind to N-boxes, were able to reduce expression, even in the presence of Rax.
The binding of Rax and Hes 1 to EELPOT in retinal extracts was demonstrated
using ChIP. Binding was detected in embryonic, but not postnatal, extracts. Finally,
a CKO of Rax was made and examined for Otx2 expression and photoreceptor cell
numbers, as already discussed. Otx2 was quite reduced in the CKO and photore-
ceptor numbers were down. The activity of EELPOT in embryonic but not postnatal
cells is reminiscent of the activity of Otx2ECR?2 only in a subset of RPCs, and again
points to intrinsic differences among the RPCs that produce photoreceptor cells, in
this case, differences between embryonic and postnatal RPCs. The link to Notch, as
perhaps the most upstream regulator of photoreceptor production, was suggested by
these data. It is interesting, however, that Notch regulates rod production in the
postnatal retina as well as the embryonic retina but apparently does not work
through EELPOT in the postnatal retina.

9.2.4 Basic Helix-Loop-Helix

Multiple bHLH genes are expressed in the right time and place to have a role
in photoreceptor development. These genes are heavily interconnected in a
network (Kanekar et al. 1997; Hutcheson et al. 2005; Hernandez et al. 2007,
Hatakeyama and Kageyama 2004), and are downstream of Notch signaling while
also being upstream of the Notch ligands. Functional studies in multiple species
have been carried out, showing that they play a role in photoreceptor development.
However, it is difficult to assign roles precisely to any particular gene, given
redundancy, compensation, and the lack of complementarity between some gain-
and loss-of-function assays. However, a short summary of some examples of
studies of expression and function is given here, with a focus on the mouse.

We carried out single-cell RNA profiling using microarrays in part to understand
the complex patterns of expression of many types of TFs in RPCs, including the
bHLH genes (Trimarchi et al. 2008b). A subset of the data regarding bHLH
expression (shown in Fig. 9.2) illustrated that there are many patterns of expression
of the bHLH genes, including those classified using the clade A, B, and E scheme
(Skinner et al. 2010). They are expressed in overlapping patterns in mitotic cells, in
newly postmitotic cells, and/or in photoreceptor cells. When double immunohisto-
chemistry has been carried out for several of these proteins, a similar result has been
found (Brzezinski et al. 2011). Akagi et al. performed a heroic series of experi-
ments, examining single, double, and triple knockouts (KOs) in mice for effects on
retinal development (Akagi et al. 2004). Ngn2, Ascll (Mashl), Neurod4 (Math3),
and Neurodl, in different KO combinations, led to changes in the complement of
retinal cell types. The triple KO for Ascll, Neurod4, and Neurodl led to an
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Fig. 9.2 Expression levels of basic helix-loop-helix (bHLH) genes. Individual single cells were
used to prepare cDNA probes, which were amplified and applied to Affymetrix microarrays, with
the resulting signal levels shown (Trimarchi et al. 2008b). Each cell is represented on a row and
each bHLH gene in a column. The clade A bHLH genes are shown in the first group, clade B genes
in the second group, and clade E genes in the third group, with groups demarcated by black boxes
in the top row, and with the bHLH clade scheme of Skinner used (Skinner et al. 2010). Additional
genes for reference cell types are shown on the right side of the heat map, after the clade E genes.
The signal levels were scaled such that maximum red signal is 3,000. Retinal progenitor cells
(RPCs) are shown with their corresponding ages, embryonic (£) through postnatal (P) stages.
Cells demarcated by an r are immature rods; those with N-r are Notch-negative cells. (From
Mizeracka et al. 2013b.) Several more mature cells are included for comparison. (From Cherry
et al. 2009; Kim et al. 2008; Trimarchi et al. 2007.) GC, ganglion cell; AC, amacrine cell; BP,
bipolar cell; MG, Miiller glial cell. Genes that mark these cell types are Fgf15, SFRP2, and cycD1
for RPCs, Nfll and Ebf3 for GC, Gadl and Slc6a9 for AC, Otx2 for rods and BP cells, Prdm1 for
newly postmitotic cells fated to be rods, Nrl and Nr2E3 for rods, and ApoE for MG

approximately 66 % reduction in photoreceptors. Removal of only Neurod1 led to a
defect only in rod survival (Morrow et al. 1999), whereas removal of Neurod4 along
with Ascll led to a reduction in bipolar cells (Tomita et al. 2000). On the other
hand, overexpression of a single bHLH gene, including either Ascll or Neurod4,
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led to a significant increase in rods (Hatakeyama et al. 2001; Cherry et al. 2011) and
a complete loss of Miiller glia (Cai et al. 2000). Similarly, overexpression of Ngnl
in the chick led to overproduction of photoreceptor cells and resulted in reduced
expression of other bHLH genes (Yan et al. 2009). Overexpression of bHLH genes
in Xenopus (Wang and Harris 2005; Kanekar et al. 1997) and in zebrafish
(Ochocinska and Hitchcock 2009) similarly led to excess photoreceptor cells.

Given the fact that at least some bHLH genes are negatively regulated by
Hes/Hey factors, which are direct targets of Notchl (Davis and Turner 2001),
Notchl signaling likely keeps the levels of neurogenic bHLHs in check and thus
regulates the number of photoreceptors that are produced. Indeed, when we
performed microarray analysis on single cells from a Notchl CKO, one of the
most noticeable changes was an increase in Neurodl and Neurod4 (Mizeracka
et al. 2013b). This increase was accompanied by a decrease in the Id factors, Id1
and Id3 (Mizeracka et al. 2013a; Mizeracka et al. 2013b). Ids also limit the activity
of neurogenic bHLH factors by direct protein interaction (Benezra et al. 1990), and
a functional analysis showed that Ids favor formation of Miieller glia (Mizeracka
etal. 2013a). The overall chain of events downstream of Notch signaling, beginning
in RPCs that are about to produce postmitotic daughter cells, needs to be elucidated
to appreciate this network of TFs and their roles. It is likely that different RPCs,
almost all of which can produce photoreceptors, use different bHLH genes, regu-
lated by different upstream regulators, to produce photoreceptors and their distinc-
tive siblings in terminal divisions, as is discussed further below.

9.2.5 Blimpl/PRDM1

Blimpl, or Prdml, is a gene that is expressed in the period when cells fated to be
photoreceptors are exiting mitosis (Hsiau et al. 2007) (Katoh et al. 2010; Brzezinski
et al. 2010); this positions Blimp in that critical window where Notch, Otx2, and
bHLH genes are expressed and are effecting fate decisions. Loss of Blimpl was
reported to lead to a reduction in rod and cone photoreceptors, with a concomitant
gain in bipolar cells and abnormal cells with markers of proliferation (Katoh
et al. 2010; Brzezinski et al. 2010). The excess bipolar cells were subsequently
lost from cell death, perhaps because of their supernumerary status or perhaps being
defective. As with bHLH genes, loss of Blimpl creates a fate change only in a
percentage of photoreceptors, as about 50 % of the normal number of rods remain in
the Blimpl CKO mouse; this may result from redundancy, as there are many
members of this gene family and some are expressed in the mouse retina. Alterna-
tively, there may be heterogeneity in the pool of RPCs and/or newly postmitotic
daughters, and only some of these rely upon Blimp1 to become photoreceptors.
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9.3 Genes That Regulate the Differentiation
of Rod and Cone Photoreceptors

The network of genes involved in regulating rod- and cone-specific gene expression
in differentiating cells define the specific properties of photoreceptor cells. As well,
many of these genes are among the human disease genes that lead to blindness, and
an understanding of their roles might lead to a greater understanding of these
disease states (Blackshaw et al. 2001)(https://sph.uth.edu/retnet/). A short summary
is given here of some of the genes that play a role in directing specific gene
expression as photoreceptors differentiate.

93.1 Crx

Crx, a gene highly related to Otx2, is expressed in newborn rod and cone photore-
ceptors (Furukawa et al. 1997b; Chen et al. 1997). We examined the kinetics of
expression of this gene and found that it could first be detected in cells that had
exited the cell cycle, at about 24 h after the last S-phase (Trimarchi et al. 2008b);
this would put Crx temporally later than Otx2, thyroid hormone receptor beta
(Thrb) (discussed later), and the aforementioned bHLH genes, in mice and chicks.
In zebrafish, Crx is detected in cells that are cycling (Riesenberg et al. 2009),
perhaps reflecting the more rapid kinetics of development in the fish relative to mice
and chicks. Crx is also detected at lower levels in bipolar cells in several species.
The Crx KO mouse has photoreceptors that move to their proper position and turn
on some markers of photoreceptor cells (Furukawa et al. 1999). However, the cells
fail to express almost every photoreceptor gene and eventually degenerate
(Furukawa et al. 1999; Livesey et al. 2000; Morrow et al. 2005), identifying Crx
as a terminal selector gene for photoreceptors, necessary for differentiation and
survival, but not for determination. In humans, there are also Crx mutations that
lead to several forms of photoreceptor disease (Rivolta et al. 2001). Otx2 may
regulate Crx directly (Nishida et al. 2003), and both Crx and Otx2 are able to bind to
a similar sequence and directly regulate many photoreceptor genes (Chen
et al. 1997; Furukawa et al. 1997b; White et al. 2013; Peng and Chen 2005). The
combined loss of Otx2 and Crx leads to a phenotype of greater loss of photoreceptor
gene expression (Koike et al. 2007).

9.3.2 Nuclear Hormone Receptors

Several members of the nuclear hormone receptor family of TFs play critical roles
in photoreceptor differentiation, with some specific roles in opsin regulation clearly
identified (Forrest and Swaroop 2012). Thrb has been characterized as the earliest


https://sph.uth.edu/retnet/

9 Cell Fate Determination of Photoreceptor Cells 227

cone-specific marker (Sjoberg et al. 1992; Ng et al. 2001). It was studied in the early
chick retina for its kinetics relative to Otx2 and NeuroD1 (Trimarchi et al. 2008a).
These three genes are expressed with almost identical kinetics in overlapping
patterns, with some cells expressing all three genes and other cells expressing one
or two of these genes. They initiate expression in what appears to be the terminal
S/G, phase of the cell cycle. Nr2b3 (RXRg) is also expressed in early cones,
although it is not specific to cones, as it is also expressed in cells of the inner
nuclear layer (INL) and ganglion cell layer (GCL) (Roberts et al. 2005). Thrb and
Nr2b3 have been shown to be important in the regulation of cone opsin genes in
mice (Ng et al. 2001). Loss of Thrb led to loss of expression of the medium-
wavelength opsin, whereas the short-wavelength opsin was earlier in expression
and was maintained in all cones. Nr2b3 is required for proper regulation of
short-wavelength opsin (Roberts et al. 2005). Thrb and Nr2b3 regulate, and are
themselves the target of, the E3 SUMO ligase, Pias3 (Onishi et al. 2009).
Unliganded Thrb2 and liganded RXRY positively regulate Pias3, which then carries
out SUMOylation of Nrlfl, Nr2b3, and Thrbl. These SUMOylated TFs then
repress S opsin in M cones and liganded Thrb2 and RXRy activate M opsin.
Interestingly, the Pias-3-mediated SUMOylation of the rod-specific transcription
factor, Nr2E3, is required to inhibit S opsin in rods (Onishi et al. 2010). The use of
Pias3 in both rods and cones for the inhibition of S opsin may reflect an ancient
decision to make S opsin the default opsin type for both rods and cones. Thyroid
hormone also plays an important role in opsin regulation within the retinas of
salmonid fish. As these fish mature, they undergo a switch from UV to blue
opsin-expressing cones. Although originally reported to be the result of a cell
death and regeneration mechanism (Allison et al. 2006), it has now been established
that this switch is a cone opsin expression switch within single cones (Cheng and
Flamarique 2007; Cheng et al. 2009).

Nr2e3(PNR) encodes another nuclear hormone receptor that has been shown to
be important in the differentiation of rods versus cones (Chen et al. 2005; Corbo and
Cepko 2005; Haider et al. 2009). This gene is completely dependent upon the
expression of Nrl, as there is almost no expression of Nr2e3 in the Nrl KO mouse.
The rd7 mouse model of the Nr2e3 loss of function has a different phenotype,
however, from the Nrl KO. In contrast to the Nrl KO mouse, rd7 rods express rod
genes. As in the Nrl KO mouse, however, rd7 shows derepression of cone genes.
However, there is a more limited number of cone genes that are derepressed in rods
relative to the number seen in the Nrl KO. Nr2e3 is thus required for the repression
of a subset of cone genes within rods and is not required for rod gene expression.
There are also a small number of additional short-wavelength cones in rd7
(Akhmedov et al. 2000; Haider et al. 2001; Corbo and Cepko 2005), but not nearly
the number that one observes in the Nrl KO mouse. These abnormalities likely
underlie manifestations of Nr2E3 mutations in the human disease, the enhanced
S-cone syndrome, wherein there is increased sensitivity to short wavelengths of
light (Haider et al. 2000). As mentioned, the E3 SUMO ligase, Pias3, is involved in
the regulation of rod versus cone genes, at least partially through Nr2e3 (Onishi
et al. 2009). Nr2e3 works in the realm of differentiation rather than determination,
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as KO or misexpression leads to misregulation of rod and cone genes, but not a
complete transformation of rods or cones into other cell types.

Additional members of the nuclear hormone receptor family have roles to play in
the proper regulation of rod and cone genes, as reviewed by Forrest and Swaroop
(2012). Some examples include Nrlfl (RORa) (Fujieda et al. 2009), which is
important for the proper levels of cone opsin gene expression within cones. Loss
of Nr3b2 (ERRD) leads to the degeneration of rods, and thus it is not a rod
determination gene, but a gene important for rod differentiation and survival, in
contrast to the role played by Nr1f2 (RORb) whose loss leads to a loss of rod
determination (Jia et al. 2009; Srinivas et al. 2006; Montana et al. 2011), as is
discussed further.

There is likely a network of nuclear hormone receptors, some of which may be
linked through their use of coreceptors, the RXRs. A more in depth view of this
network is required to properly interpret the roles of these receptors. However, at
this point, all except Nr1f2 appear to be important for the proper regulation of rod
and cone genes.

9.3.3 Nrl

In rats and mice, the genesis of cones precedes the genesis of rods, although there is
a period of significant overlap in the mid- to late embryonic period (Fig. 9.1). The
early-born cones are recognizable by expression of Thrb and Nr2b3. These
early-born rods do not have a marker that has been recognized by in situ hybrid-
ization or immunohistochemistry, although polymerase chain reaction (PCR) of
embryonic mouse tissue reveals expression of Nrl. In addition, an Nrl-GFP trans-
genic mouse shows green fluorescent protein (GFP) as early at E12 (Akimoto
et al. 2006), but this early expression has not been shown to be specific to early-
born rods. Nrl is a leucine zipper gene of the Maf family, discovered by the group of
Anand Swaroop (Swaroop et al. 1992). They described Nrl as a rod-specific gene in
the mouse and report expression of the protein in the cytoplasm of human cones
(Swain et al. 2001). A null mutation of Nrl in the mouse showed the very interesting
phenotype of loss of rods (Mears et al. 2001). Cells fated to be rods were not dead,
however, but were transformed into short-wavelength cones. The cones are very
close to bona fide cones, as judged by gene expression, morphology, and physiol-
ogy (Daniele et al. 2005; Mears et al. 2001; Yoshida et al. 2004). This report led to
the model that short-wavelength cones are the default type of photoreceptor; that is,
when cells fated to be photoreceptors are first born, they enter the pathway of short-
wavelength cones (Fig. 9.3a) (Swaroop et al. 2010). In normal development, many
of the default cones are hypothesized to become rods when Nrl is expressed. As Nrl
appears to be a critical node, one would like to know how Nrl is regulated. Two
groups have examined this question, and report that there are conserved binding
sites for Nr1f2 and Otx2/Crx upstream of Nrl (Montana et al. 2011; Kautzmann
etal. 2011), in keeping with the loss of Nrl in the Nr1f2 KO mouse (Jia et al. 2009).
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Fig. 9.3 Model of rod versus cone determination and the ganglion mother cells (GMCs) that
make them (a). A model for photoreceptor development in which all photoreceptors originate from
a common photoreceptor precursor, which follows a default pathway to differentiate into a blue
cone unless instructed otherwise (Swaroop et al. 2010). Nrl, acting in combination with other
transcription factors (TFs), is proposed to induce the rod fate, where it directly activates many rod
genes and represses many cone genes. (b) A revised model, based upon lineage data (from
Emerson et al. 2013; Emerson and Cepko 2011; Hafler et al. 2012; Suzuki et al. 2013) wherein
distinct RPCs produce cones and rods, and there is not a common photoreceptor precursor that is,
by default, a blue cone. In mice, some RPCs that produce a cone also produce a horizontal cell
(HC) and express Olig2, Ocl, Otx2, Thrb, and Neurod1

Photoreceptor

As pointed out by Montana et al., these regulators cannot explain the specificity for
Nrl expression in rods versus cones as both Otx2/Crx and Nr1f2 are expressed in
both rods and cones.

The genes regulated by Crx and Nrl have been described in some detail, using
expression profiling and CHIP-seq (Hao et al. 2012; Yoshida et al. 2004; Corbo
et al. 2007, 2010; Hsiau et al. 2007). They act together at many loci in rods, and
both can be considered to be terminal selector genes, directly regulating many of
the genes required for rod function. Their importance is underscored by the
observation that many of their target genes are human disease genes.

9.34 Sall3

Spalt homologue 3 (Sall3), a transcription factor homologous to the Drosophila
Spalt, which directly regulates Drosophila opsin expression, plays a role in cone
differentiation in mice. It is a positive regulator of the short-wavelength opsin gene,
along with additional cone genes, and is required for proper HC development
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(de Melo et al. 2011). Misexpression studies show that it is sufficient to induce the
short-wavelength cone opsin gene in rods, although it is unable to transfate rods or
other cell types into cones. Similarly, it plays a role in the intermediate stages of HC
differentiation.

9.4 RPCs That Produce Rods and Cones

Almost every clone derived from retroviral marking in the embryonic or postnatal
retina or rats and mice contained a photoreceptor (Turner and Cepko 1987; Turner
et al. 1990). In addition, many clones, even two-cell clones, contained a photore-
ceptor and another retinal cell type. These data indicated that almost every RPC has
the ability to make a photoreceptor, and that many RPCs are multipotent. However,
these data did not address whether all RPCs are equivalent. To probe the nature of
RPCs, and to see if they differed from each other, we performed single-cell
profiling using microarrays (Trimarchi et al. 2008b). These data showed many
differences among RPCs across development as well as at a single time in
development. One category of genes that varied was the bHLH category
(Fig. 9.2). Olig2, a Clade E bHLH gene, showed variation in expression within
RPCs across time. The single-cell microarray data regarding expression of Olig2
were corroborated by in situ hybridization (Hafler et al. 2012) and immunohisto-
chemistry for Olig2 (Nakamura et al. 2006; Shibasaki et al. 2007). All these assays
showed that Olig2 was expressed primarily in RPCs, but only in a subset of RPCs at
each time in development. Two Cre knock-in lines for Olig2 in mice were available
(Schuller et al. 2008; Dessaud et al. 2007). We thus were able to use these lines to
analyze the descendants of Olig2+ RPCs using two methods. One method was the
classic Cre fate mapping method. By crossing these two different Olig2-Cre strains
to three different floxed reporter lines, we could see all the cells with an expression
history for Olig2. These fate mapping experiments showed that cells with an Olig2
history comprised primarily rods, cones, HCs, and amacrine cells. Some bipolar
cells showed history but Miiller glia and RGCs almost never showed any Olig2
history. These results demonstrated that Olig2-expressing RPCs did not behave as
totipotent RPCs.

A second method was developed to allow a determination of the types of cells
descendant from Olig2-expressing RPCs, at clonal resolution, across time. The
classic Cre fating experiment does not provide for temporal resolution, unless used
in conjunction with a tamoxifen-regulated allele of Cre, which was not available in
this case. The Cre fate mapping method also does not readily provide clonal
resolution. Importantly, cells that do not derive from Olig2-expressing RPCs, but
rather from expression of Olig2 in postmitotic cells, are mixed in with those cells
produced by Olig2-expressing RPCs. As we wished to examine only those cells
produced by Olig2-expressing RPCs, and to do so with temporal and clonal
resolution, we developed a retroviral marking strategy to accomplish this goal
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(Beier et al. 2011). This method relies upon expression of the avian retroviral
receptor, TVA (Bates et al. 1998).

The TVA receptor is not normally expressed in mammals. However, one can
direct expression of TVA to Cre-expressing cells by crossing a Cre line to a floxed
TVA line (Beier et al. 2011). Alternatively, one can make a TVA knock-in or
transgenic line. Schuller et al. had made a knock-in of both Cre and TVA into the
Olig2 locus (Schuller et al. 2008) and had generously given this line to us for our
experiments. Infection of TVA-expressing cells can be accomplished using
retroviruses that carry on their surface the avian EnvA glycoprotein. By using
gamma retroviruses for this analysis, only clones deriving from mitotic cells that
express TVA would be produced, as gamma retroviruses are not able to integrate
their DNA into postmitotic cells and thus are unable to initiate expression in such
cells (Roe et al. 1993). If a gamma retrovirus integrates its genome into a host cell
that then exits mitosis, a one-cell clone will be formed. If the integrated cell divides
to make two postmitotic daughters, a two-cell clone is formed, etc. We thus infected
the Olig2-Cre-IRES-TVA line of mice with a retroviral genome with an EnvA
glycoprotein, or used the same virus with a promiscuous glycoprotein that allows
infection of any type of RPC, as a control. The clone sizes and compositions from
infection at several different ages were then compared.

The clonal analysis showed the same trends as the Cre fate mapping experiment
but revealed a significant skew in terms of both the size and composition of clones
from infection of Olig2-expressing RPCs (Hafler et al. 2012). First, the clones
generated by Olig2-expressing RPCs were only 1 or 2 cells, indicating that these
RPCs were terminally dividing RPCs. In contrast, the average clone size, for
example, for the control group of clones infected by a retrovirus that could infect
any RPC, was 32 cells/clone (range, 1-234 cells). Second, there was a striking
specificity in the types of cells produced by infection at different times. When
infections of Olig2-expressing RPCs were performed at E14.5, only cones and HCs
were marked. They comprised single-cell clones of either cell type, or 2-cell clones
of 2 cones, 2 HCs, or 1 cone and 1 HC. In contrast, when infections were performed
at PO, almost every clone was a single rod, with a few clones comprising an
amacrine cell, and a very few 2-cell clones comprising either 2 rods or a rod and
an amacrine cell. If marking was initiated at P3, the clones were almost entirely a
single rod, although a few single amacrine cells and single bipolar cells were
marked as well. Statistical analyses indicated an extreme skew in these data from
each infection time point, relative to the cells expected based upon birthdates and
the cell types in the control set of clones. Similarly, there was an extreme skew
toward small clone size. Results from tamoxifen-regulated Cre fate mapping
experiments using history of Ngn2 or Ascll also showed an interesting skew in
rods and cones (Brzezinski et al. 2011). When marking was initiated at E12.5—
E13.5, small “clumps” of cells were labeled, with rods marked preferentially by
Ascll history, and cones and HCs marked preferentially with Ngn2 history.

The clones produced by Olig2-expressing embryonic RPCs are reminiscent
of the clones marked in a study of the chick retina using retroviruses
(Rompani and Cepko 2008) and in a study using live imaging of the zebrafish
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retina (Godinho et al. 2007). The chick has three types of HCs, referred to as HC1,
HC2, and HC3, which have different patterns of connectivity to rods and cones.
Large clones with many types of retinal cells, and all three types of HCs, were
observed following marking near the beginning of chick retinal development. Later
marking led to the production of clones with many types of cells, but only one or
two HCs. Analysis of the combinations of the types of HCs within clones with two
HCs revealed a nonrandom distribution in the types of HCs. Clones with only two
HCs had homotypic pairs, either two H1 cells or two H3 cells. No pairs of only H2
cells were seen. Moreover, the clones that had only a single HC were skewed
toward H2. When the numbers of each type of HC seen in clones with larger
numbers of HC were analyzed, there was a skew toward even numbers of H1 or
H3, but not H2. We interpret these data to mean that there is a specific and restricted
RPC that divides once to make a pair of H1 cells, and a different RPC that divides
once to make a pair of H3 cells. The preponderance toward even numbers suggests
that clones contain multiple RPCs of these restricted types. Interestingly, the RPC
that makes an H2 does not make a pair of H2 cells. In consideration of the data from
the Olig2-expressing RPCs in mouse, we predict that the sibling of the chick H2 cell
is a cone photoreceptor. In zebrafish, live imaging showed nonapical divisions of an
RPC that produced only HCs (Godinho et al. 2007). The types of HCs produced
were not ascertained in this study.

A recent lineage study used live imaging of zebrafish retinas and a fluorescent
reporter based upon the Thrb gene (Suzuki et al. 2013). Suzuki et al. found that this
reporter marked RPCs that made a terminal division that resulted in L cones, those
that express the long-wavelength opsin. Alternatively, RPCs that express this
reporter make a terminal division that produces a pair of HCs. A prior division
also was seen in three cases where a retinal ganglion cells was produced. If they
used a reporter based upon Crx, homotypic pairs of cones were observed, with live
imaging in one case showing that the homotypic pairs of UV or M cones were made
in terminal divisions.

The finding of restricted RPCs that make limited divisions and specific cell
types, along with the observation of larger clones with many cell types, has
suggested that the vertebrate retina uses the same strategy as the ventral nerve
cord of Drosophila (Baumgardt et al. 2007; Pearson and Doe 2004; Zhong 2003) or
the medulla of Drosophila (Li et al. 2013a, b). We have proposed that the terminally
dividing RPCs, of the type identified using the Olig2-TVA line and the zebrafish
Thrb reporter, are like the ganglion mother cells (GMCs) of the Drosophila ventral
nerve cord and medulla. GMC:s typically divide only once and make specific types
of daughter cells. The types of daughters that are made are different in different
segments and different at different times. The temporal order in the nerve cord is
reminiscent of the temporal order seen during retinal development. The GMCs are
produced by neuroblasts, which make large clones when they are marked, much as
we see large clones when we mark with a virus that can mark any RPC. The
neuroblasts in each segment rely on a temporal order of TFs to produce their
temporal cohorts of GMCs, and even though the same temporal TFs are used in
each segment, different types of cells are made in each segment. In the vertebrate
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retina, there is also expression of paralogues of these temporal TFs, and some of
these genes have similar roles in setting up temporal identity in the vertebrate retina
(Blackshaw et al. 2004; Brzezinski et al. 2010; Elliott et al. 2008; Trimarchi
et al. 2008b; Katoh et al. 2010).

The foregoing studies demonstrate that different RPCs make different daughter
cell types in terminal divisions. In the mouse, the E13.5-E14.5 Olig2-expressing
RPCs make cones and HCs whereas the postnatal Olig2-RPCs make rods and
amacrine cells. The Thrb-expressing RPCs in zebrafish make HCs or L cones and
the Crx-expressing RPCs make homotypic pairs of other cone types. The TFs that
are responsible for the production of rods versus cones in such RPCs have recently
been discovered, as described next.

9.5 Otx2 and Onecut Genes Direct Formation
of Cones Versus Rods

The Thrb gene is an early marker of cones. We thus reasoned that the upstream
regulators of Thrb would be informative regarding the genesis of cones. We used
electroporation (Matsuda and Cepko 2004) to identify a noncoding region of Thrb
(“ThrbCRM1”) that directed expression to early cones in the chick and in the
mouse. This conserved region was reduced to 40 bp and was found to label early
cones, as well as two other cell types. Investigation of these other cell types showed
that they were a subset of RPCs, as well as newborn HCs. Reversing the strategy
described for the Olig2-RPCs, we used ThrbCRMI1 to drive expression of the
murine retrovirus receptor, CAT1 (Albritton et al. 1989), in the chick using
electroporation. Infecting these electroporated retinas with a retrovirus with the
murine glycoprotein gene, gp70, led to the identification of cells produced by
the RPCs that expressed ThrbCRM1. The progeny were cones and HCs, providing
evidence that, as in the mouse, there is a specific RPC in the chick that makes cones
and HCs. The clones comprised almost entirely one cell. Larger clones were not
seen, so these RPCs were making terminal divisions.

Investigation of the TFs that could bind and activate the 40-bp ThrbCRMI1 led to
the identification of Otx2 and Onecutl (Ocl) as both necessary and sufficient, not
only for activation of this enhancer, but also the endogenous Thrb gene in both
chick and mouse. Chromatin immunoprecipitation experiments using retinal
extracts confirmed that these two proteins bind ThrbCRMI1. Otx2 and Ocl were
found to overlap in expression with Olig2, in a subset of RPC cells, as predicted by
the activity of ThrbCRMI1 in a subset of RPCs, and the previous observations from
infection of Olig2-TVA in the mouse.

It was of interest to determine if Otx2 and Oc1 regulate the production of cones,
HCs, and potentially, rod photoreceptors. To this end, gain and loss of function
experiments were carried out in mice and chicks. Misexpression of Ocl in the
postnatal mouse retina, where Otx2 is expressed, could induce the formation of
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immature cones. This induction was dependent on Otx2 as removal of a conditional
allele of Otx2 prevented this induction. The induced cones did not progress to fully
differentiated cones. We speculate that this might be caused by two factors. One is
that expression of the Ocl gene is normally reduced as cones mature, and the
misexpression construct was constitutive. Second, a gene such as Sall3 might need
to be upregulated at the proper time and proper level, and misexpression of Oc1 did
not lead to this. Interestingly, in addition to induction of cones, cells with markers
of HCs were produced from introduction of Ocl into the postnatal mouse retina.

Two methods were used to examine the necessity of Ocl. Electroporation of the
chick retina with a construct in which the Engrailed repressor domain was fused to
Ocl led to a reduction in Thrb reporter expression. This construct also led to an
upregulation of MafA, the chick homologue of Nrl (Ochi et al. 2004), and to
expression of a rhodopsin promoter construct. These findings suggest an induction
of rod genesis. In embryonic Ocl KO mice, a reduction in Thrb RNA and an
upregulation in Nrl RNA were seen. These data all point to a role of the Oc1 gene in
regulating the rod versus cone decision. These data suggest a revised model for rod
and cone genesis (Fig. 9.3b).

9.6 Model of Rod Versus Cone Determination

In keeping with the notion of GMCs and neuroblasts in retinal development, we
propose that there are specific GMCs that produce rods, cones, HCs, and likely
other retinal cell types as well (Fig. 9.4). At least some of the types of GMCs that
produce cones also produce HCs, and the GMCs that make cones are not the same
ones that make rods. Rods are proposed to be produced by multiple types of GMCs.
We propose multiple GMCs for rod production for two reasons. One reason is the
nature of two-cell clones that are produced by viral infection in the postnatal period
of rats and mice (Turner and Cepko 1987; Turner et al. 1990). Here, we see clones
in which there are two rods, a rod and amacrine cell, a rod and a bipolar cell, or a rod
and a Miiller glial cell. Although one could model these clone types as deriving
from a single type of rod GMC with competence to make all four cell types (Gomes
et al. 2011), the Olig2 lineage data argue against this idea. Olig2-expressing RPCs
in the postnatal period make either two rods or a rod and amacrine cell, whereas
Olig2-negative RPCs make rod and bipolar and rod and Miiller glial clones.
Interestingly, the newly postmitotic daughter cells that would normally take on
the non-rod fates still rely on Notchl (Mizeracka et al. 2013a) and Numb (Kechad
et al. 2012) to escape the rod fate. This finding argues against GMCs passing on
irreversible fate decisions to their daughters. Rather, it is likely that determinants
are passed to daughter cells from GMCs (Kechad et al. 2012), and although
different determinants are passed from different GMCs, the newly postmitotic
daughter cells must work out their fate using at least some other cue, such as
the Notch signal, to adopt the proper fate. Because deletion of the Notch gene in the
newly postmitotic cell prevented the acquisition of the non-rod fate, Notch
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Fig. 9.4 Distinct RPCs that make terminal divisions to produce at least one rod or one cone, based
upon marker expression and lineage tracing experiments, are shown (Emerson and Cepko 2011;
Hafler et al. 2012; Rompani and Cepko 2008; Turner and Cepko 1987; Turner et al. 1990); (Suzuki
et al. 2013). These are modeled to behave as GMCs similar to those seen in Drosophila. Three
types of two cell clones are produced at E13.5-E14.5 in the mouse from Olig2-expressing GMCs.
At least two of these clone types include a cone, as shown, and one type produces two HCs (not
shown). The GMC that produces only cones likely uses the Otx2ECR?2 to regulate Otx2 (Emerson
and Cepko 2011). In zebrafish, a reporter based upon Thrb makes a pair of L cones from a terminal
division (Suzuki et al. 2013). Other Thrb-expressing RPCs divide to make a pair of HCs (not
shown). Crx-expressing RPCs produce homotypic pairs with respect to cone opsin type, with live
imaging showing that these are likely the result of terminal divisions, as shown. GMCs that
produce rods, but not cones, exist later in development in mice. They do not express Ocl or
Thrb and some of them express Olig2. At least some of those that make only rods express
Otx2ECR2. HC, horizontal cell; BP, bipolar cell; AC, amacrine cell; MG, Miiller glial cell

transcription and translation in the newly postmitotic cell are needed to generate
Notch signals (Mizeracka et al. 2013a). This Notch dependence has also been seen
in the Drosophila ventral nerve cord in the newly postmitotic daughters of the
GMCs (Spana and Doe 1996) as well as in vertebrate neurons that are produced as
asymmetrical pairs (Del Barrio et al. 2007). Regarding the rod versus cone fate, the
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network operating in cone GMCs includes, at least in part, Otx2 and Ocl. The
daughters of these GMCs then differentially regulate the Ocl and Otx2 genes, as
HCs upregulate Oc genes (Wu et al. 2012) and downregulate Otx2, and cones do
the opposite. Additional levels of regulation downstream then can lead to photore-
ceptors with rod gene expression, as interference with Ocl function leads to cells
with Nrl or MafA, and thus likely will become rods. Because Nrl was upregulated
following introduction of an Ocl-EnR allele, it is likely that Ocl positively
regulates a repressor of Nrl expression.

It is worth considering the phenotypes of the KO mice for Nrl, Nr1f2, and Nr2e3
in terms of the foregoing model. The fact that rods are proposed to be produced by
RPCs that are distinct from the GMCs that make cones render the idea of a default
blue cone fate unlikely. The lack of a blue cone default state is further supported by
the lack of an upregulation of the early cone genes in the embryonic Nrl KO retina
(Emerson et al. 2013). Rather than being a reflection of a normal developmental
state, expression of blue cone genes in the aforementioned KO strains likely results
from dysregulation of rod and cone genes in maturing photoreceptors. The blue
cone gene expression program may be the program that is set up by expression of
the common TFs in photoreceptors, including TFs such as Crx/Otx2 and Nr1{2. The
differential expression of specific TFs, such as Nrl and Nr2e3, and their cofactors
and regulators, such as Pias3, then defines the specific gene expression programs for
rods and the different types of cones. The difference in these models is not merely a
semantic one, as the blue cone default model invokes the blue cone fate as the state
into which a newly postmitotic cell fated to be a photoreceptor enters, no matter
which RPC produces it. Instead, we propose that the newly postmitotic cells fated to
be photoreceptors are already instructed by their GMCs to be a cone or a rod, by
virtue of differences within the GMCs that make these cells. We have defined the
Ocl gene as one of the critical differences between rod and cone GMCs. There are
undoubtedly others, and the networks of which they are part need to be elucidated to
understand the actual mechanisms that guide, and then lock, each type of photore-
ceptor into its final state. These networks must also be understood in terms of the
spatial patterning across the retina that govern the frequency of the different types
of photoreceptors, as exemplified by the fovea and similar specialized areas in
different organisms. The final fate may also be dependent upon chromatin changes
to make the changes irreversible.

Finally, it is interesting to note the similarities of the genes discussed herein to
those used in the development of Drosophila photoreceptors. The discovery of the
determination network that defines the eye field in disparate organisms has been
well noted and discussed (Fernald 2006; Gehring 2011). In addition to these early
genes, the Drosophila homologue of Otx/Crx, orthodenticle (Otd) (Vandendries
et al. 1996), and the Drosophila homologue of Sall3, Spalt (Domingos et al. 2004),
are required for Drosophila S cone regulation. The Drosophila Onecut gene likely
also plays a role in photoreceptor differentiation, as it is able to bind to a conserved
enhancer upstream of the Rhl gene, and a dominant negative allele disrupts
photoreceptor differentiation (Nguyen et al. 2000). These genes have some com-
mon expression patterns, as well as some shared functions in Drosophila and
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mammals; for example, Crx and Otd are functionally similar in developing photo-
receptors (Ranade et al. 2008; Tahayato et al. 2003). However, we are now
proposing that the strategy used by the vertebrate retina for the production of the
diverse set of cell types does not follow that of the Drosophila retina but rather
follows that of the Drosophila ventral nerve cord and medulla (Pearson and Doe
2004). The terminally dividing RPCs have the same properties as GMCs, and there
is support for both expression and function for the homologues of the Drosophila
temporal TFs (Elliott et al. 2008). The strategy used for diversification of cells
during development may be an overarching theme in many tissues, with specific
cohorts of TFs acting to specify and differentiate the distinct cell types in tissues.
Photoreceptors may have enough deep homology that they use some of the same
TFs used by Drosophila photoreceptors for development, evolving different roles
over time.

Finally, in keeping with the ventral nerve cord and medulla strategy, it may be
that there are lineages in the vertebrate retina that are distinct; that is, specific and
distinct RPCs may be upstream of specific GMCs. There is some evidence for this,
in that RPCs that express Cad6 preferentially make RGCs that express Cad6, as
well as other retinal cell types (De la Huerta et al. 2012). This observation could
mean that there are some limited types of daughter cells produced by Cad6-
expressing RPCs, or perhaps there is one division that produces a Cad6 RGC,
with a sibling being a more generic type of RPC. Similarly, analysis of clones with
many HCs in large chick clones shows biases toward the types of HCs that they
contain, perhaps implying differences among very early RPCs toward one type of
HC (Rompani and Cepko, unpublished data). Future lineage and molecular studies
are needed to determine the full set of RPCs and GMCs and the mechanisms that
reliably lead to the production of such a beautifully complex tissue.
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