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Introduction

The fly sat upon the axle tree of the chariot-wheel and said, what a dust do I raise!
—Aesop

An important question in developmental biology is how a single-celled embryo gets
transformed into a multicellular three-dimensional organism with complex structure
and functions. The quest to understand this important facet of development resembles
the search for the holy grail of modern day biology. Patterning and development of
an organism require production of specific number of cells whose fate is determined
by a genetic circuitry. Any perturbation in this finely tuned process results in defects.
Therefore, the basic cell biological process of cell proliferation, cell differentiation,
and cell death play important roles in sculpting an organ during organogenesis. In
developmental biology, it is important to unravel the mechanism of fate assignment
and differentiation.

The time tested Drosophila melanogaster (fruit fly) model has played a central
role in developmental biology during the twentieth century. The Drosophila model
has a long genetic legacy, beginning with Thomas Hunt Morgan in early 1900 (Mor-
gan 1911). A judicious blend of molecular and developmental genetics has proved
beyond doubt that Drosophila is a valuable model for addressing important questions
of modern day biology. There are several thousand people whose work/lives center
around the little fruit fly Drosophila melanogaster. In recent years, the emphasis of
their studies has shifted from inheritance to development and disease. In the hands
of a small number of particularly imaginative scientists, traditional genetics, exper-
imental embryology, and new molecular genetic techniques have been combined to
build a picture of developmental mechanisms. To date, Drosophila has maintained
its status as a trusted and highly versatile model to study patterning, growth, and
disease. Among all the adult body structures, the Drosophila eye, because of its
simple structure, and easy amenability to mutations and genome-wide screens has
become an important tool in the hands of Drosophilists.

The study of developing eye from a two-dimensional eye primordium to a three-
dimensional adult eye and visual system, and use of eye model to study patterning,
growth, development, evolution, and disease is the topic of the current book. The
Drosophila eye has been intensively studied to explore cell biological processes like
cell fate specification, patterning, growth, and cell signaling, etc. Understanding
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viii Introduction

the generation and functioning of eye as an organ, our primary sensory modality, is
important. We are curious to know how the visual system assembles.

It is now almost 37 years since the seminal paper from Ready et al. (1976) de-
scribed the development and structure of Drosophila compound eye. The discovery
of morphogenetic furrow (MF), a wave of differentiation, which is initiated from
the posterior margin of the eye imaginal disc and sweeps in the anterior direction
(Ready et al. 1976), is considered to be a major milestone in Drosophila eye field.
It results in differentiation of retinal precursor cells to photoreceptor neurons. It
was known that adult appendage develops from a group of cells set aside during
embryonic development, which grows during larval stages and then metamorphose
into adult appendages. Tomlinson provided the electron microscopic view of cellular
events that follow the formation of morphogenetic furrow (Tomlinson 1985). Gener-
ation of monoclonal antibodies to detect early cell differentiation was another major
landmark (Fujita et al. 1982). Enhancer trap technique using P element-mediated
transgenesis proved to be an important tool that still remains an asset in the arsenal
of modern day fly geneticist’s tool kit (Bellen et al. 1989; Grossniklaus et al. 1989;
Wilson et al. 1989). Another important milestone was demonstration of structural
and functional similarity in the genetic circuitry involved in eye development in flies
and humans (Halder et al. 1995; Quiring et al. 1994). These studies completely
changed the outlook of the eye field. Halder et al. (1995) reported the master selector
gene concept in the eye where they demonstrated that eyeless (ey) Drosophila ho-
molog of PAX-6 gene could reprogram other tissues and generate ectopic eyes in the
wing, leg, and antenna. These studies provided a great impetus to the Drosophila eye
model, which, by then, was also used to address questions for human disease. The
evolution of Drosophila eye research cannot be complete without mentioning the
contributions of Seymour Benzer, Walter Gehring, and Gerald M Rubin. The hard
work of Gerald Rubin and his collaborators came to fruition when fly genome was
published in the year 2000 (Adams et al. 2000; Myers et al. 2000; Rubin et al. 2000).
It was instrumental in validating the observation of Gehring’s group that there is a
strong conservation in the genetic circuitry of flies with that of humans and other
vertebrates. It completely changed the field and put the fly model on the forefront
among all other animal models. These discoveries led to generation of new genetic
and molecular technology, and put Drosophila eye model system on the forefront of
biological research to address important questions related to human diseases like reti-
nal diseases, neurodegenerative disorders, cancers, etc. Furthermore, the Drosophila
eye model provided more versatility to study basic cell biological processes of pat-
terning, growth, cell proliferation, and cell death and to carry out genome-wide
screens.

This picture is new and exciting, although far from complete. It represents the
beginnings of a real understanding of how one animal is designed and built. This
book, which is written for the students as well as the specialists, aims to give an up-
to-date glimpse of that picture. However, the field is developing so fast that some of
the things may change; therefore, we have tried to use well-established material. We
have made an attempt to provide an overview of approaches used in the fly eye model.
We have dealt with the basic question of patterning of how eye develops starting from
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early events of specification to molecular mechanisms involved in transition of eye
from a monolayer epithelium to a three-dimensional structure. During this transition,
one of the hallmark events is formation of the morphogenetic furrow (MF). This book
also highlights events of morphogenesis, cell polarity, cell adhesion, and negative
regulation of neural patterning in developing Drosophila eye. Other areas discussed
in this book are use of Drosophila eye model to understand protein homeostasis
network, organ size control mechanism, and genetic basis of neurodegeneration.
The book also encompasses an important aspect of development and evolution during
early eye development as well as larval eye or Bolwig’s organ.

The collection of chapters in this book helps us celebrate hundred plus years of
research using Drosophila eye model, and provides a blueprint of future research
directions and frontiers in this field. We hope you enjoy reading this book as much as
we did. We would like to end with a quotation (Dryden J (1696) from: The epilogue
to The Husband his own Cuckold, lines 35–37):

Fools change in England, and new fools arise’
For, tho’ th’ immortal species never dies,
Yet ev’ry year new maggots make new flies. . . . .’
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Early Eye Development: Specification
and Determination

Emmi Bürgy-Roukala, Sara Miellet, Abhishek K. Mishra
and Simon G. Sprecher

Introduction

The compound eyes of insects are typically composed of a large array of unit eyes
termed ommatidia (Fig. 1a). The number of ommatidia and the size of the eyes are
variable within the group of insects. The compound eye of the fruit fly Drosophila
melanogaster is composed of 750–800 ommatidia, forming a highly stereotypically
organized, virtually crystalline lattice. In turn, each ommatidium is composed of
photoreceptor (PR), cone, and pigment cells (reviewed in Wolff and Ready 1993).
Most adult structures develop from larval epithelial structures called imaginal discs.
The adult compound eye of Drosophila originates from the eye-antennal imaginal
disc. The eye-antennal disc develops into the adult eye, antenna, head capsule, and
the ocelli, a group of extra-retinal photoreceptors (Kenyon et al. 2003). The discs’
precursors are specified during embryogenesis and the imaginal discs keep proliferat-
ing throughout the three larval instar stages. During third instar, retinal differentiation
is initiated in the eye disc from posterior to anterior by the dynamic progression of
an epithelial groove called the morphogenetic furrow (MF). After metamorphosis,
the pair of eye-antennal discs has transformed into the whole head capsule of the
adult fly.

The eye disc is specified and determined during embryogenesis and larval stages
by a genetic network called the retinal determination network (RDN). One of the
earliest genes expressed in the presumptive eye field is called eyeless (ey). Mildred
Hoge described the ey mutant in Drosophila almost 100 years ago (Hoge 1915), and
genetically mapped the gene causing this phenotype to the fourth chromosome of
the fly. Much later, the ey gene was cloned and sequenced, leading to the astonishing
observation that this gene is a homolog of the vertebrate Pax6 gene, which upon
mutation causes a developmental syndrome of retina called aniridia in humans and
a similar disorder caused by the small eyes mutation in mice (Quiring et al. 1994;
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Institute of Cell and Developmental Biology, Department of Biology,
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Fig. 1 a) The Drosophila compound eye. b) eya mutant flies

Walther and Gruss 1991; Hill et al. 1991; Ton et al. 1991). Support for the homologous
function was further provided by cross-phylum genetic experiments in which the
mouse Pax6 gene was shown to be able to replace the Drosophila ey gene, since its
targeted expression in Drosophila results in the formation of ectopic eyes (Halder
et al. 1995). While the evolutionary origin of eyes was still widely subject of debates
in the field, this discovery challenged much of previous beliefs in the independent
convergent evolution of various different eye types across species (Gehring 2002).
The finding that both Drosophila and vertebrate genes share the same function in
governing the formation of eyes strongly indicated that these organs have evolved
from a common ancestral prototypic eye and therefore supports the theory of a
monophyletic origin of the eye (Gehring 2002; Halder et al. 1995).

Moreover, in addition to ey, other members of the RDN that specify the eye field
in Drosophila are homologs to the corresponding genes in vertebrates (reviewed
in Wawersik and Maas 2000). Thus, even though the camera-type eye of verte-
brates and the compound eye of Drosophila are morphologically very distinct, the
molecular mechanisms underlying the early specification of an eye field are surpris-
ingly conserved. This discovery has turned the Drosophila eye-antennal disc into
an excellent model system to analyze the formation of vertebrate eyes and to model
human diseases. Also, studying the specification of an eye field can teach us how
early determination genes integrate multiple signaling pathways during the course
of development.

In this chapter we will focus on the RDN, the genetic network underlying eye
field specification and determination. In particular each of the members of the RDN
and their interactions with each other will be discussed in detail. Further attention
is paid to the development of the eye precursor cells during embryogenesis, and



Early Eye Development: Specification and Determination 3

the establishment of a distinct eye field in the developing eye-antennal disc during
the first and second instar stages. Finally, we will briefly summarize the knowledge
gained so far on how some of the members of the RDN contribute to the specification
of the extraretinal photoreceptors in Drosophila.

The Retinal Determination Network

Development of the eye field requires three distinct phases: specification, determi-
nation, and differentiation. A highly interconnected regulatory network called the
RDN is responsible for the initial specification and determination steps (Fig. 2).
This network consists of selector genes that are regulated by extracellular signaling
pathways and interact in highly complex regulatory and autoregulatory feedback
loops. Thus, apart from the initiation of RDN gene expression, this network does
not form a linear hierarchal gene regulatory system. Many of the RDN genes are not
exclusively functioning in eye development, but are also involved in the formation
of other tissues. Hence, it is the combinatorial effect and the interaction of these
genes with each other that serve as a base to build an eye. Since most RDN genes
also provide essential functions during embryogenesis, eye-specific mutant pheno-
types are mostly the result of deletions in a regulatory region of an enhancer that is
necessary to drive reporter expression only in the eye imaginal disc (Bui et al. 2000;
Zimmerman et al. 2000).

Which genes are parts of the RDN and what are their characteristics? While there
is no clear definition of a RDN gene, the network members have to fulfill certain
criteria. Clearly, these genes have to be active at some point between the formation of
the eye disc and beginning of the differentiation of the retinal cells. Most of the genes
are able to induce ectopic eyes when overexpressed in other imaginal discs, though
they do not all have the same potential in doing so. Conversely, mutational inactiva-
tion of RDN genes should interfere with the development of the eye (Fig. 1b). Most
of the RDN members are also nuclear proteins directly controlling or affecting tran-
scription. Obviously, there are more factors than just the RDN genes involved in eye
development; however, they do not fill the criteria to be considered as selector genes.

To current knowledge and applying the definition above, the RDN consists of fol-
lowing factors: the homologs of the vertebrate Pax6 eyeless (ey) and twin-of-eyeless
(toy), the six family members sine oculis (so) and optix, the tyrosine phosphatase
Eyes absent (Eya), a winged helix containing transcription factor Dachshund (Dac),
zinc-finger transcription factors Teashirt (Tsh) and Tiptop (Tio), the nuclear factors
Eyegone (Eyg) and Twin-of-eyegone (Toe), homeobox containing transcription co-
factor Homothorax (Hth), serine-threonine kinase Nemo (Nmo) and the Pipsqueak
motif containing genes distal antenna (dan) and distal antenna related (danr). The
RDN also requires five canonical extracellular signaling pathways: the Notch, epi-
dermal growth factor receptor (EGFR), Hedgehog (hh), Transforming growth factor
beta (TGFβ), and Wnt signaling pathways. The factors of these signaling pathways
will be presented in context and will not be described in detail.
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Players of the Retinal Determination Network

eyeless and twin-of-eyeless

Pax6 genes encode transcription factors containing two DNA binding domains; a 128
amino acid long paired domain and a homeodomain (Quiring et al. 1994; Treisman
et al. 1991; Walther and Gruss 1991). Other Pax family members have a varying num-
ber of paired domains with homeodomains and all of them have important functions
in nervous system development across different species (for references see Treisman
et al. 1991). The paired domain can be divided in two subdomains, the N-terminal
PAI and C-terminal RED. Both of them contain a helix-turn-helix (HTH) motif (for
references see Jun et al. 1998).

Drosophila has two Pax6 homologs; ey and toy. Ey and Toy share 95 % and 91%
amino acid sequence identity, respectively, in the paired domain and 90% in their
homeodomains with the murine Pax6 protein (Quiring et al. 1994; Czerny et al.
1999). Toy in comparison to Ey shares more sequence similarities to Pax6 outside
these domains and has an additional transcription activation C-terminal domain that
is present in Pax6 but missing in Ey. In addition, Ey has one amino acid substitution
(Asn to Gly) in the paired domain, which affects its binding affinity to some Pax6/toy
binding sites and thus explains the differential expression patterns and functions of
ey and toy in the fly (Czerny et al. 1999).

Both toy and ey arose most likely due to a gene duplication event during late in-
sect evolution, since two Pax6-like genes are only present in holometabolous insects
(Czerny et al. 1999). Originally, these two genes were acting in parallel after the
duplication event. ey eventually gained a mutation affecting the amino acid compo-
sition of the paired domain and radically changing the mode of action of the protein.
The changes in the protein sequence abolished the capability of ey for autoregulation.
toy and Pax6 among other species still posses this character. (Plaza et al. 1993). Since
toy shares more sequence similarities with the vertebrate Pax6 gene and is essential
for the head formation both in vertebrates and in the fly, it has been postulated that
toy has been under stronger selective pressure than ey (Czerny et al. 1999).

Whole mount in situ hybridization experiments have shown that toy is the first
RDN gene expressed in the embryo in areas giving rise to the eye precursors. The
first transcripts of toy can be detected early in the posterior procephalic region of a
stage 5 embryo (cellular blastoderm). After gastrulation, during stages 14–15, the
expression pattern covers the optic lobe primordia, brain, parts of the ventral nerve
cord (VNC), and eye-antennal imaginal disc anlagen. In the third instar larva toy
expression is localized to both posterior and anterior of the MF and in the ocellar
precursors (Czerny et al. 1999; Jacobsson et al. 2009).

The expression of ey first appears in the brain andVNC during germ band extension
in the stage 9 embryo (Quiring et al. 1994; Czerny et al. 1999; Kammermeier et al.
2001). The ey transcripts can be localized earlier in the VNC, but later in the brain
than those of toy. In addition, the ey expression pattern in the brain is more spatially
restricted than that of toy. In the developing visual anlagen, ey expression is almost
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entirely overlapping with toy expression pattern (Czerny et al. 1999). Ey can also
be detected in the mushroom bodies, optic lobes, and in the central complex of the
adult brain, and different ey mutants show defects also in the development of these
organs (Callaerts et al. 2001). These observations link Ey functionally closer to the
vertebrate Pax6 which is crucial for the formation of certain brain areas (Callaerts
et al. 2001 and references therein). The ey expression persists until the third instar
larval stage and is detected similarly to toy in the anterior boundaries of the eye disc
as well as in the regions anterior to the MF (Quiring et al. 1994; Czerny et al. 1999).

The ey loss-of-function mutants have different eye and head phenotypes depend-
ing on the severity of the mutation. In general, hypomorphic alleles of ey lead to
eyeless flies, whereas in eye-specific null mutants the head is completely missing
due to the lack of the whole eye-antennal disc (Halder et al. 1998; Kronhamn et al.
2002; Quiring et al. 1994). Eye-specific toy null and hypomorphic mutants (toyhdl

and toyG7.39) are also mostly headless (Kronhamn et al. 2002; Punzo et al. 2002).
Some escapers are able to form a head and even compound eyes, but the ocelli are
always missing (Kronhamn et al. 2002). The phenotype of the toyhdl is the result of
a truncation in the homeodomain, yet the transcript pattern of toyhdl corresponds to
wild-type transcripts (Kronhamn et al. 2002).

Forced overexpression of ey using different enhancer lines can effectively induce
ectopic eyes on the wings, legs, halters, and antenna (Halder et al. 1995), and none of
the other RDN members have the ability to function as a potent ectopic eye inducer
as ey. Targeted overexpression of toy can induce ectopic eyes in the wings, legs, and
halteres (Czerny et al. 1999; Salzer and Kumar 2010).

sine oculis and optix

so and optix are both part of the RDN since mutants of these genes show severe
defects in eye development, and their forced expression is able to induce ectopic
eyes (Cheyette et al. 1994; Pignoni et al. 1997; Seimiya and Gehring 2000; Serikaku
and O’Tousa 1994; Weasner et al. 2007). These two genes are a homeodomain and
a SIX domain containing transcription factors and members of the SIX (Sine oculis
box) gene family (Cheyette et al. 1994; Oliver et al. 1995b). Vertebrates have six
members in this family called Six1 to Six6 (Kawakami et al. 1996a; Kawakami et al.
1996b; Oliver et al. 1995a; Oliver et al. 1995b; Toy et al. 1998). The Drosophila so
gene is most closely related to the murine Six1/Six2 genes. It was long believed to
be the homolog of Six3, because it is the only gene of the SIX family involved in
eye development in the mouse (Oliver et al. 1995a; Seimiya and Gehring 2000; Seo
et al. 1999). However, later it became evident that optix instead is the homolog of
Six3 (Seo et al. 1999; Toy et al. 1998). In addition to so and optix, Drosophila has
one more gene belonging to this group but representing a different subclass, DSix4,
which has no shown functions in the formation of the retina neither in the fly nor in
vertebrates (Seo et al. 1999).

so is required not only for the development of the adult compound eye but also
for the formation of other structures of the visual system including the larval eye,
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termed Bolwig’s organ, the ocelli and the optic ganglia in the brain (Cheyette et al.
1994). In the developing retina so is required for the initiation and propagation of
the MF as well as for the formation of the PRs posterior to the furrow (Pignoni et al.
1997). The gene locus of optix is near the so locus, suggesting that these two genes
went through a gene duplication event. optix is an orthologue of the mouse Six3,
which also has specific functions during the eye development. Although these two
genes share extensive sequence similarities even in the DNA binding homeodomain,
they show distinct functions during the eye formation in Drosophila and are not
redundant.

In the embryo, so is expressed in the optic lobe primordia anterior to the cephalic
furrow. Later, so is detected also bilaterally at the segment boundaries. At stage 16,
so expression is restricted to the anterior region of the head, including the Bolwig’s
organ (Serikaku and O’Tousa 1994). The eye-specific so expression in the eye discs
is activated during the late second larval stage, right before the MF initiation takes
place in the third instar stage. so is expressed in a gradient starting at the anterior
and decreasing towards the posterior end of the disc, and persists until the end of
the larval stage (Cheyette et al. 1994; Kenyon et al. 2003). The expression of so is
not restricted to the anterior site of the MF but is also expressed within and posterior
to it. In addition to the eye-antennal disc, so expression is also present in the optic
lobes and the Bolwig’s organ primordia of the embryo, and in the leg discs (Cheyette
et al. 1994; Seimiya and Gehring 2000). The expression pattern of so during early
larval stages, however, remains unclear. Depending on the lacZ reporter lines used,
β-galactosidase expression is detected in the first instar (Wang and Sun 2012) or
starting from mid-to-late second instar stage (Kenyon et al. 2003).

optix is expressed in a similar, but not identical pattern to so. optix transcripts can
be detected early in the blastoderm embryo on its anterior end. During germ band
extension, when so expression can already be detected in the optic lobe primordia,
optix is still detectable only at the very anterior region of the embryo. During the
second instar stage, optix is expressed in the whole eye disc, but in the third instar,
contrasting so, it becomes restricted to an area anterior to the MF resembling ey and
toy expression. optix is also present in the wing and haltere discs and in a part of the
antennal disc (Seimiya and Gehring 2000).

so loss-of-function mutant animals show severe developmental defects in the
retina, impairing cell proliferation and PR formation, leading to extensive cell death
anterior to the MF (Cheyette et al. 1994; Pignoni et al. 1997; Serikaku and O’Tousa
1994). However, analysis of so3 null mutant clones revealed that the cell death is a
consequence and not a cause, since the clones initially show massive overproliferation
(Pignoni et al. 1997). so1 mutants are in most cases lacking compound eyes and ocelli,
being the strongest non-lethal and eye-specific loss-of-function mutation. Other mu-
tants cause less severe effects in the eye formation including a reduced eye size or
rough eyes. Ocelli in these mutants are mostly depleted or reduced (Heitzler et al.
1993; Cheyette et al. 1994). soD (droplet, drl) is a dominant negative allele of so that is
able to recruit an optix co-factor Optix binding protein (Obp) (Kenyon et al. 2005).
This mutation causes a phenotype similar to so1 mutation with the exception that
ocelli are not reduced and the mutation is homozygous lethal (Heitzler et al. 1993).
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A loss-of-function mutation of optix has not been generated so far, leaving the
phenotype of such a mutant under speculation.

The initial experiments to produce ectopic eyes by so overexpression failed, and it
was assumed that So needs the co-activator Eya for its function in the eye. However,
a screening combining upstream activation sequence (UAS)-so responder line with
219 distinct Gal4 driver lines revealed ectopic eye formation in four cases in the
antennal part of the eye-antenna imaginal disc. This portion of the disc normally
lacks Eya, suggesting that so is able to induce eye tissue without the presence of
intrinsic Eya. Interestingly, So even induces eya expression in these ectopic eye
tissues. It still remains to be cleared if this induction is direct or not (Weasner et al.
2007). Another Gal4 screen revealed so-induced ectopic eye tissue also in the head
(Salzer and Kumar 2010). Nevertheless, compared to the ability of ey to induce eye
tissue ectopically, so is a considerably less potent inducer.

Forced expression of optix in all imaginal discs leads to ectopic eye formation
only in parts of the antennal disc, and to formation of extra ocelli (Seimiya and
Gehring 2000). Using the same set of the 219 driver lines that were crossed with
UAS-so, it was demonstrated that optix is also capable to induce ectopic eye tissue in
the wing and haltere discs (Weasner et al. 2007). Interestingly, Optix does not require
the presence of Ey to induce ectopic eyes (Seimiya and Gehring 2000), but optix is
not able to induce ectopic eyes in so or eya mutant background (an observation of
Seimiya and Gehring 2000).

Strikingly, only two of the 219 driver lines were able to induce ectopic eyes
with both UAS-so and UAS-optix. Further analysis of the regulatory domains of
so and optix indicate that although these genes do not considerably differ in their
homeodomains and probably even bind the same target genes, they differ significantly
in their SIX-domains and in the amino acid composition at the C-terminus. The SIX-
domain is involved in the selection of a binding partner, thus with distinct partners
So and Optix could also have different targets. Interestingly, the C-terminal end of
Optix is involved in repression of retinal formation (Weasner et al. 2007) and one
common binding partner shared by so and optix is the transcriptional co-repressor
Groucho (Gro), suggesting that also so might function as a repressor of transcription
(Silver et al. 2003; Kenyon et al. 2005).

Two genes interacting distinctively with so and optix are the so binding protein
(sbp) and obp, respectively. The sbp expression is detected posterior to the MF
where so but no optix is present. obp in contrast shows co-expression with both so
and optix, but does not bind to so in a yeast-two-hybrid assay and has no effect on
eye development when expressed in regions where only So is present. The exact
functions of these two genes in combination with their binding partners are yet to be
discovered (Kenyon et al. 2005). In addition, only so has been associated with eya
(Seimiya and Gehring 2000).

Taken together, the existence of different factors that can bind so in distinct genetic
environments suggests that so probably has a dynamic role in eye development, acting
both as an activator and repressor of transcription. A similar kind of a mechanism has
been demonstrated in vertebrates. Phosphatase activity of Eya changes the activity of
Dach1, which is bound to Six1, to become a transcription co-activator (Li et al. 2003;
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reviewed in Dominguez and Casares 2005). The so binding sites have also been
located in ey, hh, and lozenge (lz) genes (Pauli et al. 2005; Niimi et al. 1999). The
lz as a target is of particular interest, since it is expressed and functions posterior to
the MF and is involved in the first differentiation steps of the PRs, thus linking cell
fate specification with differentiation.

eyes absent

The eya gene belongs to the phosphatase subgroup of the haloacid dehalogenase
(HAD) family of transcription co-activators including or having one member in
Drosophila (Eya) and four in vertebrates (Eya1-4) (Bonini et al. 1993; Hanson
2001; Tootle et al. 2003). The phosphatase activity is located at the C-terminus of
the gene, which is also involved in interacting with So and Dac (Pignoni et al. 1997;
Chen et al. 1997). The transactivator domain lays at the N-terminus, containing a
proline-serine-threonine-rich region (Silver et al. 2003). The vertebrate Eya2 can
rescue the eye-specific eya null mutant phenotype, causing eyeless flies and thus
revealing a high degree of conservation in the eya gene sequence (Bonini et al. 1997).
eya is involved in the inhibition of cell death and promotes cell specification in the
eye imaginal disc anterior to the MF (Bonini et al. 1993). It was also demonstrated
that eya, together with so, is required for the initiation and propagation of the MF, and
for the development of the PRs posterior to the furrow (Pignoni et al. 1997). Since
eya is able to produce ectopic eyes it belongs to the group of key factors in the RDN.

The eya transcription starts in the blastoderm embryo in the future head segments,
but cannot be detected in the eye primordial cells at this stage. In the second instar
stage eya shows expression in the posterior regions of the eye disc that decreases
toward the anterior and middle parts of the disc. In the third instar stage, eya is
expressed both in the anterior and posterior regions of the MF and in the region
giving rise to the ocelli (Bonini et al. 1993).

The eya null mutants are embryonic lethal. Viable eye-specific eya1 and eya2

mutants display an eyeless phenotype, but develop all the other head structures
(Bonini et al. 1993; Fig. 1b). The eye-specific mutant phenotype is the result of a
deletion in a regulatory region of the eya enhancer (Bui et al. 2000; Zimmerman
et al. 2000). Other less specific eya mutants (eya3cs and eya4) lack, in addition to the
reduced eyes, also ocelli (Zimmerman et al. 2000). Strong loss-of-function eyaclift1

mutant clones cause overgrowth of the disc followed by a massive cell death, as
observed in so3 mutants (Pignoni et al. 1997).

The eye-specific enhancer deleted in eya1 and eya2 is sufficient to recapitulate the
eya expression pattern in the eye disc. This enhancer is not expressed in ey2 mutant
background, and is not affected in so1 and dac3 mutants (Bui et al. 2000). Ectopic
expression of dac and ey, but not eya or so, is able to induce ectopic expression of
this enhancer.

Overexpression of eya is able to cause ectopic eye formation in the antenna, and
with more copies of UAS-eya, ectopic eyes form also in the legs and wings (Bonini



10 E. Bürgy-Roukala et al.

et al. 1997). Using other imaginal disc-specific drivers eya can also initiate eye
formation in the halters and in the head (Salzer and Kumar 2010).

dachshund

dac was discovered in an enhancer trap screen that was conducted to find novel reg-
ulators of PR specification. The gene identified in this screen was named dachshund,
since the mutants show a recessive short-leg phenotype (Mardon et al. 1994). dac
is required for the progression of the MF and in the formation of PRs. It belongs
to a gene superfamily containing the vertebrate dac homologs Dach1/2 and proto-
oncogenes Ski/Sno of the Ski-family that are involved in transcriptional repression
(Hammond et al. 1998). Dach genes in the vertebrates are also involved in eye and
limb development (Hammond et al. 1998). The Drosophila Dac protein contains two
conserved domains, a DNA binding, winged helix domain called DD1 and another
domain called DD2. DD1 is essential for the function of Dac in the eye. DD2 is
required to facilitate the function of DD1 and to interact with Eya, although neither
of these functions is required for eye development (Pappu et al. 2005; Tavsanli et al.
2004).

dac is expressed in the third instar disc at the posterior edge anterior to the MF
(Mardon et al. 1994). Posterior to the MF, dac is expressed in PRs R1, R6, and R7
and in cone cells. dac expression can be detected in other imaginal discs including
leg, antenna, and wing as well as in the developing nervous system of the embryo
and larval optic lobes.

dac mutants have severely reduced or absent eyes, they are not able to form PRs
and the progression of the MF is impaired (Mardon et al. 1994). Overexpression of
dac leads to eye tissue formation in the antennal and leg discs, confirming its place
in the RDN (Shen and Mardon 1997).

The dac expression can be induced by ectopic expression of ey, eya, and eya/so
complex, suggesting that these genes control dac activity also in the normal devel-
opmental conditions (Chen 1997). In addition, dac expression requires the presence
of the extracellular signal Decaplentaplegic (Dpp) (Chen et al. 1999).

teashirt and tiptop

Drosophila Tsh and Tio are nuclear proteins containing three and four zinc finger
motifs, respectively (Laugier et al. 2005). Forced expression of these genes can
induce ectopic eyes, and this is why these genes were included in the RDN in the
first place (Rubin 1998). The tsh expression was initially identified in the trunk
region of an early embryo regulating patterning together with homeotic genes. The
embryonic role of tsh is to repress head development, and certain loss-of-function
mutations lead to trunk-to-head transformations (Fasano et al. 1991; Roder et al.
1992; de Zulueta et al. 1994). tsh promotes the growth and specification of the dorsal
part of the eye disc mainly during second instar larval stage. On the ventral half tsh
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suppresses eye specification together with hth (Singh et al. 2002). tio is a paralog
of tsh, and has analogous functions in the eye formation as tsh. These two genes
most likely evolved after a duplication event that occurred during the evolution of
Drosophilidae (Laugier et al. 2005; Bessa et al. 2009).

tsh expression begins in the trunk at an early stage 6 embryo proceeding tio
expression, which commences at the posterior region at stage 10. In the early embryo
their expression pattern is not overlapping. Co-expression of the genes begins at stage
12 embryo in certain regions of the CNS and epidermis, and increases during the
development, but they also maintain distinct expression patterns (Laugier et al. 2005).
In the eye disc tsh expression begins already in the first instar stage and occupies the
whole disc, thus overlapping with ey and hth expression (Singh et al. 2002). During
the second larval stage, tsh expression retracts towards the anterior part of the disc,
and by the late third instar larval stage tsh expression is restricted in the eye disc
anterior to the MF, symmetrically on the dorsal and ventral halves of the disc (Pan
and Rubin 1998; Singh et al. 2002). tio is co-expressed with tsh in the third instar
larval eye disc (Bessa and Casares 2005).

Weak loss-of-function mutations of tsh do not show any phenotype in the fly
eye. The tsh null mutants are embryonic lethal. To study the role of tsh in eye
development, tsh null mutant clones were generated using an x-ray-induced mitotic
recombination (Pan and Rubin 1998). These mutant clones in the eye disc do not
display any abnormal phenotypes, suggesting that tsh has a redundant function in
the eye disc.

Overexpression of tsh induces ectopic eyes in head tissues and antenna, and
these extra eyes have nearly normal ommatidia (Pan and Rubin 1998). Interestingly,
also the opposite has been demonstrated, where suppression of tsh actually promotes
ectopic eye formation and forced expression suppresses eye development. This, how-
ever, only occurs at the ventral margin of the eye disc. In the dorsal part of the disc
tsh promotes eye development. Thus, tsh plays a dual role in regulating the growth of
the eye disc. The level of tsh expression might play a significant role in the decision
whether the eye development is suppressed or promoted, since overexpression of
more than one copy of tsh enhances the phenotypes (Singh et al. 2002).

The tio null mutants are viable and show no aberrant phenotype in the adult
(Laugier et al. 2005). Nevertheless, as in the case of tsh, forced overexpression of tio
causes ectopic eye formation in the head region (Bessa et al. 2009). tsh is also able to
induce ey expression in the antennal disc when ectopically expressed. Reciprocally,
ey expression is necessary for tsh expression (Singh et al. 2002). tsh might also
function upstream of so, eya, and dac since these genes are ectopically expressed
upon forced tsh expression (Pan and Rubin 1998).

Tsh and Tio negatively regulate themselves (negative autoregulatory feedback
loop) and each other (Bessa et al. 2009). They can also compensate for each other’s
function. For example, tio is able to rescue embryonic lethality of tsh mutants when
expressed in the regions normally occupied by tsh (Bessa et al. 2009).
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eyegone and twin-of-eyegone

eyg and toe encode for nuclear proteins showing similarities to a splice isoform of the
vertebrate Pax6 gene termed Pax6(5a), containing only one DNA-binding domain,
the RED domain (and no PAI domain) (Jun et al. 1998). These genes have a different
function during the retinal specification compared to the Pax6 homologs ey and toy.
eyg is involved in the eye and salivary duct development. It positively regulates the
growth of the eye disc, but also acts as a transcriptional repressor (Jang et al. 2003;
Yao et al. 2008). toe acts as a repressor as well, but in somewhat different regions
than eyg. The eyg possesses two, and toe only one repressor domain, which may
account for their different functional outcomes (Yao et al. 2008).

eyg and toe are expressed in the embryo in the salivary gland placode (SGP), in
the dorsal head, and in the segments of the trunk. Starting at embryonic stage 17,
eyg and toe are expressed in the eye-antennal disc precursors in the same cells that
are also expressing ey and toy (Czerny et al. 1999; Jones et al. 1998; Jun et al. 1998;
Quiring et al. 1994; Yao et al. 2008). During the growth of the disc eyg and toe
are expressed both in the antennal and eye part. In the eye disc they continue to be
expressed anterior to the MF until the third instar stage. By then the expression is
restricted to a small cluster of cells at the dorsal–ventral boundary (Yao et al. 2008).
This expression pattern is different to that of ey and toy, which are expressed in a
much larger area anterior to the furrow (Quiring et al. 1994; Czerny et al. 1999; Yao
et al. 2008). eyg and toe are not expressed in equal levels; eyg contributes the clear
majority to the total amount of transcript.

Weak loss-of-function mutants of eyg have reduced or missing eyes, whereas
strong mutations fail to form a head and cannot hatch from their pupal cases (Jang
et al. 2003). The eye discs of such mutants are highly reduced in size and show
extensive cell death. However, these mutants cannot be rescued by overexpression
of the apoptosis inhibitor p35, indicating that apoptosis is not the sole reason causing
the eyg phenotype. toe alone does not seem to play an essential role in the eye since
downregulation of toe transcripts by miRNA does not cause any obvious phenotype
(Yao et al. 2008).

Forced expression of eyg is capable producing ectopic eyes on the ventral head
region, deriving from the formation of extra eye fields on the eye disc (Jang et al.
2003). Forced toe expression in an eyg mutant background is also not able to rescue
this phenotype. This suggests that these genes do not act redundantly in eye develop-
ment and are differentially regulated, since eyg mutants do not affect toe transcription
levels.

eyg is involved in a pathway independent of ey, since both genes are unable to
launch each other’s expression. Moreover, they are also functionally independent,
since they do not require each other to induce ectopic eyes (Jang et al. 2003). This
functional independency resembles that of optix (Seimiya and Gehring 2000). Nev-
ertheless, eyg and ey can functionally substitute for each other, by partially rescuing
each other’s loss of function phenotype. Co-expression of these genes has synergis-
tic effects in inducing ectopic eyes, and it has been postulated that they even form a
heterodimer to commonly regulate gene expression (Jang et al. 2003) .
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homothorax

hth encodes for the Drosophila homolog of the mouse Meis1 proto-oncogene con-
taining a TALE class homeodomain. Hth provides an important function during
embryonic patterning as a cofactor for the homeotic genes (Rieckhof et al. 1997; Pai
et al. 1998).

hth is expressed in several imaginal discs including the eye-antennal disc. In the
second larval stage, hth is ubiquitously expressed in both the eye and antennal part
(Jang et al. 2003; Pichaud and Casares 2000). Later, the expression is restricted to
the anterior parts of the disc including the ocellar region and head capsule. Weak
expression can be detected in the posterior boundaries of the disc and in already
differentiated pigment cells (Pai et al. 1998; Pichaud and Casares 2000).

hth mutants show ectopic eye formation in the ventral side of the head, suggest-
ing that hth is normally needed to suppress eye formation (Pai et al. 1998; Pichaud
and Casares 2000). The ectopic eye tissue induced in hth mutant clones have nearly
normal pigment cells, but the ommatidia are abnormally arranged, showing an or-
thogonal shape instead of a hexagonal one (Pichaud and Casares 2000). However,
in the dorsal region of the disc hth is not able to do the same. Forced expression of
hth within the eye disc causes suppression of eye formation. The function of hth is
dependent on its interactions with several RDN genes that will be described later in
this chapter.

nemo

nmo encodes a proline-directed serine/threonine kinase and is the founding member
of the Nemo-like kinase (NLK) family of the MAPK superfamily. In eye development
it is required for positive regulation of its downstream target eya in the RDN cascade.

nmo shows a dynamic expression pattern in the eye disc. At second instar stage,
nmo is ubiquitously expressed showing co-expression with ey in the whole disc, and
with eya in the posterior part of the disc. Later in the third instar stage the expression
becomes restricted to the anterior edge of the MF, showing co-expression with eya.
nmo can also be detected in ocellar precursor cells at the anterior-dorsal side of the
disc. At the posterior boundary of the disc nmo is expressed together with hth (Braid
and Verheyen 2008).

nmo mutants have slim eyes and show defects in the patterning of the ommatidia
(Choi and Benzer 1994). Strong forced expression of nmo leads to expansion of the
dorsal eye, to the induction of dac and eya expression and to hth repression in the
antennal discs, leading to ectopic PR formation. Ectopic PRs were not detected in
other imaginal discs (Braid and Verheyen 2008). However, nmo acts synergistically
with ey, eya, so, and dac to promote eye specification, and enhances their ability
to form ectopic eyes (Braid and Verheyen 2008). nmo does not seem to be a direct
regulator of these genes but rather interacts with them at the protein level.
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distal antenna and distal antenna related

Dan and Danr are transcription factors containing a DNA binding motif called
Pipsqueak (Psq) that is found in proteins involved in chromatin modification (Baonza
and Freeman 2002). Misexpression of dan and danr with an antenna-specific driver
Distal-less(Dll)-Gal4 leads to ectopic eye formation in antennal precursors (Curtiss
et al. 2007). During the eye specification, dan and danr are particularly involved
in the onset of differentiation, positively regulating the expression of one of the first
differentiation genes atonal (ato). In addition, they interact with EGFR signaling to
ensure correct ommatidial patterning (Curtiss et al. 2007).

dan and danr are required already during the early embryogenesis for the correct
development of the nervous system. During larval stages their expression is restricted
to the eye-antennal disc (Suzanne 2004). The expression in the early third instar eye
disc starts in cells surrounding the MF. As the furrow starts moving, both factors are
expressed anteriorly to it and to a weaker extent in the differentiated cells posterior to
the furrow, whereby dan shows a stronger expression than danr (Curtiss et al. 2007).
The expression of dan and danr overlaps with ey and shows similarities to eya, so,
and dac expression (Curtiss et al. 2007). As both genes are later expressed also in the
antennal disc, the timing of expression is critical in determining when these genes
promote eye formation and when antennal formation (Curtiss and Mlodzik 2000;
Suzanne 2004; Suzanne et al. 2003).

dan and danr loss-of-function mutants display small and rough eyes, depending
on the severity of the mutation. The rough eye phenotype is a consequence of defects
in ommatidial spacing and photoreceptor formation, which is probably associated
with the lack of ato expression (Curtiss et al. 2007). Misexpression of dan and
danr in the eye disc causes a similar phenotype to the loss-of-function mutants.
This demonstrates the importance of a controlled regulation of transcription levels
in a system that consists of many interconnected members like the one the RDN
represents (Curtiss et al. 2007).

dan and danr are able to induce ectopic eyes in the antennal disc (Curtiss et al.
2007). In addition, as they are also expressed in the antenna, ectopic expression
in the leg discs can induce leg-to-antenna transformation and interestingly, loss-
of-function mutations cause an antenna-to-leg transformation (Emerald et al. 2003;
Suzanne et al. 2003).

Dan and Danr cross-regulate each other; Dan is required for danr expression on
the anterior side of the MF whereas Danr represses dan. Both genes are able to
induce or maintain ey expression in the ectopic eye tissue (Curtiss et al. 2007). The
discrete expression patterns and differences in eye phenotypes induced by dan and
danr mutations propose that these two genes do not act totally in parallel during the
eye formation, and that they might have even antagonistic roles (Curtiss et al. 2007).
These two genes are acting downstream of most of the RDN genes, since so, eya,
and dac are required for their expression (Curtiss et al. 2007) .
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Teamwork: Genetic Interactions Between the Retinal
Determination Network Genes

The eye of Drosophila represents a masterpiece when it comes to finding an example
of a regularly patterned organ. To generate such a structure, a robust network of
genes has to work behind it. The RDN offers an interesting and challenging model
to study the early steps of tissue specification. The RDN consists not only of a linear,
hierarchical cascade of transcription activation, but also it is imprinted by feedback
loops, protein complexes, and dynamic gene expression (Fig. 2). Correct protein
levels seem to be essential, especially in the formation of multiple protein complexes
between the members of the RDN. In this part we will discuss the interactions of the
RDN genes with each other and their putative target genes outside of the RDN.

toy and ey Initiate the Retinal Determination Network Cascade

toy is the first RD gene to be expressed in the eye precursors. Toy binds to the ey
enhancer region and activates its expression. Forced expression of ey does not cause
ectopic toy expression, placing toy upstream of ey in the genetic cascade (Czerny et al.
1999). ey rather than toy is more essential for the initiation of the eye development
in general, since toy is not able to produce ectopic eyes in an ey mutant background
(Czerny et al. 1999).

ey has been shown to be able to initiate so and eya expression in the wing disc
when expressed ectopically. These genes contain Ey-specific binding sites on their
enhancers, suggesting that Ey is a direct regulator of their expression. However, toy is
able to initiate so expression even in mutants where the Ey-specific enhancer region
is deleted (so1), indicating that Ey and Toy can regulate so distinctively. Ey and Toy
both bind the eye-specific so enhancer (so10) with their paired domains, albeit at
different sites (Niimi et al. 1999; Punzo et al. 2002). Surprisingly, in the few regions
of antenna where forced so can induce ectopic eye formation, ectopically expressed
ey and toy are not able to do the same. Therefore, there must be additional factors
that mediate the interaction between ey/toy and so at least in the formation of ectopic
eye tissue (Weasner et al. 2007).

Ey is required for normal eya activity, since eye discs mutant for ey do not express
eya. Moreover, ectopic expression of ey induces eya expression (Bonini et al. 1997;
Halder et al. 1998) and eya is able to induce ectopic eyes only in an intact ey back-
ground (Bonini et al. 1997). It is assumed that Ey binds to regulatory regions in the
eya gene that have been shown to be responsible for the eye-specific eya expression
(Bui et al. 2000; Zimmerman et al. 2000). However, although it was demonstrated
with an electrophoretic mobility shift assay (EMSA) that eya is a direct target of Ey,
no ey binding site was located in the enhancer regions required for eya expression in
the eye disc. Moreover, this ey binding locus of eya does not drive eya expression in
a reporter assay. Nonetheless, it cannot be excluded that other regulatory regions left
out from this assay are also needed for the eye-specific expression of eya (Ostrin et al.
2006). This is supported by the observation, that the eya enhancer is expressed also in
ey, so, and dac mutant backgrounds in a pattern comparable to wild type (Bui 2000).
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Ey can also bind directly to the eye-specific enhancer of optix and forced ex-
pression of ey induces ectopic expression of optix (Ostrin et al. 2006). However, in
hypomorphic ey2 mutants optix expression is not affected in the eye disc and ectopic
eyes are produced regardless of ey expression (Seimiya and Gehring 2000). Thus, it
is not clear what the function of this regulatory site in the enhancer of optix is.

dac was shown to be downstream of ey, since ey expression is not lost in a dac
mutant background, but to a limited level Dac is also able to induce ey expression in
the antennal disc, suggesting an existence of a feedback loop (Chen et al. 1997).

So and Eya Regulate ey Expression in a Positive Feedback Loop

Since eya and so require Ey for the induction of ectopic eyes in tissues where ey
usually is not present (Pignoni et al. 1997), Eya and So must be able to bind to an
eye-specific enhancer on the ey gene. Indeed, the ey enhancer contains a So binding
site (Niimi et al. 1999; Punzo et al. 2002). Physical interaction between Ey and So
has also been demonstrated and these two genes do form a protein complex together
(Pauli et al. 2005; Niimi et al. 1999; Zhang et al. 2006). This complex has been
associated with ato regulation, linking eye specification directly with differentiation
(Zhang et al. 2006).

eya acts downstream of ey, since ey expression is not affected in eya mutants and
forced ey expression causes ectopic eya expression.Yet reciprocally, eya is needed for
the formation of ectopic eyes induced by forced ey expression, since eye formation
cannot be launched in tissues mutant for eya. Forced expression of eya alone is able
to induce ectopic eyes only in an intact ey background (Bonini et al. 1997). Hence,
Eya and perhaps also So are able to induce ey expression only as a complex and not
individually.

So and Eya Form a Protein Complex Acting as a Transcriptional Regulator

So forms a transcription activating protein complex with Eya. Together they control
multiple steps during the development of the eye disc towards differentiation by reg-
ulating cell proliferation, MF formation and propagation, and later during neuronal
development (Niimi et al. 1999; Pignoni et al. 1997; Serikaku and O’Tousa 1994).
Forced expression of this complex is able to produce ectopic eyes in the antennal,
wing, and leg discs in an ey dependent manner (Pignoni et al. 1997). The potency
of eya and so to induce ectopic eyes is much higher when these are simultaneously
rather than individually misexpressed. As Eya lacks a DNA binding domain, it is
likely acting as a transcriptional co-activator in this complex (Pignoni et al. 1997).
Another possibility is that Eya is involved in regulating the phosphorylation states
of So, hence influencing the activity of So (Weasner et al. 2007).

Forced expression of so induces the expression of eya and dac. It is not yet clear if
the interaction is direct or not, but this finding has inspired the following proposal: Ey
and Toy initiate the expression of so, which in turn activates eya expression. Further,
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So forms a complex with Eya regulating other downstream genes involved in the
RDN (such as dac). It should be noted however, that So-induced eya expression is
restricted to a certain subset of cells, suggesting the existence of additional factors
in this pathway (Weasner et al. 2007). One of these factors could be Nmo (see the
following section).

As previously mentioned, So alone physically binds the repressor protein Gro.
The binding is, however, inhibited in the presence of Eya, although Eya and Gro
are not competing for the same binding sites. This suggests that so has differential
roles in (eye) development depending on the presence of its binding partner (Silver
et al. 2003).

eya and dac Have a Synergistic Effect on Eye Formation

eya was placed upstream of dac, since eya mutant eye discs show a reduced dac
expression, and dac mutation does not affect eya expression. eya is not able to form
ectopic eyes in the absence of dac and forced coexpression of eya and dac can induce
ectopic eyes in a higher rate than when these genes are independently misexpressed
(Chen et al. 1997; Tavsanli et al. 2004). eya is expressed in a nearly identical pattern
with dac (and so), which led to the logical assumption that their gene products are
molecularly interacting. Indeed, a physical interaction between Eya and the DD2
domain of Dac was demonstrated by in vitro biochemistry and yeast-one-hybrid
experiments (Chen et al. 1997; Tavsanli et al. 2004). Unexpectedly, this physical
interaction of Eya with the DD2 domain is not essential for the synergic effect
observed by eya and dac co-expression, suggesting that Eya-Dac complex might not
have any function in eye development (Chen et al. 1997; Kumar 2009). However,
a possible trimeric complex formation between So, Eya, and Dac should not be
excluded (Kumar 2009).

Nmo Promotes the Activity of the So and Eya Complex

Loss of one copy of eya in a nmo mutant background shows defects in the formation
of the ventral eye and leads to an eye-to-head transformation. Overexpression of
eya driver causes ectopic eye formation in the head; however, this phenotype is
significantly reduced in nmo mutant background. The same is true for ey and dac.
Overexpression of these genes cannot significantly reduce the small eye phenotype
manifested by nmo mutants. Loss of nmo in general restricts the ability of these genes
to induce ectopic eyes. In addition, loss of nmo dramatically reduces viability on dac
mutants, causing their death as early larvae.

Reciprocally, overexpression of nmo together with eya enhances the formation
of ectopic eyes. The synergistic relationship between eya and nmo is depended on
the nmo kinase domain. Nmo-mediated phosphorylation of two MAPK sites on Eya
promotes the activation of the Eya–So complex. Nmo is perhaps an intrinsic compo-
nent of the Eya–So complex allowing fast and dynamic modulation of transcriptional



18 E. Bürgy-Roukala et al.

output and could regulate the overall activity of the complex, but does this only in
specific cellular contexts (Braid and Verheyen 2008; Morillo et al. 2012).

It is yet to be defined if Nmo first binds to a target DNA (trough other factors)
and then recruits the complex or if the Eya–So complex recruits Nmo (Morillo et al.
2012). Co-expression of nmo and eya induce an increased expression of dac and
lz. However, this increase is restricted into small dpp expression domains in the
antennal and wing discs; hence, the role of the extracellular pathways should not be
diminished. The increase in dac expression is also so-dependent, since in so mutants
such an increase does not occur (Morillo et al. 2012).

tsh, tio, and hth Act Together to Suppress Eye Formation and Promote
Proliferation

Tsh induces hth expression together with wingless (wg) signaling, and Tsh is re-
quired for the maintenance of Hth. Hth is a known repressor of eye development,
thus acting as a mediator that causes eye suppression launched by tsh. Indeed, hth
expression correlates with the severity of the split eye phenotype observed in some
cases of tsh overexpression (Singh et al. 2002). hth and wg together suppress ventral
eye formation, but do not affect the dorsal half of the eye (Pichaud and Casares
2000; Singh et al. 2002). Also Tio is able to maintain Hth protein levels after hth
transcription ceases (Bessa et al. 2009).

Hth acts together with Extradenticle (Exd) in the same pathway by enabling nu-
clear localization of Exd (Pai et al. 1998). It was postulated that either Hth suppresses
Dpp signaling or activates wg to suppress the initiation of the MF, or it interacts with a
nuclear protein of the RDN (Pai et al. 1998). wg expression is lost in hth mutants, but
only in the ventral head regions (Pichaud and Casares 2000). hth expression mimics
that of wg, and they indeed are involved in a positive regulatory feedback loop in
the ventral head capsule (Pichaud and Casares 2000). hth suppresses MF movement
downstream of dpp (Pichaud and Casares 2000).

A complex consisting of Ey, Hth and Tsh functions from the early eye disc to third
instar larval stage to promote cell proliferation in the domain anterior to pre-proneural
(PPN, region anterior to the MF) and thus suppress differentiation. This inhibition
might also be a result of suppression of eya and dac in this region by this complex.
Later in the PPN, where Hth is no longer present, it is likely that Ey possibly together
with Tsh promotes eye formation by initiating so expression (Bessa et al. 2002).

Co-operation Between nmo and ey

It has been speculated that nmo contributes to the eye development by modulating
the gene activity of other RDN genes, thus emphasizing the importance of the levels
of gene transcription in the development of the eye. For example, loss-of-function
mutants of nmo can compensate the severity of small-eyed ey loss-of-function mu-
tant phenotype (eyR), leading to bigger eyes, yet it acts together with ey to induce
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ectopic eye tissue. It has been postulated that Nmo co-operates with Ey in a context-
dependent manner. In the first instar eye disc, they both promote eye specification
by activating downstream genes, whereas in the third instar disc they would have
antagonizing effects (Braid and Verheyen 2008).

Dan and Danr Act Physically With Ey and Dac Regulating the First Steps
of Differentiation

After their expression has been initiated, Dan and Danr interact physically and ge-
netically with their activators Ey and Dac. Dan and danr might function in a complex
with Ey to regulate ato expression in a protein level-dependent manner, since mis-
expression of ey, dan, or danr lead to deformation of the eye (Curtiss et al. 2007). It
is not clear what the role of the Dan-Danr-Dac complex is, but it is associated with
the chromatin modifying function of Dan and Danr making the chromosome around
the eye-specific genes more accessible for transcription (Curtiss et al. 2007).

Identifying Targets of the Retinal Determination Network Genes

The compound eye of Drosophila is the result of the interactions of numerous genes,
starting early in the embryo and lasting until the eclosion of the adult fly. The eye
antennal imaginal disc expresses over 370 genes that are involved in the first steps
of eye development (Michaut et al. 2003). What is the role of the RDN genes in the
regulation of the rest? Are the RDN genes only controlling the early specification
steps until the end of the larval stages or are they affecting the expression of the
genes during the later steps as well, the ones that built the photoreceptors and confer
them their function? Although a lot of progress has been made in the past years in
understanding how the RDN functions, its targets remain still largely unknown. In the
few studies conducted on RDN targets, microarray-based analysis of transcriptomes
has been used as a tool. Two studies have searched for targets of ey by ectopically
expressing ey in different imaginal discs and then comparing the gene expression
patterns to wild-type discs (Michaut et al. 2003; Ostrin et al. 2006). The first study
discovered 371 putative downstream targets of ey, without further analyzing them
(Michaut et al. 2003). The second screen aimed to identify targets containing an
Ey binding site, and found such sites, in so, eya, optix, and shifted (shf ), which
is involved in the extracellular transport of the signaling molecule Hh. hh itself is
important during the first steps of differentiation (Ostrin et al. 2006).

Nevertheless, targets whose expression depends on mutual expression of more
than one RDN gene or on interaction with extracellular signaling cannot be detected
with this approach. Recently, this was acknowledged in a study where forced ex-
pression of ey was combined either with Hh, Dpp or Notch signaling (Nfonsam
et al. 2012). Notably, a significant amount of putative targets would have remained
undiscovered when the mutual overexpression would have not been applied. As it
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has become clear now that the RDN consists mainly of versatile feedback loops and
interactions among its members, it is easy to appreciate the benefits this adapted
microarray screen offers. Using this method, CG4721, a new target of ey with yet an
unknown function was identified. This gene appears to play a role in the first steps
of differentiation by regulating the expression of ato (Nfonsam et al. 2012).

A microarray-based screen was also conducted to search new targets for So–Eya
complex. The screen revealed one new target, a cell cycle regulator String (Stg). stg
was also upregulated in the first two ey target screens mentioned above (Michaut et al.
2003; Ostrin et al. 2006), probably because of Ey-mediated expression activation of
eya and so and, thus indirectly, stg. Stg is a positive cell-cycle regulator (Jemc and
Rebay 2007).

Similar screens would be necessary to reveal new targets of the other RDN mem-
bers as well. Alternatively, sequence analysis has been relatively popular to compare
known binding sites with putative target genes.

Eye Field Determination and the Primordial Cells
of the Eye Imaginal Disc

While the adult imago emerges after metamorphosis of the larva, the primordia of
adult structures are already set aside during embryogenesis. These primordial cells of
the presumptive adult tissue are organized in imaginal discs. Imaginal disc cells are
dedicated to form exclusively adult-specific structures, including the adult feeding
organs, eyes, antennae, legs, halteres, wings, internal and external genitalia, as well
as the epidermis. They develop stereotypically at defined positions in the larval body
and can be identified by location, size, and developmental pattern in the larva. How
and when are these cells in the embryo specified to form a particular structure?

Imaginal disc formation is initiated during cellular blastoderm stage (Simcox and
Sang 1983). The discs originate from groups of founder cells at specific locations
along the anterior–posterior body axes (Crick and Lawrence 1975). During early
stages of embryogenesis, the eye field, giving rise to the eye-antennal disc, is formed
as an elongated strip of cells in the developing dorsal pouch where the left and right
primordium of the presumptive disc forms a V-shaped structure. The eye primordium
can be identified by the expression of a Zinc-finger transcription factor Escargot
(esg), which is required to maintain diploidy in imaginal disc cells (Hartenstein
and Jan 1992; Hayashi et al. 1993). The presumptive eye-antennal imaginal disc
develops from antennal, intercalary, and gnathal segments of the early embryo and
also includes cells of the nonsegmental acron. Fatemap studies and lineage tracing
have revealed that the eye-antennal imaginal disc originates from about 5–20 cells
located at the anterior dorsolateral part of the early embryo. These cells form the
presumptive eye field, which contains not only the eye-antennal disc but also most
parts of the larval and adult visual system, such as the larval eye and the primordium
of the adult optic lobes (Jurgens and Hartenstein 1993).



Early Eye Development: Specification and Determination 21

The disc is composed of two epithelial layers: the main epithelium (ME), a colum-
nar layer also known as disc proper, and the peripodial epithelium (PE), a squamous
epithelial layer (Haynie and Bryant 1986). The main epithelium gives rise to the
eye, whereas the peripodial epithelium develops into the surrounding head capsule
(Bessa and Casares 2005). The development of the eye-antennal disc proper takes
place during late embryogenesis at stage 17, when the dorsal pouch shortens and
the cells of the presumptive eye-antennal disc are compressed into a small cluster
of cells. The inner layer of the dorsal pouch forms the medial wall of the eye disc,
whereas the outer layer forms the PE. The PE participates in the fusion of the two bi-
lateral symmetrical discs during metamorphosis (Fristrom et al. 1977; Pastor-Pareja
et al. 2004). In freshly hatched larvae, the eye-antennal disc primordia are positioned
in the third thoracic segment as a paired structure.

Genetic studies of several transcription factors and signaling pathways have iden-
tified the developmental program which is required for the proper specification and
determination of the eye-antennal disc. ey and toy are expressed in the presumptive
eye-antennal disc primordia and are both necessary and sufficient to turn the cell
fate towards eye imaginal disc development. During embryogenesis, ey is expressed
in a large domain covering the eye field giving rise to the eye imaginal discs and
optic lobe primordia and in some distinct region of the brain and in VNC (Halder
et al. 1995; Quiring et al. 1994). During early embryogenesis toy is expressed in a
similar pattern as ey, however, toy expression precedes the expression of ey (Czerny
et al. 1999). During the course of development, the toy expression domain gives
rise to the brain and, if not all, to the most parts of the visual system including the
optic lobe and eye imaginal disc primordia (Green et al. 1993; Younossi-Hartenstein
et al. 1993). After germband retraction toy expression is restricted to the head region.
At embryonic stage 13, toy expression marks the optic lobe primordia in a broader
region that includes the brain and the presumptive eye imaginal discs. In contrast to
toy, ey transcripts were first detected at stage 10 during germband extension in every
segment of the developing VNC. However, during late embryogenesis at stage 16,
both genes are expressed in different subset of cells in developing central nervous
system. ey and toy seemed to be coexpressed in the optic lobe and the eye primordia
of the late embryo (Czerny et al. 1999).

toy activation occurs very early during cellular blastoderm by the combined action
of maternal active genes and gap genes. Based on the genetic analysis, a model has
been proposed to demonstrate the onset of toy activation during embryogenesis. Ac-
cording to this model, after fertilization, maternally contributed bicoid (bcd) mRNA
is translated generating a gradient of Bcd protein at the A/P axis with its highest peak
at the anterior pole. This gradient activates transcription of hunchback (hb), which
marks anterior part of the embryo and also restricts premature toy activation. During
mid-cellular blastoderm stage, at the anterior pole, toy expression is suppressed due
to the activation of knirps (kni) by the combined action of Bcd and Dorsal (Dl),
which is a maternally contributed transcription factor and expressed as a gradient at
the D/V axis. At the late blastoderm stage anterior part of the embryo is divided and
the cephalic region is formed. toy is expressed in the cephalic region of the embryo
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Fig. 3 A model explaining the onset of toy activation in the embryo. A gradient of Bcd protein
forms at the anterior-posterior axis having its maximum peak at the anterior pole. Shortly after hb
becomes transcriptionally active, it restricts the premature activation of toy. Bcd and Dl activate
the transcription of kni at the anterior pole. Kni suppresses toy expression during mid-cellular
blastoderm stage. The cephalic region including the Toy activation domain (TAD) forms at the
anterior pole during late blastoderm stage. The translation of toy is initiated by the combined action
of Bcd, Tor and Dl. Blue arrows indicate activation and red bars indicate repression of transcription.
(Modified from Blanco and Gehring 2008)

by the combined action of Bcd, Torso (a maternally expressed Tyrosine kinase re-
ceptor) and Dl (Fig. 3). Thus, the genetic analysis shows that toy is activated at the
cellular blastoderm stage as a result of a combined action of maternally contributed
morphogens and zygotically expressed transcription factors (Blanco and Gehring
2008).

The Development of the Eye-Antennal Disc During First
and Second Larval Stage: Determination of the Eye Primordia
and Segregation of Eye and Antenna Fates

Developmental Plasticity Within the Eye-antennal Disc
Is Maintained Until Second Larval Stage

While the disc giving rise to antenna and eyes originate from a single cluster of
cells during embryonic development, within the eye-antennal disc, developmental
plasticity is maintained until second instar stage. Clones induced up to second larval
stage in the eye antennal disc could be found in any of the different structures the
disc develops into (Morata and Lawrence 1979). Thus, at the time of clonal induction
the cells marked by mitotic recombination do not segregate to the particular domain
giving rise to the antenna or the eye. This is unusual compared to other discs, where
the different domains are defined as early as blastoderm stage (Lawrence and Morata
1977). However, the exact timing of eye and antenna fate segregation has been subject
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to debate and has been placed either during late or early second larval stage (Kumar
and Moses 2001; Kenyon et al. 2003).

The Onset of Gene Expression Patterns Correlates With the Late
Eye-antennal Fate Segregation

The fact that the eye-antenna disc originally develops as a uniform field and is only
late specified into different eye and antennal parts is reflected in its gene expression
patterns of identified cell fate determinants (Fig. 3). Before fate segregation occurs,
the early eye-antennal disc expresses the transcription factors that are necessary
for both eye and antennal development. Only later, those genes become expressed in
their respective domains. ey and toy are uniformly expressed in the early eye-antennal
primordia during embryogenesis (Kammermeier et al. 2001). During second larval
stage, the time of fate segregation between eye and antenna part, ey and toy are
only expressed in the posterior domain of the disc, which marks the future eye
part (Kenyon et al. 2003; Kumar and Moses 2001). Likewise, hth is expressed in
the first larval stage in the whole disc but its expression becomes withdrawn from
the posterior part during second larval stage (Bessa et al. 2002). Interestingly, hth
remains expressed in the region of the eye disc that will develop into the head cuticle
(Pai et al. 1998). Therefore, hth provides a later function during development by
acting in the formation of sub-compartments within the eye disc.

The homeobox gene cut, essential for antennal development, is known to be
the first marker of the antennal part of the eye-antennal disc (Bodmer et al. 1987).
In contrast to ey and toy, it is not expressed in the eye-antennal disc before fate
segregation but starts to be expressed exclusively in the anterior antennal domain
by mid-second larval stage (Kenyon et al. 2003). cut expression is followed by the
expression of Distal-less (Dll) (Kenyon et al. 2003). Both genes mark the future
antennal part and are required for antennal development (Bodmer et al. 1987; Dong
et al. 2000).

The Delayed Co-expression of Early Retinal Genes Locks
in Eye Fate

A second group of genes starts to be co-expressed in the posterior eye field at the time
of eye-antennal segregation during second larval stage (Kumar and Moses 2001).
These genes, often referred to as early retinal genes, include the nuclear factors
Eya, So, and Dac who work in a tight network specifying the formation of the eye
(Desplan 1997; Kenyon et al. 2003; Kumar and Moses 2001). eya, so, and dac
have been suggested to finally restrict the eye primordia’s competence for retinal
differentiation upon the interaction with extracellular signaling pathways (Kumar
and Moses 2001; Baker and Firth 2011).
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Even though the eye selector genes ey and toy are expressed in the early disc,
regional eye identity is only established during second larval stage with the co-
expression of eya, so, and dac. How is the delay of regional eye fate achieved and
how is the late onset of co-expression of the early retinal genes eya and so and dac
established?

The Role of Extracellular Signalling Pathways in Separating Eye
and Antennal Domains

Extracellular signaling pathways are repeatedly used in a spatial and temporal manner
during Drosophila development (reviewed in Pires-daSilva and Sommer 2003). They
include factors that define boundaries and axes or control cell proliferation. It is
known that extracellular signals induce different developmental outcomes depending
on the type of cells they act on (Baker and Firth 2011). Somehow these cells must
combine the information that they receive and the developmental program that they
are undergoing at a specific point in time. The Drosophila eye antennal disc serves as
a model system to understand how the same extracellular signaling pathways acting
in all imaginal discs results in different developmental outcomes. In case of the eye,
how do the members of the RDN, specifying the early eye field, interact with these
cell–cell signals to regulate Drosophila eye development?

While the distinct roles of signaling pathways in retinal differentiation and pho-
toreceptor specification during third instar stage have been and still are extensively
studied, their function and mechanism of action in the specification of the eye primor-
dia during first and second larval stage has been less well characterized (Dominguez
and Casares 2005).

Ectopically expressing genes of the RDN either alone or in combination can
induce the formation of ectopic eyes. However, this ability is spatially restricted,
which strongly indicates that additional factors are needed for proper eye formation
(Kango-Singh et al. 2003). Most of the ectopic eyes are formed by overexpressing
ey and are found in domains expressing dpp (Salzer and Kumar 2010). In addition,
ectopically expressing ey with dpp and or hh (a potential activator of dpp) increases
the range of cell populations that can transform into ectopic eyes (Kango-Singh et al.
2003).

dpp is a Drosophila homolog of the transforming growth factor β family (TGF β),
which encode for secreted molecules acting in wide range of developmental processes
(reviewed in Massague and Wotton 2000). There is evidence suggesting that dpp is
required for the initiation of the early retinal genes during second larval stage. The
expression of the early retinal genes eya, so, and dac is greatly reduced in second
and third larval instar of dpp mutant eye discs, as has been shown by measuring
their respective mRNA levels (Chen et al. 1999). The same is true for homozygous
clone mutant for Mad, an effector of Dpp signaling pathway (Curtiss and Mlodzik
2000). Even though Dpp is necessary for activating so, eya, and dac expression, it
is not required to maintain their expression (Curtiss and Mlodzik 2000). Originally
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it has been shown that ectopic eye formation by ey is observed in dpp expression
domains (Chen et al. 1999). However, it was found recently that ectopic eyes can
also form in cells outside of the dpp expression domain (Salzer and Kumar 2010).
Even though this finding does not exclude the fact that dpp is required for normal eye
development, it appears that the ability to form ectopic eyes does not require Dpp
signaling.

The signaling molecule Wg is known to antagonize Dpp and to act as a suppressor
of eye development (Hazelett et al. 1998). Ectopic expression of wg results in the
loss of early retinal gene expression (Baonza and Freeman 2002). Moreover, loss of
Wg signaling by blocking its receptors, results in ectopic expression of eya, so, and
dac (Baonza and Freeman 2002). In line with the antagonistic actions of dpp and wg
in controlling the expression of the early retinal genes, both genes are expressed in
opposite sides of the eye-antennal disc in the early second instar larvae (Cho et al.
2000), wg along the anterior dorsal end and dpp along the posterior dorsal end (which
will give rise to the future eye disc).

The Notch signaling pathway provides another essential function for proper eye
development (Kenyon et al. 2003). The Notch receptor is activated by the ligands
Delta and Serrate in the dorsoventral part of the eye disc, also referred to as the sig-
naling centre of eye disc growth (Cho and Choi 1998). Notch activates the expression
of eyg (Dominguez et al. 2004) which in turn activates the expression of unpaired
(upd), a ligand of the Jak/Stat signaling pathway. As Upd is secreted, it may act over
long distances to promote growth in the entire eye disc (Chao et al. 2004).

How do Notch, dpp, and wg signaling contribute to the late onset of early retinal
genes and thus the final segregation of eye and antenna fates? It has been suggested
that Notch signaling, contrary to previous findings, is not involved in directing the
formation of eye and antenna fields by acting genetically upstream of ey (Kumar
and Moses 2001). Notch signaling rather indirectly contributes to the regional spec-
ification of eye and antenna through its control of cell proliferation and disc size
(Kenyon et al. 2003; Fig. 4). According to this model, cellular proliferation and thus,
the increase of disc size initiated by Notch causes the opposing dpp and wg expres-
sion domains to be set apart. Cells that thereby no longer receive Wg signaling but
Dpp in the posterior domain initiate the expression of eya. Confirming this model,
reducing Wg signaling in small eye discs (initiated through antagonizing Notch) is
sufficient to restore eya expression (Kenyon et al. 2003). However, this model does
not explain the finding that eya and so are still expressed in eyg mutant eye discs
that are severely reduced in size due to the prevention of eye growth (Dominguez
and Casares 2005; Dominguez et al. 2004). Moreover, Eyg is negatively regulating
wg expression, hence supporting eya and so expression, so there must be additional
factors that are involved in the pathway suppressing wg.

Interestingly, similarly to the model described above, the proximal-distal segre-
gation during vertebrate limb development has been proposed to be induced by cell
proliferation (Tabin and Wolpert 2007). Through the proliferation of the limb mor-
phogenetic field, the presumptive distal domains are moved away out of the range
of the proximal signal retinoic acid. Thereby the future distal cells are now able to
respond to the distal signal fibroblast growth factor. Taken together, these models
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Fig. 4 Schematic representation of the Notch-induced proliferation model explaining the activation
of the So, Eya and Dac complex. a) In the late L1 disc ey and toy are expressed uniformly in the
eye-antennal disc. The underlying graph shows the graded expression of wg and dpp initiated at
the anterior and posterior domain, respectively. At this time point all cells lie in both the wg and
dpp expression domains. b) L2 eye antennal disc with the antennal domain (AD), expressing cut,
and the eye domain (ED), expressing ey and toy. Note that for simplicity events from early to late
L2 are represented, since the exact timing of the individual events remains unclear. Notch-induced
proliferation causes the disc to increase in size during L1 to L2 transformation resulting in the wg
and dpp expression domains to be torn apart. The cells that no longer receive wg signaling initiate
the expression of eya. This event causes the So, Eya and Dac complex to be activated and prepares
the eye disc for final differentiation in L3. L1 first instar, L2 second instar, L3 third instar

shed a new light on how the morphogenetic field size can indirectly control the estab-
lishment of separate domains within an originally uniform field. In fact, it has been
suggested that more complex body parts can only be formed during development by
allowing proliferation and specification to interconnect (Amore and Casares 2010).
Proliferation would enable cells to exit the regulatory state imposed by the original
field and change their developmental fate. Therefore, studying the early developmen-
tal events in the formation of the Drosophila eye helps to understand more general
schemes in developmental biology that appear to be common to many species.

Yet, it still remains to be investigated how ey and toy expression become restricted
to the posterior part of the eye antennal disc as this occurs prior to the onset of dpp
expression (Doroquez and Rebay 2006). The EGFR pathway has been suggested to
suppress ey in the future antennal domain (Kumar and Moses 2001), which could
explain the posterior restriction of ey and toy. In addition, EGFR has been shown to
be required for the regulation of eya (Salzer et al. 2010). Thus, EGFR signaling has
multiple roles during development depending on temporal and spatial clues. This
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makes the pathway difficult to investigate in early development by the simple study
of loss of function phenotypes (Shilo 2003).

Similarly, in segregating eye and antennal fates, the eye only develops from one
of the two epithelia in the disc, the main epithelium (ME), even though, ey and toy
are expressed also in the second layer, in the peripodial epithelium (PE). Tsh is a
candidate transcription factor to restrict eye development to the ME as it is expressed
only in this epithelium (Bessa and Casares 2005). When expressed ectopically in the
PE, it initiates the expression of eya and dac, but is no longer able to do so when
Dpp signaling is blocked. It appears that tsh enables the ME to mature into an eye
by allowing it to respond to Dpp signaling (Bessa and Casares 2005).

Eye and Antenna Fates are Maintained by Mutual Repression

Once different eye and antennal primordial have been established, their fates have to
be maintained. A way to achieve stable fate maintenance is to antagonize each other,
for instance by the repression of transcription factors conferring the opposing fate.
Indeed, it has been shown that the division of antennal and eye fate is preserved by the
reciprocal repression between the eye and antenna determination genes (Wang and
Sun 2012). Cut and Hth repress ey transcription in the antennal domain by directly
binding to its promoter. Similarly, So represses cut and hth in the eye domain of the
disc.

While Ey and Toy are the earliest expressed transcription factors specifying the
future eye disc during embryogenesis, the eye-antennal disc remains a uniformly
specified field until second larval stage. During this stage the eye primordium be-
comes determined posteriorly by the expression of eya, so, and dac. Cell proliferation
participates in the formation of an eye primordium that is competent to undergo retinal
differentiation to form a fully differentiated compound eye.

The Role of the Retinal Determination Network in the
Development of the Extraretinal Photoreceptors of Drosophila

The Retinal Determination Network in Larval Eye Formation

The Drosophila larvae sense light through the Bolwig’s organ, which is composed
of 12 photoreceptor cells (Sprecher et al. 2007). The developmental mechanisms
controlling the larval and adult visual systems have some overlapping features.
They both originate from the same ectodermal invagination during embryogenesis
(Green et al. 1993) and they have the same pattern of photoreceptor axon projection
through the optic stalk in a stereotypical pathway (Zipursky et al. 1984; Schmucker
et al. 1997).
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When comparing the genes involved in adult and larval visual system develop-
ment, we find a number of RDN genes “shared” by these systems. The development
of the larval eye begins with the invagination of optic lobe placode during stage
12 embryo (Green et al. 1993). toy is expressed in the entire developing eye fields
including the presumptive larval eye and adult eye primordia during embryogenesis
(Czerny et al. 1999), but toy is not required for the formation of the larval eye (Suzuki
and Saigo 2000). Conversely, so has been shown to be required for both larval and
adult visual system development (Serikaku and O’Tousa 1994). so is expressed in
the larval eye precursors at stage 10 during embryogenesis and mutations in so lead
to the absence of the larval eye (Cheyette et al. 1994). eya has been shown to be
co-expressed with so at stage 10, and similar to so, no Bolwig’s organ is formed in
eya mutants. Eya and So act together in a complex that activates ato expression in
the larval eye precursors. ato is a proneural gene that is required for the development
of the larval eye (Suzuki and Saigo 2000).

In summary, some of the retinal determining genes act not only during adult
visual system development, but also seem to be important for the development of
non-retinal visual organs like the larval eye.

The Retinal Determination Network in the Development of Ocelli

In addition to the compound eyes, the adult Drosophila has three simple light sensing
organs called ocelli located on the dorsal head. These extra eyes are able to sense
ultraviolet (UV) and blue light and serve as navigational help for the fly mainly
during flying (Pollock and Benzer 1988; Yoon et al. 1996). The development of
these visual organs begins in the third instar larvae from a dorsal anterior margin
of the eye imaginal disc (Garcia-Alonso et al. 1996; Royet and Finkelstein 1996).
This region not only gives rise to the ocelli, but to the whole vertex region including
mechanosensory chetae and bristles (reviewed in Friedrich 2006).

In the developing eye imaginal disc, one gene, which is not part of the RDN, is
exclusively expressed in the prospective ocelli forming region and is essential for
the formation of the ocelli. The gene is called orthodenticle (otd) and belongs to the
conserved otd/Otx gene family that is involved in the head formation both in insects
and in vertebrates (Simeone et al. 1993). Otd is a transcription factor containing
a homeodomain of the paired class (Finkelstein 1990). Viable otd mutants are
ocelliless (Finkelstein et al. 1990). otd expression in the eye disc begins in the
second instar larva and is restricted to the ocellar primordial cells by the third instar
stage. This restriction is initiated by Wg and Hh signaling (Blanco et al. 2009).
Subsequently, otd maintains its own expression via an autoregulatory feedback loop
(Blanco et al. 2009).

The development of the ocelli is not as well understood as the development of the
compound eye. Nevertheless, many of the RDN genes essential for the eye formation
are also required in the specification of the ocelli. toy is one of the first genes ex-
pressed in the ocellar primordial cells (Brockmann et al. 2011) and toy mutants that
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are able to develop head and eyes are always lacking the ocelli (Jacobsson et al. 2009).
ey transcripts are not present in this region (Brockmann et al. 2011). The regulation
of the transcription initiation of toy in the embryonic eye primordium is still largely
unknown, but otd seems to be involved in this process. Null mutants of otd lack toy ex-
pression in the eye precursor cells of the embryo, but the formation of the primordium
itself is not affected, as one of the early determination genes, eyg, is expressed
normally. otd expression is not abolished in toy mutants (Blanco et al. 2010).

otd and toy are not the only essential genes for the formation of the ocelli. Two
other RD genes, so and eya, are also expressed in the precursors of the ocelli and
mutations in these genes also lead to an ocelliless phenotype (Cheyette et al. 1994;
Zimmerman et al. 2000). The expression of these genes is initiated during the third
instar larval stage. The regulation of these genes in the ocellar region differs from their
regulation during the retinal development. Toy was initially thought to be responsible
only for so activation because of the presence of Toy binding sites in the so enhancer
(Punzo et al. 2002). However, So is not totally lost in a toy mutant background. In
addition, forced toy expression activates not only so but also eya expression. Toy is
not able to initiate so expression in an eya mutant background, suggesting that eya
is involved in so activation, as is the case in the compound eye formation (Blanco
et al. 2010).

Although Wg is initially required for otd expression, Otd itself represses wg. hh
expression on the contrary is positively regulated by Otd, enabling eya activation.
eya expression is then initiated by the activator form of Cubitus interruptus (Ci155)
which is a transcription factor activated by the hh signaling pathway. Interestingly,
Ci is not needed for the expression of eya in the compound eye (Blanco et al. 2009).

The current model suggests that Toy and Otd are involved in the initiation of
eya expression and then together with Eya, perhaps by forming a protein complex,
initiate the transcription of so (Blanco et al. 2010). Once initiated, so can maintain its
own expression via an eya dependent autoregulatory loop (Pauli et al. 2005). Also,
eya expression maintenance is so dependent (Brockmann et al. 2011).

It is intriguing how the RDN genes can act almost in parallel in two different
genetic networks, having distinct responses depending on the genetic environment
and cause different structural outcomes (retina and ocelli). This again enhances the
view that the regulation of the RDN is highly dynamic and adaptable to the changing
needs of the visual system of the fly during the course of evolution.

Final Remarks

The formation of the Drosophila compound eye is a highly dynamic and stereo-
typically orchestrated developmental process. Using Drosophila as a model system,
we can not only learn more about the similarities or differences in eye development
between vertebrates and invertebrates, but the Drosophila eye serves as model to
discover new principles of early developmental biology. Yet, many open questions
considering the early eye development remain and certainly not all possibilities to
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study it have been explored. Although many signaling pathways and cell fate deter-
minants acting during eye development have been identified and characterized, it is
still surprising that a network of evolutionarily conserved transcription factors act as
initial step to make an eye. While the genetic and molecular interactions between the
individual players of the RDN are being studied in detail, the basic question of how
the connections between the RDN members are orchestrated remains still largely
unanswered. How are the members of this network able to induce ectopic eyes?
This feature cannot be simply explained by the fact that the RDN genes induce the
expression of genes involved in differentiation. If it was so, then why are the genes
downstream of the RDN genes not able to do this? Despite the intensive research
conducted in this field during the past two decades, we are still learning the rules of
this game. The coming years will reveal how long it takes us to learn to play.
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Molecular Genetic Mechanisms of Axial
Patterning: Mechanistic Insights into
Generation of Axes in the Developing Eye

Meghana Tare, Oorvashi Roy Puli and Amit Singh

The hallmark of development of all multicellular organisms is transition of the
organ primordium cells into a three-dimensional adult organ. Most tissues are
derived from epithelial cell sheets that form highly organized structures. These
structures exhibit polarization of apical–baso–lateral axes along with planar polar-
ity. During organogenesis, many genetically programmed events that are sensitive to
environmental cues play major roles. Various models like yeast (Saccharomyces cere-
visiae), worm (Caenorhabditis elegans), fruit fly (Drosophila melanogaster), newts
(Notophthalmus viridescens), mouse (Mus musculus), rabbit (Oryctolagus cunicu-
lus), guinea pig (Cavia porcellus), etc. are being used to understand the genetic
basis of organogenesis. Studies in different model systems have revealed that the
process of organogenesis involves important events of specification, determination,
and differentiation. Any deviation in these events can impair the processes of axes
specification, cell proliferation, cell death, and cell differentiation. These cell biolog-
ical processes work in tandem like part of a genetic orchestra, which results in final
sculpting of the organ. Any perturbation in these processes leads to growth and pat-
terning defects. During organogenesis, the determination of antero-posterior (AP),
dorso-ventral (DV), and proximo-distal (PD) axes is referred to as axial patterning.
We will focus on contributions from the Drosophila eye model to understand these
important questions of developmental biology.
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Axial Patterning: Means to Generate Third Dimension
to an Organ Primordium

Axial patterning marks a lineage restriction event that results in the gen-
eration of AP, DV, and PD domains in the developing organ primordium
(Cohen et al. 1993; Cohen 1993). These domains are an outcome of progressive
restriction of cell fates due to subdivision of the developing field into smaller fields
with a more or less rigid developmental potential. These smaller fields within a larger
developing field are referred to as compartments (Blair 2001; Curtiss et al. 2002;
Dahmann et al. 2011; Held 2002b; Singh et al. 2012). Thus, compartments are unique
territories within a bigger developing field (Blair 2001; Curtiss et al. 2002). The cells
within a compartment commonly follow looser edicts such as “You may make any
portion of region ‘R’ but nothing outside it” (Held 2002a; Wilkins 1993). The com-
partment boundaries are defined by the spatiotemporal expression or function of cell
fate selector genes (Blair 2001; Curtiss et al. 2002; Dahmann et al. 2011). Therefore,
“Selector” genes are responsible for attributing a unique property to the cells within
their expression/functional domains. In the wing imaginal disc, engrailed (en) ex-
pressed in the posterior compartment and apterous (ap) expressed in the dorsal
compartment (Brower 1986; Cohen et al. 1992; Held 2002b; Hidalgo 1998) serve as
the selector for the posterior and dorsal fate, respectively (Table 1). The boundary
between the cell populations of two compartments is the site for initiation of the
signaling center that regulates patterning, growth, and differentiation of the develop-
ing field (Blair 2001; Meinhardt 1983). Activation of the signaling centers at these
developmental boundaries are responsible in maintaining the downstream patterning
events (Blair 2001; Curtiss et al. 2002; Dahmann et al. 2011; Singh et al. 2012). This
leads to an important question: How are these boundaries generated and maintained
during the development of a patterning field or an organ? In this chapter, we will pro-
vide an overview of recent advances on the genetic circuitry involved in generation
of the boundary between the dorsal and ventral compartments, and its significance
on the development of an organ using the Drosophila eye model. In this chapter, we
will focus on the role of axial patterning genes in Drosophila eye development.

Drosophila Eye Model to Study Axial Patterning

The power of Drosophila as a model organism for patterning and disease lies in
its large repertoire of genetic tools, making it a highly tractable model organism
(Bier 2005; Singh and Irvine 2012). The Drosophila eye has been extensively used
(a) to investigate tissue patterning, growth, cell–cell communication, cell survival,
and cell death mechanisms during organogenesis and (b) to understand the genetic
mechanism responsible for positional fate restrictions within a developing field
that leads to formation of compartments (Dominguez and Casares 2005; Singh and
Irvine 2012; Singh et al. 2005b; Singh et al. 2012). Interestingly, the eye as an organ
has evolved independently as many as 40 different times (Land and Fernald 1992).
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Table 1 Gene involved in axial patterning in developing imaginal discs of Drosophila melanogaster

Imaginal
disc

Axis Time Selector genes Reference

Wing AP L1 Anterior: cubitus interruptus
Posterior: engrailed, invected

Lawrence and Morata 1976;
Morata and Lawrence 1975;
Sanicola et al. 1995

DV L2 Dorsal: apterous, Capricious,
tartan, fringe, Serrate

Ventral: Delta, wingless

Blair et al. 1994; Cohen et al.
1992; Cohen et al. 1993;
Cohen 1993;
Diaz-Benjumea and Cohen
1993

PD L3 Proximal: homothorax, teashirt
Distal: nubbin, elbow, no ocelli

Blair et al. 1994; Cohen et al.
1992; Cohen et al. 1993;
Diaz-Benjumea and Cohen
1993; Zirin and Mann 2007

Leg AP L1 Anterior: cubitus interruptus
Posterior: engrailed, invected

Dominguez et al. 1996; Eaton
and Kornberg 1990; Korn-
berg et al. 1985; Masucci
et al. 1990; Raftery et al.
1991; Zecca et al. 1995

DV L2 Dorsal: decapentaplegic
Ventral: wingless

Baker, 1988a, b; Couso et al.
1993; Irvine and Vogt 1997;
Zirin and Mann 2007

PD L3 Proximal: teashirt, homothorax
Distal: Distalless

Diaz-Benjumea et al. 1994;
Irvine and Vogt 1997;
Lecuit et al. 1996

Eye DV L2 Ventral: Lobe, Serrate
Dorsal: pannier,

Iroquois-Complex (araucan,
caupolican and mirror),
wingless

Maurel-Zaffran and Treisman
2000; Oros et al. 2010;
Singh and Choi 2003

AP L3 Anterior: eyeless
Posterior: hedgehog

Dominguez and Casares 2005;
Halder et al. 1995; Lee and
Treisman 2001

PD L3 Proximodistal: Not fully
understood

AP anteroposterior, DV dorsoventral, PD proximodistal

Despite the differences in the structure of the Drosophila’s compound eye and a
vertebrate eye of a single lens and a retina with multiple layers of neurons, there is
similarity in the underlying genetic pathways controlling eye fate specification and
differentiation. Thus, the genetic machinery involved in eye development is highly
conserved and exhibits structural and functional similarity between insects and
humans (Erclik et al. 2009; Gehring 2005; Hartenstein and Reh 2002; Kumar 2009;
Wawersik and Maas 2000). This suggests that information generated in the fly eye
can be extrapolated to higher organisms. Therefore, Drosophila has proved to be an
excellent model system for identifying new genes that are conserved in vertebrate
retinal development (Singh et al. 2012).
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Embryonic Eye Primordium Develops Into the Larval Eye Disc
in Drosophila

Drosophila, a dipteran, is a holometabolous insect (Anderson 1972b; Miall and
Hammond 1892) where the primordia for all adult structures are first specified dur-
ing embryonic development. The embryonic precursors grow asynchronously from
the rest of the developing embryo (Anderson 1972a, b; Cohen et al. 1993; Cohen
1993; Crick and Lawrence 1975; Held 2002b; Kumar 2011; Singh et al. 2012). These
embryonic primordia grow inside the larva as epidermal invaginations called imag-
inal discs (Atkins and Mardon 2009; Bodentstein 1950; Ferris 1950; Held 2002b).
The Drosophila embryonic eye primordium originates from five embryonic head
segments and the acron (Jurgens and Hartenstein 1993; Younossi-Hartenstein and
Hartenstein 1993), and is specified by expression of twin of eyeless (toy) and eyeless
(ey), a Drosophila homolog of human PAX6 (Quiring et al. 1994). The embryonic
eye primordium begins as an antero-dorsal sac comprising of approximately 20 cells
that are set aside during mid-embryogenesis (Garcia-Bellido and Merriam 1969;
Held 2002b; Poulson 1950; Tsachaki and Sprecher 2012; Yamamoto 1996).

During larval development, the embryonic eye primordium develops into a mono-
layer epithelium called the eye–antennal imaginal disc (Fig. 1a). The monolayer
epithelium does not accurately reflect the sac-like anatomy of the imaginal discs
(Gibson and Schubiger 2001). Drosophila imaginal discs are a contiguous cell sheet
of flattened epithelial cells with two opposing surfaces comprising a columnar ep-
ithelium called the disc proper (DP) and a squamous epithelium called the peripodial
membrane (PM) (Atkins and Mardon 2009; McClure and Schubiger 2005). Fate
map studies have revealed that the DP of the eye–antennal imaginal disc gives rise
to the retina, whereas the PM forms the adult head structures (Atkins and Mardon
2009; Haynie and Bryant 1986; Milner et al. 1983; Singh et al. 2012). Earlier, it
was postulated that the PM is required during metamorphosis events of eversion and
fusion. However, recent findings suggest that the PM is involved in sending signals
to the DP and is required for cell survival and proliferation in the DP (Atkins and
Mardon 2009). The eye–antennal imaginal disc upon differentiation gives rise to
the adult eye, antenna, head cuticle, and other head structures (Cohen 1993; Held
2002b). In the second instar larva, the division of the complex eye–antennal disc
into the eye and antennal field occurs due to restriction of developmental potentials.
This division occurs due to activation of the genetic circuitry required to initiate
specification followed by differentiation of the eye and antenna (Atkins and Mardon
2009; Dominguez and Casares 2005; Kenyon et al. 2003; Kumar and Moses 2001).
The developing eye field gives rise to the eye proper, head cuticle, and the ocelli,
whereas the antennal field develops into the antenna and head cuticle (Haynie and
Bryant 1986).

Drosophila, like other dipteran insects, has compound eyes for vision (Fig. 1d).
The compound eye of the adult fly develops from the larval eye imaginal disc (Garcia-
Bellido and Merriam 1969; Haynie and Bryant 1986). The growth spurt occurs
during early larval (first and second instar) eye development. During this stage,
the undifferentiated cells of the eye–antennal imaginal disc cells divide and undergo
rapid proliferation. During late second or early third larval instar stage, a synchronous
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Fig. 1 Dorsoventral (DV) patterning of the Drosophila compound eye begins in larval eye imaginal
disc. a–c Eye–antennal imaginal disc of a third instar larva. a Eye imaginal disc. b Eye–antennal
imaginal disc stained for membrane-specific marker disc large (Dlg, green), and pan-neural marker
Elav (red). Elav marks the photoreceptor neurons in the eye. Arrowhead in a and b marks the position
of the morphogenetic furrow. c, c’ Photoreceptor neurons exhibit DV polarity in the eye imaginal
disc indicated by staining of Bar (B) antibody (green). d Scanning electron micrograph (SEM) of a
wild-type adult Drosophila eye. The adult compound eye of Drosophila is made up of 750–800 unit
eyes, each referred to as an ommatidium (Ready et al. 1976). All ommatidia are arranged in mirror
image symmetry along the DV axis. e Each ommatidium consists of eight rhabdomeres, which are
organized as an asymmetric hexagonal structure. The DV polarity is determined by two different
orientations of the ommatidia based on the orientation of R3 rhabdomere. R3 pointing upward
represents a dorsal ommatidium, whereas R3 pointing downward represents a ventral ommatidium.
White line marks the equator. f Cartoon representing the mirror image symmetry of the ommatidia
along the DV margins in the adult eye. Blue arrows in the yellow background mark the dorsal
ommatidia, whereas red arrows in the green background mark the ventral ommatidia. Orientation
of all images is dorsal up, ventral down, anterior right, and posterior left. AN: antenna

wave of retinal differentiation is initiated in the eye imaginal disc. This progressive
pattern of differentiation results in the transition of an undifferentiated epithelium
of retinal precursor cells to differentiated cell types comprising regularly spaced
photoreceptor clusters (Ready et al. 1976; Wolff and Ready 1993). The differentiating
cells undergo an apical constriction and apico-basal contraction, which results in an
indentation in the eye imaginal disc. This indentation corresponds to the wave of
retinal differentiation, which initiates on the posterior margin of the eye disc and
moves anteriorly and is referred to as the morphogenetic furrow (MF, Fig. 1a, b,
arrowhead). The photoreceptor clusters are generated posterior to the furrow by a
sequence of events including the selection of the R8 founder neuron and recruitment
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of additional photoreceptor precursors in the order of R2/5, R3/4, and R1/6/7 (Kumar
2011; Wolff and Ready 1993). The compound eyes in the adult fly consist of 750–800
unit eyes called ommatidia (Fig. 1d). Each ommatidium is made up of approximately
20 cells. Of these, eight are distinct photoreceptor neurons (Fig. 1e) that project axons
to the optic lobe of the brain. The remaining non-neuronal cells in an ommatidium
are pigment cells, cone cells, and mechanosensory bristles (Fig. 1d, e) (Held 2002b;
Kumar 2011; Roignant and Treisman 2009; Singh et al. 2012; Wolff and Ready
1993).

The photoreceptor neurons are arranged in an asymmetric trapezoid or a hexagonal
facet (Ready et al. 1976; Wolff and Ready 1993). The ommatidia within a compound
eye are polarized in opposite directions. The orientation of one group of ommatidia is
the mirror image of the other group (Fig. 1e, f). Furthermore, their orientation serves
as a marker to distinguish the dorsal and ventral compartment-specific fate in the lar-
val eye imaginal disc (Fig. 1c, c’) as well as the adult compound eye (Fig. 1d–f).
The ommatidia in the adult eye possess mirror image symmetry along the DV axis.
These dorsal and ventral domains are referred to as the dorsal (D) and ventral (V)
compartments. The border between these D and V compartments is referred to as
an equator. Since photoreceptor differentiation initiates at the intersection of the DV
midline of the eye imaginal disc from the posterior margin (Lee and Treisman 2002;
Moses 2002), the delineation of DV midline or equator is crucial for differentiation
of photoreceptors. Thus, DV patterning is an important facet of axial patterning dur-
ing organogenesis. The DV polarity has been attributed to play a role in targeting
of the retinal axons to the brain. This ommatidial configuration along with the tar-
geting of the axons from the retina to the brain is a masterpiece of microptics and
microcircuitry, and enhances visual acuity and thereby forms the equator a sensitive
“fovea” (Held 2002b). Interestingly, the eye imaginal disc is largely undifferentiated
until second instar of development. It raises an interesting issue of how and when
the compartments are established in the Drosophila eye imaginal disc.

Sequence of Events During Axis Determination

The sequence of events during axial patterning of the wing and the leg imaginal
discs first involves the division of a field into anterior and posterior compartments
of independent cell lineages, which is defined by selector genes (Table 1). Gener-
ation of AP lineage is followed by subdivision of the wing and leg imaginal discs
into dorsal and ventral compartments (Blair 2001; Singh et al. 2012). However, this
sequence of division is not followed in the eye imaginal disc. The AP axis is gen-
erated with the onset of differentiation marked by the MF in early third instar of
larval development. The MF sweeps across the eye imaginal disc from the posterior
margin toward anterior, resulting in the formation of posterior fate behind the furrow.
The entire early eye primordium is ventral in fate and on which the dorsal fate is
established in early second instar of larval eye development (Singh and Choi 2003).
Therefore, Dorso-Ventral (DV) patterning, which is established during early second
instar of eye development, is the first lineage restriction in the eye imaginal disc
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(Singh and Choi 2003; Singh et al. 2005b; Singh et al. 2012). Although there are
differences in the sequence of events, evidence suggests that some aspects of the
DV patterning mechanism are highly conserved in the developing eye and the wing.
One of the common features among all these organ primordia is the generation of
the DV boundary, which serves as the site for activation of the signaling pathways
to trigger growth and patterning of the imaginal disc. Here our emphasis will be on
the genetic mechanism of the generation of DV domains and how it regulates growth
and patterning in the developing eye.

Generation of Dorsal and Ventral Compartments
in the Developing Eye Disc

The Drosophila eye is a polarized tissue. The polarity in Drosophila eye is reflected by
mirror image arrangement of ommatidia across the DV midline or equator (Fig. 1f).
The relation between the equator and DV compartmental boundary has been a matter
of debate for a long time. The equator was first reported byWilhelm Dietrich (Dietrich
1909). In many insect eyes, the equator has been described as the boundary between
the photoreceptor neurons of the dorsal and ventral compartments (Dietrich 1909).
The equator is generated upon specification of dorsal and ventral compartments and
serves as the signaling centre, which is crucial for cell proliferation and differentiation
of the eye as an organ. The Drosophila eye model has been extensively used to unravel
the molecular genetic mechanisms underlying this crucial process of generation of
DV compartments in the eye (Singh et al. 2005b; Singh et al. 2012). Since the
developmental mechanisms underlying the DV pattern are not fully understood, it
raises an interesting question of how the dorsal and ventral pattern is established in
the developing eye.

Earlier studies employed the genetic mosaic approach to study the generation of
the DV pattern in the developing eye. Hans Becker reported that clones respect the
equator and do not cross the DV lineage boundary (Becker 1966; Held 2002b). The
pioneering studies authored by Donald Ready, Thomas Hansen, and Seymour Benzer
(1976) entitled “Development of the Drosophila retina, a neurocrystalline lattice,”
provided insights into patterning of the Drosophila eye (Ready et al. 1976). They
rejected the clonal analysis model of ommatidial lineage (Kankel et al. 1980). They
employed a genetic mosaic approach to generate mitotic recombination between the
white+ (w+) wild type and w−mutant chromosomes. Their aim was to generate two
new cell populations w−/w−and w+/w+ clones in a w+/w− paternal heterozygous
background. The w+ gene is essential for red eye pigment uptake in the cells and
serves as an excellent cell autonomous marker for photoreceptors and pigment cells
(Lawrence and Green 1979; Ready et al. 1976). They found that in genetic mosaic,
w− clones generated in the dorsal half of the eye can cross a few cells into the
ventral half and vice versa. The results from these studies in the Drosophila eye
suggested that the equator is not determined as the boundary between the D and V
cell lineages (Ready et al. 1976). Although the result from this study does not exclude
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the possibility that the dorsal and the ventral domains of the eye derive from two
independent cell lineages, the lineage boundary may not precisely correspond to the
equator (Netter et al. 1998).

In a series of elegant genetic analysis experiments involving a large number of
mosaic clones in the adult eye, Baker (1978) demonstrated that clones strictly follow
the DV boundary and do not intermingle near the DV border (Held 2002b; Singh
et al. 2012). These studies validated the hypothesis that the Drosophila eye is de-
rived from D and V compartments. To analyze whether the eye and the head are
also subdivided into different domains by sequential compartmentalization, a mo-
saic analysis was carried out. Nearly all clones (96 %) respected the DV boundary
(did not cross the boundary) and were restricted to either dorsal or ventral domain
of the eye. A few clones (4 %) did cross the DV border, which is probably because
of the fact that such clones may have been induced prior to formation of dorsal and
ventral compartment boundary. Alternatively, two independent dorsal and ventral
clones may have juxtaposed at the equator region, thereby giving a false notion of a
single clone not respecting the DV boundary (Baker 1978; Singh et al. 2005b; Singh
et al. 2012). The DV lineage restriction observed in the adult eye was also confirmed
in the developing eye imaginal disc where large clones did not cross the DV mid-
line in the larval eye imaginal disc. These clones showed a sharp outline along the
DV midline, and the clones located within the dorsal or ventral domain had wiggly
borders (Dominguez and de Celis 1998). Later, it was established that DV lineage
specification is the first event that occurs during organogenesis of the eye (Singh
et al. 2012). Therefore, identification of the major developmental landmarks along
the temporal axis is important to understand patterning and growth of this organ.

Genesis of the Eye

Activation of Notch (N) signaling at equator, the boundary between dorsal and ventral
compartments, has been shown to promote growth, in establishing planar polarity,
in spacing of ommatidial clusters, and in cell fate specification and differentiation
(Baonza and Garcia-Bellido 2000; Cagan and Ready 1989; de Celis et al. 1996;
Go et al. 1998; Singh et al. 2012). However, this argument of DV patterning being
crucial for growth, does not fit the timeline of developmental events (Singh et al.
2012). If ommatidial orientation corresponds to the generation of the DV axis, then
on the basis of the time point when ommatidial rotation occurs, the majority of the
growth and cell proliferation of the developing eye field is already accomplished. The
ommatidial orientation of the photoreceptors occurs in the pupal retina, and growth
spurt occurs during early larval instars of eye imaginal disc development. Based on
the earlier notion, if DV patterning occurs in the pupal retina, then its role in growth
and differentiation cannot be explained as majority of both growth and differentiation
occurs prior to it during imaginal disc development, and not in the adult eye. Thus,
efforts were channeled toward investigating the timeline and the genetic control that
initiates DV patterning during eye development. Therefore, efforts were directed to
(a) understand the time point of generation of DV axis in the developing eye or (b)
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identify the developmental event that corresponds to the onset of N signaling in the
developing eye (Singh et al. 2012).

Three different groups provided evidences in their independent publications that
DV lineage restriction takes place earlier in the larval eye imaginal disc because of
domain-specific expression of the genes. These genes are referred to as the DV pat-
terning genes (Cho and Choi 1998; Dominguez and de Celis 1998; Papayannopoulos
et al. 1998). These genes may be involved in assigning, generating, and maintaining
the DV lineage in the developing eye imaginal disc. A new timeline assigned the time
window of initiation of DV patterning to early larval development. This hypothe-
sis also fits with the logic of a growth spurt. They identified the domain-specific
expression of these genes whose function also follows the DV domain constraint
that is established during early larval stages of development (Cho et al. 2000; Cho
and Choi 1998; Dominguez and de Celis 1998; Papayannopoulos et al. 1998; Singh
et al. 2012).

These studies raised a new question: if DV patterning occurs so early in the
developing eye disc, then what is the default state of the early eye primordium?
During embryonic development, the eye primordium begins as a homogenous group
of cells that continue to grow during first larval instar to form the eye imaginal disc.
Several studies have reported the genes that are expressed in the early larval eye
primordium. It is known that the generation of MF marks the formation of AP axis in
early third instar of larval eye imaginal disc development (Ready et al. 1976; Wolff
and Ready 1993). However, the DV axis is determined as early as late first instar
of larval development by domain-specific expression of genes along the DV axis
(Cho and Choi 1998; Dominguez and de Celis 1998; Papayannopoulos et al. 1998;
Singh and Choi 2003; Singh et al. 2012). Another interesting outcome from the Singh
and Choi (2003) studies was that early eye primordium begins from a default ventral
state (Fig. 2), which depends on the function of ventral genes like Lobe (L) and its
downstream target Serrate (Ser) (Kumar 2011; Singh et al. 2005a; Singh and Choi
2003; Singh et al. 2005b). It has been shown that loss of function of L/Ser results
in preferential loss of ventral eye (Figs. 2, 3b, c). L is expressed uniformly in the
entire eye imaginal disc (Figs. 2, 3a). The loss-of-function studies suggested that
the requirement of L function evolves along the temporal axis (Singh and Choi 2003;
Singh et al. 2005b; Singh et al. 2012). During early eye development, the loss-of-
function of L results in the complete loss of the eye field (Figs. 2, 3b). However,
loss of the L gene function later during eye development causes selective loss of the
ventral half of the eye (Fig. 2) (Singh et al. 2012). Loss of function of Ser also results
in the similar loss of ventral eye phenotype (Kumar and Moses 2001; Singh and Choi
2003; Singh et al. 2005b; Singh et al. 2012). Interestingly, the timing of restriction
of the L/Ser functional domain from the entire developing eye field (Fig. 3e, f) to
only the ventral half of eye (Fig. 3c, d) corresponds to the onset of pannier (pnr)
gene expression along the dorsal margin of the eye (Table 2, Fig. 2). During late
first instar larval eye development, the entire homogenous population of the ventral
cells of the eye primordium transitions into two distinct dorsal and ventral lineages
with the onset of pnr expression on the dorsal eye margin (Singh and Choi 2003;
Singh et al. 2012). This suggests that the ventral fate is the ground state of the larval
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Fig. 2 Ventral is the default state of the developing Drosophila eye. Larval eye primordium begins
with a default ventral state where all the cells of the eye primordium require ventral genes L/Ser
function for growth and proliferation (Singh and Choi 2003; Singh et al. 2012). Loss-of-function
phenotype of Lobe/Serrate (L/Ser) in the developing eye imaginal disc evolves progressively along
the temporal scale. During early first instar of larval development, loss-of-function of L/Ser results
in complete loss of the eye field. During early second instar of larval eye development, a few cells
start expressing pannier (pnr) and the dorsal fate is specified. By the end of the second instar stage,
DV lineage is established, and at this stage, loss of L/Ser results in loss of only the ventral half of the
eye. In the late third instar stage of development, when retinal differentiation is almost complete,
loss of L/Ser does not have significant effect on the overall adult eye morphology. These results
clearly indicate that the entire early eye primordium, prior to onset of pnr expression, is ventral in
fate (Singh and Choi 2003). DV dorsoventral

eye imaginal disc, and L and Ser are essential for survival and/or maintenance of
this ventral state (Singh and Choi 2003; Singh et al. 2005b; Singh et al. 2006). In the
subsequent parts of this chapter, we will focus on specific functions of DV patterning
genes responsible for patterning of the in the developing eye.

DV Patterning During Imaginal Disc Development

The DV axis is determined by domain-specific expression or function of DV pat-
terning genes. However, their localization may not be identical in all the imaginal
discs. Unlike the wing imaginal disc where Ser and Delta (Dl) are preferentially
expressed in the dorsal and ventral domains, respectively, their expression domains
are reversed in the eye imaginal disc (Table 1). In the wing imaginal disc, the LIM
homeodomain protein Apterous (Ap) acts as a dorsal fate selector (Table 1) (Blair
et al. 1994; Cohen et al. 1992). It is known that Ap can induce Fringe (Fng) and Ser
in the dorsal compartment of wing imaginal disc (Bachmann and Knust 1998; Cohen
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Fig. 3 Lobe (L) and Serrate (Ser) are required to promote cell survival in the developing eye
imaginal disc (Singh et al. 2006). a In the wild-type eye imaginal disc, L (green) is expressed
ubiquitously throughout the eye disc and Elav (red) marks the photoreceptor neurons. b Wild-type
adult eye. White dotted line separates dorsal (D) half of the eye from ventral (V ). c, d Loss of L
results in the preferential loss of ventral half of the c developing eye imaginal disc and d the adult
eye. c Eye imaginal discs stained for Wg (green) to identify dorsal versus ventral eye imaginal
disc compartments. The boundary of the eye field is as outlined in c (white) and d (black) showing
preferential loss of ventral eye. e, f Early loss-of-function of Ser by misexpressing dominant
negative form of Ser in the entire eye imaginal disc using an ey-Gal4 driver results in complete loss
of eye field both in e the early eye imaginal disc and f the adult. (Adapted from Singh et al., 2012)

et al. 1992; de Celis et al. 1996; Diaz-Benjumea and Cohen 1995). The distribution
of N ligands in the eye disc is reversed when compared with the wing imaginal disc,
as Ser expression is restricted to the dorsal compartment of the wing, whereas Dl
expression is observed in the ventral compartment of the wing imaginal disc. In the
eye imaginal disc, Dl and Ser are preferentially expressed in the dorsal and ventral
domains, respectively (Cho et al. 2000; Cho and Choi 1998; Struhl 1981). Therefore,
in the wing imaginal disc, Ser functions as an N ligand in the dorsal cells, whereas
Dl is the N ligand in the ventral cells. Furthermore, fng is ventral-specific in the
eye imaginal disc (Cho and Choi 1998) but dorsal-specific in the wing imaginal disc
(Singh et al. 2012). This mirror image reversal in the distribution of the dorsal and
ventral genes in the eye versus wing imaginal disc is probably due to the fact that the
eye disc rotates 180◦ during embryogenesis, and as a result, the DV axis is inverted
in the eye with respect to the wing disc (Struhl 1981). Despite the differences in
distribution, similar to the developing eye imaginal disc, Fng is still required for N
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activation at the DV border in the wing imaginal disc. Fng, a glycosyltransferase,
elongates O-linked fucose residues to EGF domains of N to promote N–Dl interaction
and thereby modulate N signaling (Okajima and Irvine 2002). Contrary to it, Fng
inhibits Ser-N interaction (Ju et al. 2000; Moloney et al. 2000). The genes evolved
in DV patterning can be categorized in three broad categories.

Genes Regulating Ventral Eye Growth

The DV patterning genes have been classified into dorsal or ventral genes based
on their domain-specific expression, function, or both (Table 2). The ventral eye
genes include several genes like fng, L, Ser, Chip, and sloppy-paired (slp) (Table 2).
Among these genes L was first reported in 1925, as a gene required for eye growth
(Morgan et al. 1925). Based on the mutant phenotypes, L was shown to be required
for growth and differentiation of only the ventral half of the eye (Chern and Choi
2002; Singh et al. 2005b; Singh et al. 2012). Genetic analysis demonstrated that
ventral eye-specific function of L was downstream to N signaling (Chern and Choi
2002). These results further validated the hypothesis that early eye disc growth is
regulated by asymmetric function of DV patterning genes.

The genetic epistasis analysis revealed that L acts upstream of Ser, an N ligand in
the ventral eye (Chern and Choi 2002; Cho and Choi 1998; Dominguez and Casares
2005; Dominguez and de Celis 1998; Papayannopoulos et al. 1998; Speicher et al.
1994). Furthermore, Ser transcription (based on Ser-lacZ reporter expression) is
repressed in early eye discs from Lsi homozygous larvae (Chern and Choi 2002).
Loss-of-function clones of L in the eye imaginal disc resulted in strong downreg-
ulation of Ser in the ventral eye, whereas increased levels of L using the random
“flp-out” approach induced Ser expression even in the dorsal domain of eye imag-
inal disc (Chern and Choi 2002). These studies assigned L to a genetic hierarchy
of ventral eye genes (Table 2) where L acts downstream of N and upstream of Ser
in the developing eye imaginal disc (Chern and Choi 2002). The reduced eye size
seen in the hypomorphic alleles of Ser further validated the role of Ser in early eye
development. Surprisingly, loss-of-function clones of Ser in the eye did not result
in a reduced eye phenotype (Chern and Choi 2002; Papayannopoulos et al. 1998;
Sun and Artavanis-Tsakonas 1996). However, misexpression of dominant negative
form of Ser (SerDN) (Fleming et al. 1997) in the entire early eye imaginal disc using
ey-Gal4 driver (Hazelett et al. 1998) results in either preferential loss of ventral eye
or loss of the entire eye (Kumar and Moses 2001; Singh and Choi 2003; Singh et al.
2005b; Singh et al. 2012). Random gain-of-function clones of SerDN generated by
the “flp-out” method (Pignoni and Zipursky 1997) also resulted in suppression of
eye fate in the ventral eye. Lack of phenotype in Ser mutant clones can be attributed
to compensation of Ser function by another factor. Alternatively, cell culture experi-
ments suggested that Ser may be secreted or transendocytosed into neighboring cells
(Klueg and Muskavitch 1999; Kumar and Moses 2001; Singh et al. 2005b; Singh
et al. 2012). Similar phenotypes of SerDN misexpression and L mutants in the eye
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disc further validate that L and Ser work in the same pathway to regulate the growth
of ventral eye domain (Singh et al. 2012).

Fng is known to bind N to promote N–Dl interaction and is required to restrict
N activation at the DV border (Fleming et al. 1997; Irvine and Wieschaus 1994;
Kim et al. 1995). Contrary to the positive function of Fng in N–Dl interaction, Fng
inhibits Ser–N interaction when it is bound to N protein (Ju et al. 2000; Moloney
et al. 2000; Singh et al. 2005b; Singh et al. 2012). As a result, the N activation
by Dl is enhanced only at the DV border. The expression pattern of DV patterning
genes changes dynamically in the developing eye imaginal disc. As a result, striking
differences exists in the expression patterns before and after the initiation of retinal
differentiation. For example, in the developing eye imaginal disc, fng is expressed
in the ventral domain, but as the eye imaginal disc undergoes retinal differentiation
and the morphogenetic furrow proceeds anteriorly, fng exhibits preferential local-
ization anterior to the furrow in both the dorsal and ventral eye domain (Cho and
Choi 1998). These results validate the conclusion of genetic mosaic studies, which
suggested that DV pattern is established during early eye development prior to retinal
differentiation. The loss of function clone of fng further emphasized the important
role of Fng in DV patterning of eye. Loss-of-function clones of fng in the ventral
eye exhibit reorganization of DV polarity near the ectopic fng+/fng− border that
results in nonautonomous polarity reversals. It results in the generation of de novo
equators and ectopic localized activation of N at the fng+/fng− boundary (Baonza
and Garcia-Bellido 2000; Cho and Choi 1998; de Celis et al. 1996; Go et al. 1998).
Taken together, these observations suggest that (a) Fng has an essential role in DV
patterning and (b) the DV pattern is established prior to retinal differentiation during
the early eye development.

Other candidate genes involved in ventral eye development are Chip and slp1 or
slp2 (Table 2). Chip is an ubiquitin ligase that acts as a ubiquitous transcriptional co-
factor. Chip interacts with classes of transcription factor during neural development.
Chip has been reported to establish the ventral boundary of the eye and the head
tissue (Roignant et al. 2010). Loss-of-function of Chip has been shown to induce
ectopic retinal differentiation in the ventral eye. Therefore, possible function of Chip
is to prevent ectopic retinal differentiation at the ventral eye–antennal disc boundary
and thereby promote the head-specific fate. The eye repression function of Chip is
mediated via interactions with LIM homeodomain proteins: Arrowhead (Awh) and
Lim 1. Chip and Lim1 repress the selector gene eyeless (ey) to prevent ectopic dif-
ferentiation (Roignant et al. 2010). Thus, LIM-HD/Chip complex is required for
defining the boundary between eye and head field. However, the eye suppression
activity of Chip is independent of Meis class protein Hth or its cofactor Exd. How-
ever, it is predicted that Chip and Hth act independently, but parallel to each other
in order to suppress eye fate on the ventral eye margin (Roignant et al. 2010). Other
ventral eye genes slp1 and slp2 encode homologous Forkhead transcription factors
that are known to have redundant roles in embryonic patterning (Grossniklaus et al.
1992). In the developing eye, Slp proteins are expressed in a ventral-specific manner
and are required to repress Iro-C proteins in the dorsal compartment. During early
stages of development, Slp and Iro-C abut the DV border. N signaling activation
at the equator results in downregulation of slp and a gap is generated between the
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expression domains of Slp and Iro-C, which is necessary for induction of N ligands
Dl and Ser in the dorsal and ventral cells, respectively. Thus, repressive interaction
between slp and N promote the emergence of Ser and Dl expressions in the eye (Sato
and Tomlinson 2007).

A member of the TGF-β family, decapentaplegic (dpp), is another possible ventral
eye gene. It exhibits preferential expression in the ventral eye domain of the early eye
imaginal disc (Cho et al. 2000). Dpp acts as a long-range secreted morphogen (Chanut
and Heberlein 1997b; Nellen et al. 1996). It is known to form a morphogen gradient
in the early eye anlage (anterior brain and eye field) (Chang et al. 2001). Mutants of
dpp exhibit similar pattern defects in the ventral eye disc as seen in L mutants. This
dpp mutant phenotype may be an outcome of ectopic induction of dorsal eye genes
pnr, iro-C members,or wingless (wg) expression in the ventral domain as observed
in L mutants (Singh et al. 2005a). Dpp, Hedgehog (Hh), and Wg signaling from the
PM is required to trigger N activation in the DP of early eye imaginal disc. During
eye imaginal disc development Dpp antagonizes Wg. This developmental interaction
between Wg and Dpp in the eye is similar to that observed during limb development
(Brook and Cohen 1996; Penton and Hoffmann 1996; Theisen et al. 1996). This
antagonistic interaction occurs in the PM across the DV border (Cho et al. 2000).
Thus, Dpp signaling plays a role in inducing DV polarity from PM.

Dorsal Fate Selector Genes

The compartment boundaries are defined by the spatio-temporal expression or func-
tion of fate selector genes. Loss-of-function of these selector genes results in the
loss/elimination of that particular fate in the developing field (Blair 2001; Curtiss
et al. 2002; Dahmann et al. 2011). In the Drosophila eye, these selector genes were
identified in the earlier enhancer trap screens (Bhojwani et al. 1995; Bier et al. 1989;
Singh et al. 2012; Sun et al. 1995). These enhancer trap lines had mini-white (w)
and lacZ reporter gene (P-lacW ) (Bellen et al. 1989; Bhojwani et al. 1995; Bier
et al. 1989; Sun et al. 1995; Wilson et al. 1989), which exhibited domain-specific
expression in the developing as well as the adult eye. These enhancer trap lines have
made significant contributions toward understanding the DV patterning in the eye
(Choi et al. 1996; Kehl et al. 1998; McNeill et al. 1997; Morrison and Halder 2010;
Sun and Artavanis-Tsakonas 1996). Some of the lines identified had w+ expression
restricted only to the dorsal half of the adult eye. Most of these dorsal-specific P
element insertion lines were mapped to the chromosomal region 69CD. The molec-
ular characterization of this 69CD chromosomal region, which was identified as a
hot spot for P-lacW insertions that show dorsal eye-specific expression, revealed
the existence of a cluster of homeobox genes, araucan (ara), caupolican (caup),
and mirror (mirr) (Table 2) (Gomez-Skarmeta and Modolell 1996; Grillenzoni et al.
1998; Heberlein et al. 1998; Kehl et al. 1998; McNeill et al. 1997; Singh et al.
2005b). This cluster of the homeobox gene is located within an approximately 140 Kb
region (Netter et al. 1998), are expressed in the dorsal half of the eye (Fig. 7b, b′).
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Fig. 4 Pnr and Iro-C members function as dorsal eye fate selectors. a Pnr expression (green)
is restricted to the dorsal eye margin of the developing eye imaginal disc. Elav (red) marks the
photoreceptor neurons. b, c Loss-of-function clones of pnr, marked by absence of green fluorescent
protein (GFP) reporter (green), results in the enlargement of existing dorsal eye field (e.g., in
the clone outlined in b) in the eye imaginal disc (b) and adult eye (c). b Note that there is a
nonautonomous eye enlargement in the anterior region of the eye imaginal disc, which is attributed
by generation of de novo equator in the dorsal compartment of eye imaginal disc. d Misexpression
of pnr (ey > pnrD4) in the eye imaginal discsuppresses the eye fate, validating a late function
of pnr in defining the eye field boundary (Maurel-Zaffran and Treisman 2000; Oros et al. 2010).
e The expression domain of the members of Iroquois complex (Iro-C > GFP, green) spans the dorsal
region of the eye imaginal disc (g, h). Loss-of-function of Iro-C causes dorsal eye enlargements in
the g eye imaginal disc and in h adult eye. These phenotypes are similar to the b, c pnr loss-of-
function phenotypes. h Misexpression of ara, a member of Iro-C, in the eye imaginal disc (ey > ara)
results in small eye. D dorsal, V ventral. (Adapted from Singh et al., 2012)

They are referred to as Iroquois-Complex (Iro-C), as the mutation in these genes lack
lateral thoracic bristles and resemble the hair style of the Indian tribe, the Iroquois
(a native tribe which shaved all but a medial stripe of hair on the head and are
also called Mohawks) (Gomez-Skarmeta and Modolell 1996; Leyns et al. 1996).
They named the genes Araucan and Caupolican in honor of an Amerindian tribes,
Aracaunians, and one of their heroes, Caupolican. The third member of this complex
was named mirror (mirr).

The members of Iro-C are highly conserved essential genes and exhibit signifi-
cant differences in their expression pattern (Gomez-Skarmeta and Modolell 2002).
However, there is functional redundancy in terms of Iro-C members between flies
and higher vertebrates. Mirr is strongly and dynamically expressed in the central
nervous system (Netter et al. 1998; Urbach and Technau 2003), and is essential for
follicle cell patterning (Jordan et al. 2000). The other members Ara and Caup are
preferentially expressed in mesodermal tissues in the embryos (Netter et al. 1998).
The expression of all three Iro-C members is restricted to the dorsal half of the eye
imaginal discs (Figs. 4e, 7b, b′), raising a possibility that they may be functionally
redundant. Loss-of-function of mirr using mirre48 allele showed weak but significant



Molecular Genetic Mechanisms of Axial Patterning 55

defects of nonautonomous DV polarity reversals in comparison with mirr+ omma-
tidia in the dorsal half of the eye (McNeill et al. 1997). The cells from two different
compartments are of different cell lineages and do not intermingle because of dif-
ferences in cell identities and affinities (Dahmann et al. 2011; Garcia-Bellido et al.
1973; Irvine 1999). Loss-of-function clones of mirr in the dorsal half of eye exhibit
smooth clone borders, whereas those in the ventral half of the eye show wiggly clone
borders (Yang et al. 1999). It suggests that dorsal eye cells lacking mirr avoid mixing
with the neighboring mirr expressing cells. Furthermore, the dorsal clones exhibit
dorsal eye enlargements and the polarity of the ommatidia in mirr loss-of-function
clones is reversed. This analysis suggests that mirr functions as a dorsal fate selector.
The phenotype of mirr clones was not strong enough. It raised the possibility that
ara and caup, the other two members of Iro-C, can partly compensate for the loss
of mirr function in the eye. The issue of functional redundancy was resolved when
a deficiency iroDMF3, which uncovers all three Iro-C genes by the deletion of ara
and caup as well as a 5′-region of mirr, was employed for clonal analysis (Diez del
Corral et al. 1999; Gomez-Skarmeta et al. 1996; Gomez-Skarmeta and Modolell
1996). Loss-of-function clones of iroDMF3 in the eye showed repolarization of the
ommatidial polarity in the dorsal clones along with dorsal eye enlargement or forma-
tion of an ectopic eye field on the dorsal margin (Fig. 4f, g). There was no phenotype
in the ventral half of the eye. Gain of function of Iro-C members in the eye result in
reduced eye phenotype (Fig. 4h). These results further highlighted the importance
of the boundary between the dorsal and ventral cell types. These results strongly
support that the three members of Iro-C are partially redundant and the Iro-C as a
whole is required for organizing the DV polarity pattern and growth of the eye.

Loss-of-function of iroDMF3 also suggested that Iro-C genes function as dorsal
selectors for head structures as well, as mutant clones in the dorsal region induce
the formation of ventral head structures (Cavodeassi et al. 2000). Ectopic ventral
head tissues resulting from loss of Iro-C genes are cell-autonomous and therefore
accompanied by loss of corresponding dorsal structures. In contrast, ectopic ventral
eyes are generated non-cell autonomously, as reversals of DV ommatidial polarity
are detected in the Iro-C+ wild-type region adjacent to the mutant clones. This also
supports the idea that the DV boundary is an organizing center for DV pattern and
growth in the eye imaginal disc. Furthermore, DV patterning of the eye occurs in ear-
lier larval stages than the head patterning. In the Drosophila eye, pnr is another dorsal
gene, expressed in the dorsal eye margin (Figs. 7a; 7a, 4), which exhibits similar
loss-of-function (Table 2; Fig. 4b, c) and gain-of-function (Fig. 4d) phenotypes as
observed with Iro-C in the eye and the head (Maurel-Zaffran and Treisman 2000;
Oros et al. 2010; Pichaud and Casares 2000; Singh et al. 2005b). Pnr, a GATA-1
transcription factor, plays an important role in the dorsal eye development and acts
as a selector for the dorsal eye fate (Dominguez and Casares 2005; Maurel-Zaffran
and Treisman 2000; Oros et al. 2010; Pichaud and Casares 2000; Ramain et al.
1993; Singh et al. 2005b). In the hierarchy of dorsal genes, pnr is the top-most gene
and induces Wg, which in turn induces the expression of downstream target genes
mirr in the dorsal half of the eye (Dominguez and Casares 2005; Maurel-Zaffran
and Treisman 2000; Singh et al. 2005b). During later stages of development, which
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corresponds to the retinal differentiation stage in late second instar and third instar
of larval eye development, pnr is involved in defining the dorsal eye margin by
regulating the retinal determination (RD) genes (Oros et al. 2010).

Wg, a secretory protein and a morphogen, is expressed along the anterolateral
margins of the third instar eye imaginal disc (Fig. 7h) (Baker 1988a). Wg plays
multiple roles during eye development. One of these roles of Wg is to promote
growth of early eye imaginal disc. During early eye development, Wg expression
is restricted to the dorsal eye domain (Chang et al. 2001; Cho et al. 2000; Maurel-
Zaffran and Treisman 2000). During the retinal differentiation stage, Wg is known to
prevent ectopic induction of retinal differentiation from the lateral eye imaginal disc
margin (Ma and Moses 1995; Treisman and Rubin 1995). Thus, Wg, which acts as a
negative regulator of eye during retinal differentiation, also functions as a dorsal eye
fate gene. In the dorsal eye imaginal disc, an N ligand, Dl, has been assigned to the
dorsal gene category (Table 2). Dl is preferentially expressed in the dorsal domain of
eye imaginal discs during first and second instar stages (Cho and Choi 1998). Apart
from genes with domain-specific expression, there are genes that although expressed
in broader domains, exhibit DV domain-specific functions (Table 2).

Asymmetrically Expressed Genes Regulating
Domain-Specific Growth

A group of DV patterning genes exhibits differential functions in the dorsal–ventral
compartments even though they are not expressed in a DV-specific pattern. The mem-
bers of this group are further classified into three categories:(1) Genes expressed
uniformly in the eye imaginal disc but their functional domain is restricted only to
the ventral half of the eye, for example, L and homothorax (hth) (Fig. 7e, e′; Table 2).
(2) Genes that are expressed uniformly in the early eye imaginal disc and function dif-
ferently in the dorsal and ventral half of the eye, for example, teashirt (tsh) (Fig. 7f, f′;
Table 2; (Singh et al. 2012). (3) Class of genes expressed in a domain-specific manner
are involved in generating morphogen gradient across the developing eye imaginal
disc. They are (a) marginally expressed genes like optomotor blind (omb) (Fig. 7g, g′;
Table 2) and Wg (Fig. 7h, h′; Table 2) and (b) equatorially expressed genes like four
jointed (fj) (Fig. 7i, i′; Table 2) and unpaired (upd) (Fig. 7j, j′; Table 2).

1. Hth is a vertebrate homolog of murine proto-oncogene MEIS1 (Moskow et al.
1995). It encodes a homeodomain transcription factor of the three-amino-acid
extension loop (TALE) subfamily (Rieckhof et al. 1997). The expression of hth
is present in the entire early eye primordium (Bessa et al. 2002; Singh et al.
2002, 2012), which is similar to L expression in the early eye (Singh et al. 2012).
However, unlike L, which is uniformly expressed in the entire eye imaginal disc
during all stages of eye development (Singh and Choi 2003), hth expression
evolves with the onset of differentiation in the eye. Hth expression gets restricted
to the cells anterior to the MF (morphogenetic furrow; Bessa et al. 2002; Pai et al.
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Fig. 5 A domain-specific function of homothorax (hth) in the ventral eye margin. a, a’ Hth (green)
is expressed anterior to the furrow both in the dorsal as well as ventral domain of the eye imaginal
disc (Bessa et al. 2002; Pai et al. 1998; Pichaud and Casares 2000; Rieckhof et al. 1997; Singh
et al. 2002). Elav (red), a pan neural marker, marks the photoreceptor neurons in the eye imaginal
disc. a’ Note that Hth is expressed in the peripodial membrane (PM). b, b’ Loss-of-function clones
of hth marked by the absence of the GFP reporter (green, clonal boundary marked by white dotted
line) in the ventral eye result in eye enlargements whereas in the dorsal eye these clones do not have
any effect. c, d Misexpression of hth in the eye using ey-Gal4 driver (ey > hth) results in a reduced
eye field as seen in the c eye imaginal disc and the d adult eye (Pai et al. 1998). (Adapted from
Singh et al., 2012)

1998; Pichaud and Casares 2000; Singh et al. 2002). Although hth is expressed
anterior to the furrow, its expression is uniform both in the dorsal and ventral
half of the eye imaginal disc (Figs. 5a, a′; 7e, e′; Table 2). hth is expressed
uniformly in the PM of the eye imaginal disc (Fig. 5a). Surprisingly, the loss-of-
function phenotypes of hth are restricted only to the ventral eye margins (Pai et al.
1998). Loss-of-function clones of hth causes eye enlargement only in the ventral
eye margin (Fig. 5b, b′) whereas the loss-of-function clones of hth in the dorsal
compartment do not show any phenotype in the eye imaginal disc (Pai et al. 1998;
Pichaud and Casares 2000; Singh et al. 2011, 2012). Furthermore, hth mutant
cells do not survive in the anterior eye (Bessa et al. 2002, 2008; Pichaud and
Casares 2000). Therefore, despite the uniform expression of hth in developing
eye imaginal disc the loss-of-function phenotype exhibits DV constraint. Misex-
pression of hth in the eye imaginal disc suppresses the eye fate (Pai et al. 1998).
Furthermore, eye suppression function of Hth is independent of any domain con-
straint (Singh et al. 2011, 2012). During development, hth is involved in multiple
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Fig. 6 Dorsoventral asymmetric function of homeotic gene tsh depends on its partners (genes) in
D and V compartment of the developing eye imaginal disc. Gain of function of tsh suppresses the
eye fate in the ventral eye (Singh et al. 2002). Tsh collaborates with Wg and Ser and is required for
suppression of the ventral eye by ectopic induction of hth. However, this eye suppression function
of tsh in ventral eye is independent of genes L and fng. Dorsal eye enlargement function of tsh
depends on collaboration of members of Iro-C family and the N ligand (Singh et al. 2004). In the
dorsal eye, pnr is required to suppress tsh in order to suppress the dorsal eye fate (Oros et al. 2010)

functions and is required for nuclear localization of a homeo-protein Extradenti-
cle (Exd). Hth encodes a protein with nuclear localization signal (NLS) and two
conserved domains: the N terminal evolutionarily conserved MH domain (for
Meis and Hth) and a C-terminal region including the homeodomain (HD; Kurant
et al. 1998; Noro et al. 2006; Pai et al. 1998; Rieckhof et al. 1997). Alternative
splicing is known to provide additional complexity to the genes encoding the Hth
transcription factors (Glazov et al. 2005; Noro et al. 2006). Hth forms a het-
erodimer with Exd through its MH domain and translocates into the nucleus to
regulate transcription (Jaw et al. 2000; Ryoo et al. 1999; Stevens and Mann 2007).
Since Exd is expressed uniformly in the eye, the ventral-specific function of hth
has been proposed through its interaction with Wg and Tsh (Fig. 6). Together
they are involved in suppression of eye fate on the ventral margin. Furthermore,
hth plays an important role in delineating the boundary between the eye and the
head cuticle on the ventral eye margin (Singh et al. 2011, 2012). We have found
that hth antagonizes another ventral gene L function in the ventral eye margins
to define the developing eye field boundary (Singh et al. 2011, 2012). However,
this antagonizing activity is independent of Exd (Singh et al. 2011).

2. The homeotic gene tsh belongs to the second category. It is expressed uniformly
in the early eye imaginal disc but its function exhibits DV domain constraint.
Tsh encodes a C2H2 zinc-finger transcription factor with three widely spaced
Zinc finger domains (Fasano et al. 1991). Tsh plays an important role during
Drosophila eye development (Bessa et al. 2002; Datta et al. 2009; Kumar 2009,
2011; Pan and Rubin 1998; Singh et al. 2002, 2012). tsh is expressed anterior to
the furrow both in dorsal and ventral eye (Fig. 7f, F′) and exhibits a DV constraint
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Fig. 7 Expression profiles of different genes required for axis determination during eye organogen-
esis. a, a’Pnr and b, b’Mirr (green) are expressed in the dorsal domain of the eye. c, c’L is expressed
ubiquitously in the entire eye imaginal disc (blue), whereas Fng (d, d’; green) is expressed only in
the ventral domain of the eye. In the images a–d, Elav (red), the pan-neuronal marker, is used for
marking the photoreceptor neurons. Among asymmetrically expressed genes, Hth and Tsh (green,
e and f), e, e’ Hth is expressed in an asymmetric fashion anterior to the morphogenetic furrow in
the head and antenna but not in the eye region. f, f’ DV asymmetric gene Tsh is also expressed
anterior to the furrow both in dorsal and ventral domains of the eye and is regulated differentially in
these regions. The eye imaginal discs in e and f have been stained for membrane marker Dlg (blue)
and pan-neuronal marker Elav (magenta). g, g’ Among marginally expressed genes, Omb and Wg
(green; g, h’) are expressed exclusively on dorsal and the ventral margins. h, h’ Wg, a secreted
morphogen, is expressed along dorsolateral margins and in the antenna (green). Equatorial genes
are expressed on equator or the borderline of dorsal and ventral compartments. i, i’ Fj (green) forms
a gradient which is more concentrated on the equator and closer to the antennal region. j, j’ Upd,
(green) the JAK STAT ligand, is expressed on posterior boundary as a dot on the equator of the eye

in its function [Fig. 6; Table 2; (Singh et al. 2002, 2004)]. In the dorsal eye, tsh
promotes eye development, whereas in the ventral eye it acts as a repressor of eye
fate (Singh et al. 2002, 2004, 2005b, 2012). Interestingly, the DV constraint in tsh
function in the eye depends on the partners with which it collaborate in the dorsal
or the ventral eye disc (Singh et al. 2004). Tsh cooperates with Iro-C members
and N ligand Dl in the dorsal eye for its growth promotion function (Singh et al.
2004).The ventral eye-specific function of tsh is dependent on Hth and Ser. The
expression of tsh overlaps with hth in the eye imaginal disc, and like hth, the tsh
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expression also evolves during larval eye development. Initially, in the first instar
eye imaginal disc, tsh is expressed in the entire eye imaginal disc but its expression
retracts anteriorly to nearly three quarters of the eye imaginal disc when the retinal
differentiation begins (Bessa et al. 2002; Singh et al. 2002). Furthermore, Tsh
and Hth physically interact with each other (along with Pax-6 homolog, Eyeless
(Ey)) to repress the expression of downstream target genes (Bessa et al. 2002;
Dominguez and Casares 2005). Further insights into the potential mechanism of
tsh and hth in regulating growth and differentiation in the eye came from analysis
of expression patterns of the retinal determination (RD) gene network members
(Bessa et al. 2002). It has been proposed that Tsh, Hth, and Ey coexpress in the
proliferating cells anterior to furrow to block precocious retinal differentiation
and promote cell proliferation (Bessa et al. 2002; Dominguez and Casares 2005;
Singh et al. 2002). The role of tsh in the dorsal eye was further validated by
studies on interaction of tsh with the dorsal fate selector pnr (Fig. 6 (Oros et al.
2010)). It was shown that pnr suppresses the eye fate on the dorsal eye margin by
downregulating tsh expression in the dorsal eye (Oros et al. 2010). Tsh is known
to act upstream of retinal differentiation genes eyes absent (eya), sine oculis (so),
and dacshund (dac) (Pan and Rubin 1998). Thus, pnr, which is expressed in
the dorsal PM (Fig. 7a, a′) suppresses tsh in the dorsal eye. It results in the
suppression of eye fate on the dorsal margin of the eye field (Oros et al. 2010;
Singh et al. 2012).

3. During the patterning and growth of a field, the positional information or polariz-
ing signals are provided in a concentration-dependent manner. These signals are
determined by concentration of signaling molecules or morphogens. Genetic stud-
ies of the polarity genes in Drosophila suggested that planar polarity in the dorsal
and ventral eye fields is dependent on gradients of the polarizing signals (Wehrli
and Tomlinson 1998; Zeidler et al. 1999b). It has been shown that noncanoni-
cal Wg/Wnt pathway is important for determining planar polarity (Boutros et al.
1998, 2000; Mlodzik 1999; Reifegerste and Moses 1999; Singh et al. 2005b). In
the developing Drosophila eye, Wg is responsible for the pole to equator gradient
(Legent and Treisman 2008; Zecca et al. 1996). In the third instar eye imaginal
disc, Wg is strongly expressed on the anterolateral margins (Fig. 7h, h′; Table 2).
It results in a diffusible pole to equator gradient that originates from the dorsal
and ventral margins of the eye disc epithelium (Fig. 7h, h′). It suggests that Wg
can function as a primary polarizing signal. Since Wg is involved in other events
during eye development and loss of wg causes defects in the eye (Wehrli and
Tomlinson 1998), it may not suffice to state that Wg is strictly required only for
planar polarity. It is possible that DV patterning in the eye also requires the Wg
gradient to interpret patterning cues in the developing eye imaginal disc. The
local cues within the cell are crucial for the Wg gradient but the secondary cell
interactions shape the morphogen gradient by interpreting the information and
setup differential expression.

Another candidate which may be participating in pole to equator gradient can be
the T-box transcription factor Omb, also known as bifid (bi). Omb is a target of Wg
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signaling in the wing (Zecca et al. 1996). Its expression is regulated in the wing by
Dpp and Wg. In the eye imaginal disc epithelium, omb is expressed in an pole to
equator gradient where it has highest level on the dorsal and ventral margins and its
levels decrease toward the equator (Fig. 7g, g′; Table 2; (Tare et al. 2013)). It is also
expressed in some glial cells (Poeck et al. 1993). Gain of function of omb results in
the reduction of eye size and loss of function of omb exhibits enhanced proliferation
in the ventral eye disc (Porsch et al. 2005). Omb functions to delimit the extent of
the DV eye (Poeck et al. 1993). The insertion of a P-element carrying a white+ gene
in the omb locus results in pigmentation on the dorsal and ventral eye margins in the
adult eye. An omb-Gal4 line that was later isolated by Calleja and colleagues and
Tang and Sun has been used vastly as an important tool to drive expression of genes
on the dorsal and ventral borders margins of the eye imaginal disc (Calleja et al.
1996; Tang and Sun 2002; Tare et al. 2013).

In addition to pole to equator gradient of Wg, Fj, a Golgi associated protein, and a
member of the planar cell polarity pathway (PCP pathway) has been proposed to be
involved in equator to pole signaling (Zeidler et al. 1999a). It is expressed in a broad
equatorial domain (Fig. 7i, i′; Brodsky and Steller 1996; Heberlein et al. 1998).
The Fj expression gradient provides directional cues in ommatidial polarity (Zeidler
et al. 1999a). Its gradient of expression is highest at the equator and decreases toward
the margins. This graded expression of Fj is opposite to that of the pole to equator
gradient of Wg, Omb and Dacshous (Ds), which are highest at the dorsal and ventral
margins (poles) of the eye imaginal epithelium and decrease toward the equator. Fj
acts upstream to Ds, therefore modulating and restricting its gradient expression.

Upd, a ligand of the JAK/STAT pathway (Harrison et al. 1998) is also required in
the developing eye (Zeidler et al. 1999b). In the Drosophila eye, Upd is expressed at
the posterior margin of the eye disc (Fig. 7j, j′) and is required to repress Wg and to
promote differentiation in the eye (Table 2, (Singh et al. 2012; Tsai and Sun 2004;
Tsai et al. 2007). Therefore, Wg downregulates Fj, and N and Upd act as positive
regulators of Fj (Reynolds-Kenneally and Mlodzik 2005; Zeidler et al. 1999a). Fj and
Upd, together or in parallel, are candidates for the secondary signal. These studies
suggest that DV patterning genes not only contribute toward the growth of the eye
field but also in delineation of boundary between the eye and head field.

Boundary Formation During Organogenesis

One of the important questions is how DV patterning genes regulate size and growth
of the eye as an organ. The dorsal selector genes like pnr, Iro-C members, which
are expressed in the dorsal eye margin (Fig. 7a, b), assign a dorsal fate in a group
of early eye primordial cells that are basically ventral in fate. These dorsal fate
selectors generate a group of dorsal cells with unique properties. The boundary
between the dorsal and ventral cells (equator) is maintained by the antagonistic
interactions between the dorsal and ventral eye genes (Singh et al. 2005a). It has been
shown that L/Ser are essential for growth of the ventral eye tissue but is dispensable
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Fig. 8 Genetic basis of DV asymmetry in the developing Drosophila eye. a During early eye
development (first instar larva), the entire eye primordium belongs to a homogenous ventral state
assigned by functions of L/Ser. b In later stages (second instar and early third instar stages), dorsal
lineage is specified upon onset of pnr expression. pnr acts upstream of Wg and this interaction is
required for triggering expression of downstream genes like members of Iro-C complex (Maurel-
Zaffran and Treisman 2000). Dl, a ligand of N pathway, is also required for the development of the
dorsal eye. The default state of ventral eye is maintained by expression of L/Ser. L has been shown
to antagonize functions of genes in the dorsal eye to define the eye boundary between dorsal and
ventral compartment of the eye. Furthermore, functions of L/Ser are also required for antagonizing
Hth and Wg and define the ventral eye margin to prevent cell death, respectively (Singh et al. 2011).
However, there is a positive feedback loop between Hth and Wg in the ventral eye margin. The other
genes important for ventral eye development are chip, fng, and slp (Cho and Choi 1998; Dominguez
and de Celis 1998; Legent and Treisman 2008; Roignant et al. 2010; Sato and Tomlinson 2007). The
interactions of dorsal and ventral genes are responsible for structural and functional organization of
the adult compound eye of the Drosophila. c The ommatidia in an adult compound eye are organized
into mirror image symmetry which are polarized into opposite directions of dorsal and ventral half

in the dorsal region specified by pnr function (Singh and Choi 2003). In addition to
a boundary between the dorsal and ventral compartment within the eye, a boundary
is defined between the developing eye field and the surrounding head cuticle on the
dorsal and ventral margins (Fig. 8). Since the adult eye, head cuticle, and other
mouthparts are generated from the eye-antennal imaginal disc, there is a sequential
fate restriction between the developing eye and head cuticle. These DV patterning
genes play an important role in defining the boundary of the eye field on the dorsal
and the ventral margins (Oros et al. 2010).

The boundary between the eye field and the head cuticle on the dorsal mar-
gin is regulated by pnr (Fig. 8). It has been suggested that pnr is required for
two different functions during eye development : (a) DV axis determination during
early eye development (Maurel-Zaffran and Treisman 2000; Singh and Choi 2003)
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and (b) suppression of retinal determination to define the dorsal eye field margin
(Oros et al. 2010; Singh and Choi 2003; Singh et al. 2005b Singh et al. 2012). Dur-
ing early second instar of larval development, pnr is required for defining the dorsal
lineage, before the onset of retinal differentiation by inducing Wg and members of
the Iro-C complex (Maurel-Zaffran and Treisman 2000; Oros et al. 2010; Singh and
Choi 2003; Singh et al. 2005b). However, during the late second instar stage of
eye development, pnr suppresses the photoreceptor differentiation at the dorsal eye
margin (Oros et al. 2010; Singh et al. 2012). The expression of pnr is restricted to
the peripodial membrane of the dorsal eye margin, which gives rise to the adult head
cuticle. Loss-of-function clones of pnr exhibit dorsal eye enlargement. It suggests
that absence of pnr function promotes ectopic eye formation in the dorsal eye mar-
gin. Therefore, pnr defines the boundary between the head cuticle and the dorsal
margin of the developing eye field (Oros et al. 2010; Singh et al. 2012). There is a
different mechanism for delineating the boundary between the eye and head cuticle
on the ventral eye margin as pnr is not expressed in the ventral eye (Singh et al.
2011). The boundary of eye field on the ventral eye margin is defined by the antag-
onistic interaction of L with hth (Singh et al. 2011; Singh et al. 2012). Antagonistic
interaction between L and Hth is not the exclusive mechanism to define the ventral
eye margin. In the ventral eye, transcriptional cofactor Chip interacts with the LIM-
homeodomain proteins to define the boundary of the eye field (Roignant et al. 2010).
Interestingly, Chip mediated regulation of the ventral eye boundary is independent
of hth (Roignant et al. 2010). Thus, the genetic cascade regulating the boundary of
eye field on the dorsal and the ventral margin of the eye is different.

Similarities With Vertebrate Eye

There are remarkable similarities in general developmental design based on func-
tional and structural homologies between the Drosophila eye genes and the vertebrate
eye field transcription factors (EFTFs; Wawersik and Maas 2000). Furthermore, the
basic sensory epithelium design of the vertebrate and most invertebrate eyes, in-
cluding the Drosophila eye is similar (Charlton-Perkins and Cook 2010; Sanes and
Zipursky 2010; Singh et al. 2012). The morphogenetic furrow (MF) in the fly eye is
analogous to the wave of neurogenesis in the vertebrate retina (Hartenstein and Reh
2002; Neumann and Nuesslein-Volhard 2000). However, the MF in the Drosophila
eye initiates from the posterior margin and moves toward the anterior part of the
developing eye imaginal disc whereas differentiation in vertebrate retina initiates
from centre and moves radially out (Hartenstein and Reh 2002). Several genes
that are expressed in a DV domain-specific manner in the retina have been iden-
tified in the vertebrate visual system. In the dorsal half of the eye, BMP4, a TGF-β
closely related to Dpp, has been implicated in development of progenitor cells. It has
also been shown to function in establishment of the DV axis of the Xenopus retina
(Papalopulu and Kintner 1996). In the vertebrate eye, the dorsal selectors BMP-4
and TbX5 restrict the expression of Vax2 and Pax2 to the ventral domain of the
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eye (Koshiba-Takeuchi et al. 2000; Mui et al. 2002; Peters 2002; Peters and Cepko
2002). These DV expression domains correspond to the developmental compartments
(Peters 2002; Peters and Cepko 2002). The DV patterning plays an important role in
the retinotectal projection pattern (Koshiba-Takeuchi et al. 2000; McLaughlin et al.
2003). The R-cell projections, form a precise topographic connection with the optic
lobe, and are referred to as retinotopy, which is common to both the vertebrate and
the insect visual system (Gaul 2002). Jagged-1 (Jag1), a vertebrate homolog of the
Drosophila ventral eye gene Ser, exhibits a DV asymmetric expression pattern in the
retina. In addition, loss-of-function of Jag1 results inAlagille’s syndrome, which also
affects the eye (Kim and Fulton 2007; Oda et al. 1997; Xue et al. 1999). It has also
been suggested that mouse retina also begins with a default ventral like state (Murali
et al. 2005). Therefore, the DV boundary may play conserved roles in organizing
the growth and pattern of visual system in higher animals, and studies in Drosophila
will upgrade our knowledge in the area of animal development mechanisms and help
to unravel the genetic underpinnings of developmental defects caused by mutations
in human homologs of Drosophila DV patterning genes.

Summary

In this chapter, we have focused on the key developmental events and genes that
are involved in DV patterning of the Drosophila eye. It has been established that
formation of the DV compartment formation is a key event in initiating patterning
and growth of the early eye imaginal disc. This may also hold true in primordia of
other adult appendages. It is clear that DV patterning is required to initiate the DV
asymmetry within a homogenous default ventral fate of early eye primordial cells.
Even though our understanding of the DV patterning in the eye has dramatically
increased in recent years, our understanding of the axial patterning of the Drosophila
eye is far from complete, and we are still not aware of all the members of genetic
circuitry and the molecular interactions between them which are important for the
regulation of DV patterning. There is a room for identification of many more novel
genes that are involved in DV patterning. The future studies using novel genetic
and bioinformatics approaches should help in defining the full complement of genes
involved in this intricate process. These studies will help in addressing the age old
question of how a small number of cells in the disc primordium grow to form a
precise pattern of mirror symmetry in the compound eye. In addition, the possibility
of crosstalk of the DV patterning pathway with other signaling pathways to regulate
growth during early phase of eye development cannot be refuted. All this information
will lay a foundation about understanding the process of organogenesis as loss-of-
function of the genes involved in DV patterning results in the loss of the eye field or
a part of the eye field. The complexity and precision of the neural connectivity in the
adult visual system has fascinated researchers for a long time. The DV polarity of
the retina is responsible for controlling the targeting of the retinal axon projections
to the brain in humans and other higher vertebrates. Thus, DV patterning genes
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also contribute toward the wiring of the brain to the retina. How all these different
facets work together to define the final form of this complex structure eye is an open
question and is of fundamental importance.
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Catching the Next Wave: Patterning of the
Drosophila Eye by the Morphogenetic Furrow

Justin P. Kumar

Introduction

In 1864, August Weismann published the first drawing of the insect eye–antennal disc
complex. In this image he drew a line within the eye and described it as the border
between the eye and antennal portions of the disc complex. One hundred and twelve
years later, Donald Ready, Thomas Hanson, and Seymour Benzer demonstrated
that this line, which they called the morphogenetic furrow, is actually the leading
edge of a differentiating wave that traverses the eye disc of the fruit fly, Drosophila
melanogaster, and transforms a field of undifferentiated and nonpatterned cells into
an ordered array of periodically spaced ommatidia or unit eyes. In the 36 years since
this seminal discovery, dozens of papers have focused on elucidating the molecular
mechanisms that underlie the initiation and progression of the furrow as well as the
many cellular changes that cells undergo as they enter, temporarily reside, and then
exit the furrow. This review will summarize what is currently known about the cellular
architecture of the furrow and the mechanisms that control its birth and propagation
across the eye primordium. This chapter will also discuss the means by which the
initiation of the furrow is restricted to a single point along the posterior margin.

The Adult Eye: A Product of Pattern Formation

The compound eye of Drosophila is a simple nervous system of such extraordinary
precision that it has been described as a “neurocrystalline lattice” (Fig. 1; Ready et al.
1976). The adult retina consists of approximately 800 unit eyes or ommatidia that are
organized into nearly three dozen vertical columns. Each unit eye is constructed as
a hexagon, thus adjoining columns of ommatidia appear to be interlocked with each
other. The number of unit eyes per column is variable with columns in the center of
the eye containing the largest number of ommatidia while those that lie at increasing
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Fig. 1 Structure of the adult compound eye of Drosophila: external view and retinal section.
a Scanning electron micrograph of the adult compound eye. Note the approximately three dozen
columns of unit eyes or ommatidia. b Light microscope section of the adult retina. The photorecep-
tors are organized into an asymmetrical trapezoid. A line of mirror symmetry (the equator) divides
the eye into dorsal and ventral compartments. The ommatidia on either side of the equator exist in
two chiral forms. Anterior is to the right in all images

distances from the center have fewer and fewer unit eyes. This arrangement gives the
compound eye an overall egg or oval shape. During larval development, the first col-
umn, which is set down at the posterior margin of the retina, serves as a template upon
which the next ommatidial column is added. Subsequent columns are similarly added,
with each preceding column serving as a template for the next, until the approximately
three dozen columns of unit eyes are set within the eye primordium. It is the responsi-
bility of the morphogenetic furrow to inlay each column of ommatidia onto the epithe-
lium (Fig. 2b; Ready et al. 1976; Lebovitz and Ready 1986; Wolff and Ready 1991).

Each unit eye consists of eight photoreceptor neurons, four lens secreting cone
cells, and a cadre of optically insulating pigment cells (Fig. 3c; Dietrich 1909;
Waddington and Perry 1960; Ready et al. 1976; Tomlinson and Ready 1987; Cagan
and Ready 1989a). The photoreceptors lie at the core of the ommatidium and are
arranged as an asymmetric trapezoid. Ommatidia exist in two chiral forms with the
equator serving as the transition point between the two forms. Ommatidia in the dorsal
half of the retina point “north” while those in the ventral half point “south” (Fig. 3a).
The outer photoreceptors, R1–6, occupy the entire length of the ommatidium while
the inner neurons R7/8 reside with the distal and proximal sections, respectively
(Fig. 3b). The cone cells lie atop the photoreceptor cluster and secrete the overlying
lens while the pigment cells surround and optically insulate the photoreceptors. Their
physical arrangement gives the ommatidium its hexagonal shape. The furrow not only
organizes the eye into columns of unit eyes but it also contributes to the earliest step
in ommatidial assembly—the specification and recruitment of the R8 photoreceptor
(Figs. 8 and 11; see further discussion). The specification of the R8 then begins the
recruitment of the remaining photoreceptors, cone cells, and pigment cells (Fig. 8;
reviewed in Kumar 2012).
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Fig. 2 Progression of the furrow transforms a field of undifferentiated cells into an organized array
of unit eyes. a Schematic depiction of the anterior compartment boundaries in the developing
eye. During early development, the entire eye is made up of anterior fated tissue (red). After the
furrow initiates and progresses across the eye field, the eye is slowly converted into all posterior
tissue (green). The schematic shows an eye in which the furrow has migrated across half of the
epithelium. b–f Confocal images of third instar eye discs in which the furrow has progressed to
various points. The number of ommatidial rows is shown in each panel. Red = F-actin and green
= Elav. Anterior is to the right in all panels

Fig. 3 Schematic of cell types and orientation within the adult retina. a Schematic depicting the
different chiral forms that are found in the four quadrants of the two adult compound eyes. b
Schematic depicting the photoreceptors that are found in the distal and proximal layers of the
retina. The identity of each photoreceptor is listed within the figure. c Schematic depicting the
different cell types that are present within each ommatidium. In the top portion of the panel, the
circles and gray brackets represent the photoreceptor neurons and cone cells, respectively. In the
lower portion of the panel, the blue bars are the secondary pigment cells, the red triangles are the
tertiary pigment cells, and the yellow hexagons are the mechanosensory bristles. Anterior is to the
right in all panels
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Fig. 4 Birth of the eye–antennal disc. (Right portion) Confocal image of a stage 16 embryo in
which the eye–antennal disc is visualized by the presence of the Ey/Pax6 protein. Note that Ey is
distributed throughout the entire eye disc. Anterior is to the top in this panel. (Left portion) Confocal
image of a mid/late second instar eye–antennal disc. Note that by this point, Ey protein is segregated
to just the eye portion of the epithelium. Visualized molecules are listed within the images. Anterior
is to the right in this image

Early Eye Development: A Prologue to Furrow Initiation

The origins of the adult retina can be traced back to the optic primordium of the
embryonic blastoderm when approximately 20 cells are set aside to develop in-
dependently from the rest of the embryo (reviewed in Cohen 1993; Held 2002).
While these cells are morphologically indistinct and fail to express any tissue-specific
genes at these early times, their existence and ancestry have been confirmed through
fate-mapping experiments (Struhl 1981). Midway through embryogenesis, the eye
anlage is fused to the antennal primordium to form a single monolayer epithelium
called the eye–antennal disc (reviewed in Jurgens and Hartenstein 1993). Shortly
after this fusion, the eye–antennal disc can be identified by the combined expres-
sion of several markers (Fig. 4) including escargot (esg), which marks all imaginal
discs, and several Pax6 genes such as eyeless (ey; Quiring et al. 1994), twin of eye-
less (toy; Czerny et al. 1999), eyegone (eyg; Jones et al. 1998; Jun et al. 1998),
and twin of eyegone (toe; Yao et al. 2008). By the first larval instar stage, the eye
portion of the disc is attached to the brain via the Bolwig’s nerve while the an-
tennal segments are directly attached to the dorsal pouch (reviewed in Jurgens and
Hartenstein 1993).
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Fig. 5 The dorsal and ventral compartments are set prior to furrow initiation. Confocal images of
mid/late second instar larval eye–antennal discs depicting expression of the mirror-lacZ (purple)
and sloppy paired-lacZ (aqua blue) transcriptional reporters. The midline is marked by the expres-
sion of an emc-GFP (red) transcriptional reporter. The division of the eye into dorsal and ventral
compartments early in development results in the adult eye containing different chiral forms of
ommatidia. In the right portion of the figure a light microscope section of the adult retina is shown.
In this image the different chiral forms are seen in the dorsal and ventral halves of the eye. Anterior
is to the right in all images

During the first and second larval instars, the eye field is primarily concerned
with growth (reviewed in Kumar 2011). At the end of the second instar, the eye disc
contains approximately 2,000 cells, a 100-fold increase in size from its embryonic
origins (Becker 1957). Since pattern formation via the morphogenetic furrow has
thus far not initiated, all cells within the eye disc are still undifferentiated and not
patterned at this point in development.Yet, some basic features of tissue organization
can be discerned. For instance, the field itself has already taken on its characteristic
oval shape and can be easily distinguished from all other imaginal discs. Additionally,
by this stage the eye primordium, which was born with only ventral identity, is subdi-
vided into dorsal and ventral compartments (Fig. 5; Cho and Choi 1998; Dominguez
and de Celis 1998; Papayannopoulos et al. 1998; Singh and Choi 2003). And finally,
while cells within the disc have not taken on specific cellular identities the tissue
itself is committed to adopting an eye fate as members of the retinal determination
network, which are first expressed broadly throughout the entire eye–antennal disc
are segregated to just the eye field (Fig. 4; Kumar and Moses 2001a; Kenyon et al.
2003; Kumar 2010).
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Fig. 6 Nuclear migration and apical constriction in the furrow. a A schematic depiction of the eye
disc shown in cross section. Ahead of the furrow, nuclei are randomly distributed. As cells approach
the furrow, their nuclei migrate to the apical surface. As cells enter the furrow, the nuclei plunge
basally but ascend again as they exit the furrow and begin differentiation. b Schematic of the eye
disc showing the apical profiles of cells ahead within and behind the furrow. As cells enter the
furrow, their apical profiles are constricted. Behind the furrow, cells are organized into periodically
spaced clusters—their apical profiles expand. Anterior is to the right in all images

Cellular Architecture of the Furrow

Apical Constrictions and Tissue Ingression

At the transition to the third instar larval stage, overt patterning of the retina begins
when the furrow initiates at the posterior margin of the eye primordium and proceeds
toward the anterior edge where the eye and antennal fields meet (Fig. 2). As the
name implies, the furrow is an actual physical groove in the epithelium. When the
developing retina is viewed in cross section, cells within the furrow have a bottle-like
appearance and undergo a slight ingression (Fig. 6; Ready et al. 1976). Cell shape
changes and invaginations of this kind are seen in a variety of tissues, and it is thought
that both are caused by the constriction of apical cell surfaces (Kimberly and Hardin
1998). Similar cellular events appear to be in play within the eye disc as cells that are
approaching and entering the furrow undergo dramatic constriction of their apical
profiles (Fig. 6b; Ready et al. 1976). Mechanistically, Hedgehog (Hh) signaling
from developing photoreceptors induces apical surface constriction by triggering a
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reorganization of apically positioned microtubules and actin filaments (Heberlein
et al. 1993; Benlali et al. 2000; Corrigall et al. 2007). This event is essential for the
ordered development of the eye as mutations that interfere with apical cell constriction
cause precocious neuronal development (Benlali et al. 2000).

How do changes in cell shape affect cell fate decisions? The answer to this question
comes from an analysis of the nature of the Hh signaling itself. The Hh ligand is
a signaling molecule that can function at both short and long ranges (Lee et al.
1992; Basler and Struhl 1994; Heemskerk and DiNardo 1994; Tabata and Kornberg
1994). In the retina, it is expressed in and secreted from developing photoreceptor
cells and influences patterning and cell shape changes over only a short range: just
in a small stripe of approximately 10-cell diameters within and just ahead of the
furrow (Heberlein et al. 1993; Ma et al. 1993). Restricting its range for patterning is
conveniently accomplished by the constriction of apical profiles in cells just ahead
and within the furrow. It is thought that this constriction results in a concentration of
apical membrane, the site of the Patched (Ptc) receptor. This allows for the efficient
capture of Hh molecules and prevents its signal from traveling too far ahead of the
furrow. Thus, cells lying just ahead and within the furrow receive the Hh signal,
constrict their apical profiles, increase the capture of the ligand and thereby prevent
the signal from travelling further. This model is supported by the observation that the
loss of act up (acu), which encodes the fly homolog of cyclase-associated protein
(CAP), results in the retention of large apical profiles and an accumulation of the
active form of Cubitus Interruptus (CiACT), the zinc finger transcription factor that
transduces the Hh signal, in cells that lie in more anterior regions of the disc than
found in normal retinas (Benlali et al. 2000).

Nuclear Migration

The cell shape changes that are seen within the furrow are also influenced by the
position of the nucleus. In anterior regions of the disc, nuclei are randomly positioned
within the apical–basal plane of the epithelium. Then, much like cars on a roller
coaster, nuclei will first rise to the apical surface, rapidly plunge to the basement of
the epithelium and then ascend again. These nuclear movements are choreographed
with the approach, entrance and exit of cells from the furrow (Fig. 6a; Ready et al.
1976; Tomlinson 1985). As in other developmental contexts, nuclear migration in the
eye is dependent upon microtubules and the activity of the cytoplasmic motor protein
Dynein (Fan and Ready 1997; Swan et al. 1999; Patterson et al. 2004; Houalla et al.
2005). The current model is that the KASH domain-containing protein Klarsicht
interacts with both nuclear Lamin and the microtubule-organizing center (MTOC) to
physically link nuclei to microtubules (Patterson et al. 2004). Dynein is then thought
to aid in the movement of the nucleus during its migration. It is not clear if the other
major microtubule motor protein, Kinesin, is also involved in nuclear migrations
within the eye.

The basal migration of nuclei within the furrow contributes to the bottle-like
appearance of cells within this zone while the subsequent rise of nuclei as cells exit
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the furrow is coordinated with the adoption of individual cellular fates. While pattern
formation appears to be coordinated with changes in nuclear position, is the former
dependent upon the latter? The answer to this question is mixed. Cells that comprise
the precluster (R8, R2/5, R3/4) appear to differentiate normally despite disruptions
in nuclear migration and positioning. The only visible defects within these neurons
are malformations of the rhabdomere, the light capturing organelle of the insect
photoreceptor (Fischer-Vize and Mosley 1994; Mosley-Bishop et al. 1999). However,
when nuclear positioning is disrupted within the second mitotic wave, differentiation
of R1/6 and R7 fails to occur correctly (Fan and Ready 1997). Neither it is clear why
such a difference exists between the two classes of photoreceptor neurons nor it is
completely settled that the loss of the final three photoreceptors is due to nuclear
positioning and not another, yet to be described, defect in microtubule dynamics.

Cell Cycle Synchronization

Another feature is the cell cycle synchronization of cells within and just ahead of the
furrow. In the most anterior regions of the eye disc, cells proliferate asynchronously
and express markers for all four phases (G1, S, G2, and M) of the cell cycle (Fig. 7;
Ready et al. 1976; Thomas et al. 1994; Richardson et al. 1995). However, just
ahead of the furrow the cell cycle profiles begin to synchronize. Approximately
10-cell diameters anterior to the furrow, cells cease to express cyclin E (cycE) and
fail to incorporate the thymidine analog 5-bromo-2-deoxyuridine (BrdU) thereby
suggesting that all cells within this zone have progressed through and past S phase
(Thomas et al. 1994; 1997). This is closely followed by the termination of cyclin A
(cycA) and cyclin B (cycB) transcription, which signals the transition through G2.
And finally, levels of string (stg), the fly homolog of yeast cdc25, are elevated in
cells that are just about to enter the furrow (Edgar and O’Farrell 1989; Thomas
et al. 1994). This last step signals cells to undergo a final mitosis before entering
the morphogenetic furrow (Penton et al. 1997; Horsfield et al. 1998). Within the
furrow, all cells are arrested in G1 and do not express appreciable levels of the above
discussed cyclins (Fig. 7).

Synchronization at G1 within the furrow is an important step as key decisions
regarding cell cycle reentry and exit are made shortly after cells leave the furrow.
A subset of cells will exit the cell cycle and form periodically spaced clusters that
contain five photoreceptors (Fig. 8; R8, R2/5, and R3/4). Any cell that does not
exit and differentiate will reenter the cell cycle, undergo one final round of division,
and then give rise to the final three photoreceptors (R1/6 and R7), the lens secreting
cone cells, and the optically insulating pigment cells (Fig. 8). As this is happening
across the entire dorsal–ventral axis of the eye disc, it is important for all cells to
have been arrested in G1 within the furrow so that decisions regarding cell cycle exit
and differentiation as well as cell cycle reentry can be synchronized along the length
of the furrow.
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Fig. 7 Regulation of the cell cycle ahead and within the furrow. Schematic depicting the role that
decapentaplegic (Dpp) signaling plays in arresting cells in the G1 phase of the cell cycle. Far
ahead of the furrow, cells divide asynchronously. As cells approach the furrow, they simultaneously
express string while ceasing to express cyclin A, B, and E and are thus arrested in G1 within the
furrow. Dpp signaling counteracts the activity of homothorax (Hth), which normally represses string
transcription. Anterior is to the right

Given that pattern formation and cell cycle synchronization are coordinated within
the furrow, a prime candidate for regulating G1 arrest is decapentaplegic (dpp),
which encodes a Transforming Growth Factor-β (TGF-β) family member (Padgett
et al. 1987). The TGF-β superfamily has been implicated in the regulation of the cell
cycle in a number of tissues and organisms (Massague and Polyak 1995). Prior to
the initiation of pattern formation, dpp is expressed along the posterior margins of
the eye disc and is essential for proper initiation of the furrow (Blackman et al. 1991;
Heberlein et al. 1993; Chanut and Heberlein 1997a, b). In later stages, dpp expression
is found exclusively within the furrow and is primarily tasked with repressing the
expression of wingless (wg), a negative regulator of the furrow (Burke and Basler
1996; Dominguez and Hafen 1997; Greenwood and Struhl 1999; Curtiss and Mlodzik
2000). Mutations in the thickvein (tkv) or saxophone (sax) genes, which both encode
cell surface receptors, render cells unresponsive to Dpp signaling (Massague 1996).
Cells within clones that span the furrow and lack either of these receptors maintain
high CycA, CycB, and CycE protein levels and also show inappropriate entrance into
S phase (Penton et al. 1997; Horsfield et al. 1998). In contrast, ectopic expression
of dpp in cells ahead of the furrow leads to a transient and reversible reduction in
the number of cells entering S phase (Horsfield et al. 1998). These results implicate
Dpp in the G1 arrest of cells within the furrow. Paradoxically, dpp is also required
for growth of the early eye disc, a task that would seemingly be at odds with its role
in preventing cells from making the G1/S transition. This apparent contradiction
was resolved by the demonstration that Dpp forms a gradient in the eye and that a
threshold level of Dpp protein is required to induce cell cycle arrest with the furrow
(Firth et al. 2010).
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Fig. 8 The morphogenetic furrow, the second mitotic wave, and ommatidial assembly. As cells exit
the furrow, a subset will exit the cell cycle and will adopt the fates of the first five photoreceptor
clusters. All remaining cells will undergo a single round of mitosis and then adopt the fates of the
last three photoreceptors as well as the cone and pigment cells. The schematic drawing marks the
position of various events with the confocal image of the developing eye disc. Anterior is to the
right in all images

Synchronization of the cell cycle within the furrow also requires homothorax
(hth), which encodes a homeodomain-containing transcription factor. Hth, a mem-
ber of the retinal determination network, is expressed in the most anterior regions
of the eye disc and is part of a biochemical complex that also contains the zinc
finger transcription factor Teashirt (Tsh) and Ey (Bessa et al. 2002). The Ey-Tsh-Hth
complex is required to repress the transcription of several other retinal determination
genes such as sine oculis (so), eyes absent (eya), and dachshund (dac) thereby al-
lowing cells in this zone to rapidly proliferate (Fig. 7). As cells begin to synchronize
their cell cycles, hth expression is eliminated and stg expression is elevated. These
mutually exclusive expression patterns hinted at potential regulation of stg by hth.
Indeed, ectopic expression of hth within the eye leads to repression of stg transcrip-
tion, maintenance of CycB levels, and a release from G1 arrest (Lopes and Casares
2009; Peng et al. 2009). These results suggest that, in order for cells to properly
complete their last mitosis and then arrest in G1 within the furrow, hth expression
must be repressed within the stg expression domain. How is the repression of hth
transcription ahead of the furrow achieved? A prime candidate is Dpp signaling
since the phenotypes associated with the loss of either tkv or sax mimic those that
result from ectopic hth expression. A direct support to this model comes from the
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observation that removal of either receptor (and thus a reduction in Dpp signaling)
results in the maintenance of hth expression in cells within the furrow. Thus, the cur-
rent model is that long-range signaling by Dpp represses hth which in turn leads to the
activation of so, eya, dac, and stg as well as the termination of cycE, cycA, and cycB
(Fig. 7). These combined effects lead to cell cycle synchronization within the furrow.

Furrow Initiation and Progression

Birth of the Furrow

The eye disc is unusual in that, unlike all other imaginal discs, it is born without an
established anterior–posterior (A/P) compartment boundary. Instead, the early eye
disc contains just one of the two compartments; it is solely comprised of anterior
tissue. Surprisingly, by the time that patterning of the eye is finished the entire field
has undergone a complete change in compartment identity. What used to be the an-
terior compartment is now the posterior compartment. This transition is mediated
by the passage of the furrow across the eye disc and thus it represents a mobile
compartment boundary (Fig. 2a). While differences in the use of mobile and sta-
tionary A/P boundaries exist, all imaginal discs use a common molecular mechanism
to signal across and maintain compartment identities. Patterning of the embryo as
well as the imaginal discs is dependent upon the activities of the hh, dpp, and wg
genes. All encode secreted proteins with varying signaling ranges (Lee et al. 1992;
Tabata and Kornberg 1994; Panganiban et al. 1990a, b; van den Heuvel et al. 1989;
Gonzalez et al. 1991; Peiffer and Vincent 1999). hh is expressed in the posterior
compartment and activates both dpp and wg expression in adjacent cells along the
A/P compartment boundary (Basler and Struhl 1994; Capdevila et al. 1994). All three
signaling pathways are present in the eye and play roles in both furrow initiation and
progression (Fig. 9).

During the third and final instar, the morphogenetic furrow initiates at the posterior
margin of the eye disc and begins its long journey across the eye primordium (Ready
et al. 1976). Its initiation is restricted to a single point: the intersection of the posterior
margin and the midline, which is called the posterior center (Tsai et al. 2007).
Although the early eye lacks a posterior compartment and an A/P boundary, both
hh and dpp are expressed along the posterior margin of the eye field prior to the
initiation of the furrow. Just prior to furrow initiation, hh expression overlaps with
the posterior center. dpp, on the other hand, while present along most of the posterior-
lateral margins, is distinctly absent from the posterior center (Fig. 9; Masucci et al.
1990; Blackman et al. 1991; Dominguez and Hafen 1997; Borod and Heberlein
1998). Loss of either gene inhibits initiation of the endogenous furrow while ectopic
expression induces formation of ectopic furrows and neuronal differentiation within
anterior quadrants of the eye field (Heberlein et al. 1995; Ma and Moses 1995;
Pan and Rubin 1995; Strutt et al. 1995; Wehrli and Tomlinson 1995; Wiersdorff
et al. 1996; Dominguez and Hafen 1997; Pignoni and Zipursky 1997; Borod and
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Fig. 9 Expression patterns of signaling molecules that regulate furrow and progression. The
JAK/STAT, Hh, Dpp, and Wg signaling pathways are critical for regulating furrow initiation and
progression. These schematics depict the expression patterns of the ligands for these pathways in
early pre-furrow discs (upper row) and late post-furrow discs (bottom row). Anterior is to the right
in all images

Heberlein 1998). Despite the apparent requirement for both genes, Hh signaling
alone is necessary and sufficient to initiate the furrow. This conclusion is based on
the ability of Hh to induce neuronal differentiation in clones lacking dpp (Dominguez
and Hafen 1997). What, if any, role does dpp then play in furrow initiation and why is
it expressed at the posterior margin in the early eye? Interestingly, it may play a novel
role in the maintenance of hh expression. Unlike the developing embryo and both
wing and leg imaginal discs where Hh in the posterior compartment signals forward
and activates dpp expression, in the eye there is a feedback loop between hh and
dpp. Ectopic expression of dpp activates hh transcription, which is in turn required
for dpp-induced neuronal differentiation. Thus, the ability of dpp to initiate ectopic
furrows and neural development is actually due to the initiation of hh transcription
(Fig. 10; Pignoni and Zipursky 1997; Borod and Heberlein 1998).

The restriction of furrow initiation to the posterior center ensures that the retina
is correctly patterned. Situations in which additional furrows are initiated at the
anterior and/or lateral margins leave the eye disorganized and significantly smaller
in size (Ma and Moses 1995; Treisman and Rubin 1995; Pignoni and Zipursky 1997).
The Wg signaling pathway is tasked with limiting furrow initiation to the posterior
center. wg is transcribed along the lateral margins of the disc and its loss results in the
initiation of ectopic furrows (Figs. 9 and 10; Ma and Moses 1995). Wg signaling
appears to be sufficient to block the furrow as ectopic expression of wg within the eye
field inhibits progression of the endogenous furrow (Treisman and Rubin 1995). In
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Fig. 10 Signaling pathways involved in birth, reinitiation, and progression. Schematic summarizing
the position that the Hh, Dpp, Wg, Egfr, Notch, and JAK/STAT pathways occupy during the birth,
reinitiation, and progression of the furrow across the eye disc. Note that Wg signaling is used to
repress ectopic furrow initiation while all other pathways play roles in promoting the movement of
the furrow. Anterior is to the right

addition to its role in furrow initiation, wg is also essential for delimiting the border
between the compound eye and the surrounding head capsule (Royet and Finkelstein
1996; 1997).

In order for the furrow to initiate, wg expression must be repressed at the poste-
rior center. A candidate for repressing wg transcription is the unpaired (upd) gene,
which encodes a ligand for the JAK/STAT signaling pathway. In the developing eye,
JAK/STAT signaling plays a major role in promoting cell proliferation (Bach et al.
2003; Chao et al. 2004; Tsai and Sun 2004; Ekas et al. 2006; Gutierrez-Avino et al.
2009). Prior to the initiation of the furrow, it is expressed exclusively at the posterior
center (Fig. 9; Sun et al. 1995; Pignoni and Zipursky 1997; Tsai and Sun 2004).
Reductions in upd expression lead to derepression of wg along the posterior margin
and a block in furrow initiation. Conversely, overexpression of upd along the lateral
margins downregulates wg transcription and induces ectopic furrow initiation (Ekas
et al. 2006; Tsai et al. 2007). Thus, the combined activity of JAK/STAT and Hh
signaling leads to the initiation of the furrow at the posterior center (with the Dpp
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pathway functioning to maintain hh expression), while Wg activity prevents ectopic
furrow initiation at the lateral margins (Fig. 10). Interestingly, as wg expression is
relegated to the anterior-lateral margins of the disc, additional factors are likely used
to prevent ectopic furrows from initiating at more posterior sections of the margins.

The initial birth of the furrow is followed by its continuous reinitiation along the
posterior-lateral margins as each new column of ommatidia is added to the growing
eye. An analysis of furrow initiation indicates that a critical control point precedes
the birth of the furrow. The EGF Receptor (Egfr) is required during this developmen-
tal window, as its inhibition completely blocks furrow initiation (Fig. 10; Kumar
and Moses 2001b). It joins the Hh and JAK/STAT signaling pathways as being re-
quired for furrow birth (Heberlein et al. 1995; Ma and Moses 1995; Pan and Rubin
1995; Strutt et al. 1995; Wehrli and Tomlinson 1995; Dominguez and Hafen 1997;
Ekas et al. 2006; Tsai and Sun 2004). As there are approximately 32–34 ommatidial
columns in a typical eye, the furrow reinitiates nearly three dozen times during the
course of eye development. During the reinitiation process a second control point,
also requiring Egfr signaling, was discovered. Further evidence implicated Notch
signaling in furrow reinitiation as well. These two pathways, along with Hh signal-
ing, are required to reinitiate the furrow along the posterior-lateral margins (Fig. 10;
Wiersdorff et al. 1996; Kumar and Moses 2001b). The number of reinitiation control
points is unknown but there is evidence that several may exist. The study that uncov-
ered a role for Egfr signaling in furrow rebirth identified a control point for reinitiation
as existing approximately 12 h after the initiation of the furrow (Kumar and Moses
2001b). In a mutant allele of hh, one that contains a deletion of an eye-specific en-
hancer lying within the first intron (hhbar3), the furrow fails to progress beyond the
first 8–10 rows of ommatidia (Ives 1950; Mohler 1988; Heberlein et al. 1993; Lee
et al. 1992; Ma et al. 1996; Pauli et al. 2005; Rogers et al. 2005). The resulting small
eye is certainly due in large part to the reductions in hh levels within developing
photoreceptor clusters. However, reductions in Hh signaling at the margins and a
disruption in a reinitiation control point cannot be ruled out. Additional checkpoints
may exist as the furrow stops short in several mutants such as Drop1, Wedge1, and
roDom (Heberlein et al. 1991; 1993; Tearle et al. 1994; Mozer 2001). As with hhbar3

mutants, it has been shown that a block in furrow progression is main underlying
cause for the small eye phenotype of these mutants. Still, whether defects in furrow
rebirth also contribute to the furrow stop phenotype remains to be determined.

Progression of the Furrow

Once the furrow has initiated and started to progress across the epithelium, the
eye contains both anterior and posterior compartments as well as an A/P boundary.
Like other tissues, hh is transcribed in the posterior compartment, which in the eye
lies behind the morphogenetic furrow and is comprised of developing photoreceptor
clusters (Fig. 9; Heberlein et al. 1993; Ma et al. 1993). Hh signaling, emanating from
the photoreceptor neurons, is required for progression of the furrow as its loss leads to
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a furrow stop phenotype and a small eye (Fig. 10; Ives 1950; Mohler 1988; Heberlein
et al. 1993; Ma et al. 1993). How is its expression in developing photoreceptors
regulated? An analysis of the eye-specific enhancer that is deleted in the hhbar3

and hhfse mutants is particularly informative. The retinal determination protein Sine
Oculis (So) and the Ets transcription factor, which mediates Egfr signaling, both
bind to this enhancer and are required for the activation of hh transcription (Pauli
et al. 2005; Rogers et al. 2005).

Similar regulatory mechanisms that exist between hh and dpp in other develop-
mental contexts are in place during furrow progression. Hh signaling, originating
from the photoreceptors, activates transcription of dpp (Masucci et al. 1990; Black-
man et al. 1991; Heberlein et al. 1993; Borod and Heberlein 1998; Greenwald and
Struhl 1999). However, mutations that interfere with Dpp signaling result in only a
small retardation in furrow progression, thus the major role of dpp in the furrow is to
coordinate the synchronization of the cell cycle of cells anterior to the furrow (Burke
and Basler 1996; Wiersdorff et al. 1996; Horsfield et al. 1998; Greenwald and Struhl
1999; Curtiss and Mlodzik 2000; Firth et al. 2010). The atypical relationship that
leads to Dpp activation of hh at the margin during furrow activation does not appear
to exist in the eye field proper during furrow progression.

Over the years, several studies have provided differing accounts of how quickly
the furrow traverses the eye disc. One study has documented the furrow laying down
a new column of ommatidia approximately every 2 h (Campos-Ortega and Hofbauer
1977). Another report has clocked the furrow building an ommatidial column every
70 min in the posterior half of the eye but then slowing down to 100 min in the ante-
rior half (Basler and Hafen 1989). There are also suggestions that the furrow moves
much more dynamically, alternating between periods of accelerations and deceler-
ations (Spratford and Kumar, unpublished data). It will be important to definitively
determine which rate is correct in order for an accurate understanding of how pattern
formation and cell proliferation are coordinated in the eye. If the former outpaces the
latter, as it happens when Wg signaling is blocked at the margins, the resulting eye
will be small and disorganized (Ma and Moses 1995; Treisman and Rubin 1995).
Thus, it is important for the furrow to travel across the eye disc at a rate that allows for
the eye to generate the requisite number of cells needed to generate approximately
800 ommatidia. This rate is likely to be influenced by several factors including the
overall developmental timing and the physical dimensions of the eye disc.

Putting a Brake on Furrow Progression

As we have seen, mutations in several signaling pathways can either block the furrow
from initiating or from progressing across the eye field. There are also many instances
in which the furrow will slow without stopping (Strutt and Mlodzik 1997; Zelhof
et al. 1997; Brennan et al. 1998; Dominguez 1999; Greenwood and Struhl 1999).
However, there are very few mutations that result in the opposite phenotype, namely
the acceleration of the furrow. Two genes that do appear to be involved in slowing
the rate of furrow progression are hairy (h) and extramacrochaetae (emc). h encodes
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a basic helix–loop–helix (bHLH) DNA-binding protein while emc encodes a helix–
loop–helix (HLH) transcription factor that regulates transcription, not by binding
to DNA, but by interacting with other bHLH proteins and sequestering them away
from target enhancer/promoter sequences (Ellis et al. 1990; Garrell and Modolell
1990; Van Doren et al. 1991). Both proteins are enriched within a stripe of cells
ahead of the morphogenetic furrow. Individual loss of either gene has no affect on
furrow progression (Brown et al. 1991, 1995; Bhattacharya and Baker 2009). But
surprisingly, the combined reduction in both proteins leads to an advancement in
the furrow through mutant tissue (Brown et al. 1995). This led to the conclusion
that both genes were simultaneously required to slow the furrow. However, in this
experiment, levels of emc were just reduced and not eliminated. In contrast, when emc
is completely eliminated, the furrow will accelerate without the need for alterations
in h expression (Bhattacharya and Baker 2009). It appears that the Emc controls the
rate at which the furrow progresses by regulating the levels of CiACT (Spratford and
Kumar, unpublished data).

The Furrow and Ommatidial Assembly

The first cell to be specified within each developing ommatidial cluster is the R8
photoreceptor (Ready et al. 1976; Tomlinson and Ready 1987; reviewed in Frank-
fort and Mardon 2002). This neuron is considered the founder cell and its initial
determination (but not complete differentiation) is required for the correct recruit-
ment and specification of subsequent photoreceptors (Frankfort et al. 2001). The
decision as to which cell within each cluster will become the R8 neuron begins deep
within the furrow and depends upon atonal (ato), which encodes a bHLH transcrip-
tion factor (Fig. 11; Jarman et al. 1994, 1995; Dokucu et al. 1996). Ato protein is
found within a stripe of cells at the entire edge of the furrow. Well within the furrow,
ato expression is retained in periodically spaced clusters of approximately 10–12
cells that are called intermediate groups. Bridges consisting of 3–4 ato positive cells
connect intermediate groups to each other. As cells exit the furrow, the number of
ato positive cells per cluster is reduced to 2–3 and is now referred to as the R8 equiv-
alence group. From this cluster, a single cell retains ato expression and is selected to
adopt the R8 cell fate. The pruning of ato expression is dependent upon a number of
inputs including Notch signaling and the transcription factors Rough and Senseless
(Fig. 11; Cagan and Ready 1989b; Baker et al. 1996; Dokucu et al. 1996; Chanut
et al. 2000; Frankfort et al. 2001; Pepple et al. 2008). The R8 will then activate the
Egfr signaling pathway in two neighboring cells inducing them to adopt the R2/5 cell
fate (Freeman 1994; Tio et al. 1994; Freeman 1996; Tio and Moses 1997; Kumar
et al. 1998). Egfr signaling is used reiteratively to recruit the remaining cell types,
thus from this point onward ommatidial assembly becomes a self-sustaining process
and the furrow no longer plays a role in cell fate specification (Freeman 1996, 1997).

The loss of ato expression in the eye disc results in a no-eye phenotype that
is characterized by the complete elimination of photoreceptor, cone, and pigment
cell development (Jarman et al. 1994). However, despite the lack of photoreceptor
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Fig. 11 R8 specification
begins in the morphogenetic
furrow. The Atonal bHLH
transcription factor is required
for the specification of the R8
founder cell. Its expression
goes through successive
waves of refinement until it is
found within a single cell in
each ommatidium. These
pruning steps are mediated by
the Notch pathway as well as
two transcription factors
Rough and Senseless. Loss of
ato leads to the complete
disruption in ommatidial
assembly while
overexpression of ato leads to
ommatidia containing
multiple R8 cells. Anterior is
to the right

development, the morphogenetic furrow still initiates and progresses a considerable
distance across the eye field (Jarman et al. 1995). It is not entirely clear how this
occurs but presumably the levels of hh transcription at the margins are sufficient to
initiate and propel the furrow. Interestingly, mutations in several retinal determination
genes (ey, so, eya, dac) are associated with no-eye phenotypes, but in contrast to ato
mutants the furrow fails to initiate in these instances (Bonini et al. 1993; Cheyette
et al. 1994; Quiring et al. 1994; Serikaku and O’Tousa 1994). These differences
are likely to be attributed to the fact that at least three retinal determination genes
regulate the expression of either hh and/or dpp (Hazelett et al. 1998; Pauli et al.
2005). The loss of either signaling pathway is amplified since both genes are in turn
required for the proper functioning of the retinal determination network itself (Chen
et al. 1999; Kango-Singh et al. 2003).

Concluding Remarks

Patterning of the Drosophila compound eye by the morphogenetic furrow has fas-
cinated biologists for decades. This review is an attempt to briefly summarize our
current knowledge of the mechanisms that underlie its movement across the eye
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field and some of its cellular characteristics. Despite the intense scrutiny that has
surrounded the furrow, a number of outstanding questions continue to exist and are
certainly worthy of future investigations. Some of the issues (just to name a few)
that immediately come to mind include (1) discovering the identity of the timing
mechanisms that govern the initiation of the furrow, (2) elucidating the means by
which ectopic furrows are prevented from initiating outside of the wg expression
domain, (3) determining the link between the rates of pattern formation and cellular
proliferation, and (4) establishing the position of the control points that regulate fur-
row reinitiation and progression. These are just some of the questions that hopefully
will be answered by the time the next review on the morphogenetic furrow is written.
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Cell Morphogenesis: Tracing the Paths
of Induction During Drosophila Ommatidial
Development

Jennifer Curtiss

Introduction

The study of the Drosophila melanogaster eye began in earnest in the late 1980s
and continues to this day. Hundreds of fine papers have been published along the
way. Thus, some may ask why it is important to continue to study the Drosophila
eye. After all, what can possibly be left to discover that would lead to substantial
advances in the field of Developmental Biology? One answer, as has been pointed
out numerous times before, is that the Drosophila eye is a remarkable system for
studying the role of induction in cell fate specification. And, in spite of the attention
shown to it in the past, there are substantial gaps in our knowledge of how even this
relatively simple system develops. Filling these gaps promises to unlock mysteries
that no one yet suspects exist, which will lead to discoveries no one can yet fathom.

A Brief Summary of Drosophila Eye Structure and Development

Structure

The adult Drosophila melanogaster eye is composed of ∼ 750 ommatidia (Fig. 1),
each of which contains eight photoreceptors (R1–R8) plus a number of accessory cells
(cone cells, pigment cells, and the group of four cells that form the bristle complex).
A number of photoreceptor types are evident, based on their arrangement and type of
rhodopsin expressed. The R1–R6 cells are called the “outer” photoreceptors. They
extend the entire apical-basal length of the retina, express the broad-spectrum Rh1
rhodopsin, and develop larger rhabdomeres that form a trapezoidal arrangement
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Fig. 1 Structure of the adult Drosophila eye. a Scanning electron micrograph of a wild-type
Drosophila melanogaster eye containing approximately 750 facets, or ommatidia. Interommatidial
bristles emerge from every other vertex of the hexagonally shaped ommatidia. In this and all other
figures, anterior is towards the left and dorsal towards the top. b Tangential section of an eye taken
at the R7 level. A maroon-colored line marks the equator-/dorsal-ventral axis. Numbers denote
photoreceptor cell bodies for both a dorsal and ventral ommatidium. Dark-stained rhabdomeres
project towards the center of each ommatidium. The large rhabdomeres of the outer photoreceptors
(R1–R6) are arranged to form a trapezoidal shape. The small R7 rhabdomere is located in the center
of the trapezoid. Red arrows mark dorsal and ventral chiral forms on opposite sides of the equator.
c Diagrams of longitudinal (left) and tangential (right) sections of a dorsal-type ommatidium at
the indicated levels (“a,” “p,” “pl,” and “eq” indicate anterior, posterior, polar, and equatorial cone
cells, respectively; after Wolff and Ready 1993; Charlton-Perkins and Cook 2010)

around the two inner photoreceptors (R7 and R8) that are responsible for motion
detection and low light vision (Ready et al. 1976; Wolff and Ready 1993; Charlton-
Perkins and Cook 2010).

R7 and R8 are the “inner” photoreceptors, with R7 lying in the center of each
ommatidium in the distal part of the eye, and R8 lying beneath R7. It is the inner
photoreceptors that allow for color vision in Drosophila: approximately 30 % of
ommatidia contain an R7 that expresses Rh3 and an R8 that expresses Rh5; these
are termed “pale ommatidia.” The other 70 % or so contain an R7 that expresses
Rh4 and an R8 that expresses Rh6 and are termed “yellow ommatidia.” “Pale” and
“yellow” ommatidia are arranged randomly within the eye. The tale of how rhodopsin
expression is coordinately regulated in R7 and R8 cells is a fascinating one (Morante
et al. 2007; Charlton-Perkins and Cook 2010), but I will not discuss it further here.
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The two rhabdomeres of the R2/R5 and R1/R6 pairs of photoreceptors are arranged
in a bilaterally symmetric fashion within the ommatidium, one on either side of the
inner photoreceptors. In contrast, R3 and R4 are asymmetrically positioned, with
R3 closer to the polar side of each ommatidium and R4 closer to the equatorial
side (Fig. 1b). Ommatidia in the dorsal and ventral parts of the eye (i.e., on opposite
sides of the equator) are mirror images of one another and have opposite chiral forms
(Wolff and Ready 1993). As described in more detail below this asymmetry results
from planar polarity signaling.

The accessory cells are non-neuronal cells with a number of support functions
in the eye. Cone cells, primary (1◦) pigment cells and secondary (2◦) pigment cells
are responsible for secreting the corneal lens associated with each ommatidium as
well as the underlying pseudocone. Together, these structures focus light onto the
photoreceptors. The 2◦ pigment cells and tertiary (3◦) pigment cells lie in between and
are shared among adjacent ommatidia. The 2◦ and 3◦ pigment cells produce pigment
granules that limit light scattering between ommatidia and protect photoreceptors
from light-induced damage. In addition, they produce critical components of the
phototransduction pathway (Wolff and Ready 1993; Charlton-Perkins and Cook
2010). Finally, mechanosensory bristles are present at alternate ommatidial vertices
(Fig. 1a). Their development occurs independently of that of other ommatidial cells
(Ready et al. 1976; Cagan and Ready 1989b; Wolff and Ready 1993; Charlton-
Perkins and Cook 2010), and I will not discuss them further here.

Development

Specification and differentiation of distinct types of ommatidial cells begin during
larval stages, when an indentation called the morphogenetic furrow (MF) propagates
from posterior to anterior across the epithelium that comprises the field of eye pre-
cursors (Fig. 2). Cells in the furrow undergo an apical constriction and begin to
organize into clusters that will eventually develop into ommatidia. As the furrow
moves from posterior to anterior, a new column of ommatidial precursors emerges
from the furrow approximately every 2 h.

The first recognizable cluster of cells within the furrow is called a rosette (not
shown). As the furrow continues to move forward, the posterior row of cells in each
rosette forms an arc of ∼ 9 cells, which is located at the posterior edge of the furrow
(Fig. 2a, b column 1). The arcs zipper shut to form a precluster of 6–7 cells, which
include the future R8, R2, R5, R3, and R4 photoreceptors, along with two “mystery
cells” (Fig. 2a, b column 2). R2 and R5 cells contact each other first on either side of
R8. Subsequently, R3 and R4 precursors contact each other, followed by the mystery
cells. Shortly thereafter, the “mystery cells” are ejected and likely rejoin the pool
of cells surrounding each nascent ommatidium, leading to formation of the 5-cell
cluster (Fig. 2a, b column 4; Ready et al. 1976; Tomlinson and Ready 1987b; Wolff
and Ready 1991b, 1993).
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Fig. 2 Development of the Drosophila eye. a Larval eye precursor tissue stained with an anti-
body against Drosophila E-Cadherin to mark cellular outlines. Arrows mark the positions of the
morphogenetic furrow and the equator. Numbers denote columns posterior to the furrow. Bars indi-
cate rotation of ommatidial clusters. b Diagrams of typical ommatidial clusters from the indicated
columns. All diagrams depict clusters from the region dorsal to the equator. Numbers indicate pho-
toreceptor types. “a,” “p,” “pl,” and “eq” indicate anterior, posterior, polar, and equatorial cone cells,
respectively. Bars indicate rotation of ommatidial clusters. c–e Pupal eye precursor tissue at the
indicated times after the start of the pupal stage (APF) stained with an antibody against Drosophila
E-Cadherin to mark cellular outlines. c′, d′, and e′ are close-up views of the boxed areas in (c), (d),
and (e). f, g Diagrams of tangential (f) and longitudinal (g) sections of pupal eye precursor tissue at
40 h APF. M mystery cell, R photoreceptor, B bristle, a anterior cone cells, p posterior cone cells,
pl polar cone cells, eq equatorial cone cells, CC cone cells, 1◦ primary pigment cells, 2◦ secondary
pigment cells, 3◦ tertiary pigment cells. (After Wolff and Ready 1993; Bao and Cagan 2005; Tepass
and Harris 2007)

Cells that are not part of the 5-cell cluster undergo a single additional round of
mitosis (referred to as the second mitotic wave), and it is from this pool of cells that
the R1, R6, and R7 photoreceptors, the cone cells, pigment cells, and bristle cells are
eventually recruited (Ready et al. 1976; Tomlinson 1985; Wolff and Ready 1991b,
1993; Kumar 2011). R1, R6, and R7 precursors are physically added to the cluster
at approximately the same time (Fig. 2a, b column 5; Ready et al. 1976; Tomlinson
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1985; Wolff and Ready 1993; Mavromatakis and Tomlinson 2012a). At this stage,
the R8 precursor is in the center of the cluster and is in contact with each of the other
seven photoreceptor precursors, which surround it. Later, R4 will lose contact with
R8, breaking the symmetry of the ommatidium (Tomlinson 1985) and leading to the
asymmetrical chiral ommatidial form present in the adult.

Based on marker expression, the photoreceptor precursors acquire neuronal fate
in a defined sequence that mostly mirrors recruitment of cells to the cluster, although
based on the markers used, the onset of neuronal fate is somewhat delayed with
respect to the morphogenetic changes that signal recruitment. R8 is first to acquire
neuronal fate (column 2), followed by R2 and R5 (column 5), R3 and R4 (column 8),
R1 and R6 (column 9–10), and finally R7 (column 13; Ready et al. 1976; Tomlinson
1985; Tomlinson and Ready 1987b; Wolff and Ready 1991b, 1993). As neuronal fate
is acquired, each photoreceptor nucleus moves towards the apical side of the cell and
subsequently returns to a more basal localization (Tomlinson 1985; Tomlinson and
Ready 1987b; Wolff and Ready 1993).

Following addition of the final R7 photoreceptor, four non-neuronal cone cells are
added to the cluster. The anterior and posterior cone cells are recruited first (Fig. 2a, b
column 6), followed by the polar cone cell (Fig. 2a, b column 8), and eventually the
equatorial cone cell (Fig. 2a, b column 9). As the photoreceptor cells sink within
the epithelium, the cone cells move over them such that they eventually lie over the
photoreceptors (Tomlinson 1985; Tomlinson and Ready 1987b; Wolff and Ready
1993).

These recruitment events continue through the rest of the third larval instar, as
the furrow moves ever closer to the anterior edge of the eye precursor field, and are
completed by approximately 10 h of pupal development. In addition, as a result of
planar polarity signaling, ommatidial clusters rotate 90◦ during the period between
the establishment of the 5-cell cluster through the end of cone cell recruitment (Ready
et al. 1976; Tomlinson and Ready 1987b; Wolff and Ready 1993; Doroquez and
Rebay 2006; Jenny 2010).

Between approximately 10 and 40 h of pupal development, the remainder of
ommatidial cells—the pigment cells and bristle precursors—are recruited. The 1◦
pigment cells are recruited first: they form two half-moon shapes that surround
the cone cells and separate them from nearby cells (Fig. 2c). Next, three cells
positioned at every other ommatidial vertex compete to become 3◦ pigment cells
(Fig. 3e, asterisks). The cell that manages to contact 1◦ pigment cells in three adjacent
ommatidia becomes a 3◦ pigment cell. Finally, a single 2◦ pigment cell is established
between adjacent bristle precursors and 3◦ pigment cells, forming the edge of each
facet (Fig. 2e). Remaining cells that do not become 2◦ and 3◦ pigment cells are
eliminated by apoptosis (Cagan and Ready 1989b; Wolff and Ready 1991a, 1993;
Bao and Cagan 2005; Carthew 2007). Final differentiation of ommatidial cells occurs
following establishment of the various ommatidial cell types (Charlton-Perkins and
Cook 2010).
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Fig. 3 Factors that regulate Ato expression. a Diagram of the role of lateral inhibition in the
selection of neuronal precursors (see text for more details). b Diagram of the different phases of
Ato expression (green). Photoreceptors other than R8 are colored magenta. “MF” indicates the
position of the morphogenetic furrow (MF). c Image of a wild-type eye precursor field stained for
Ato and Elav. The white arrow indicates the approximate position of the MF. d Diagram of the
ato gene, showing the approximate positions of the 5′ and 3′ enhancers and the regions affected
by factors that regulate ato expression. e Image of a wild-type eye precursor field stained for Ato
and Ey. The white arrow indicates the approximate position of the MF. e′ shows a black and white
image of Ato, only. f Diagram of the expression patterns of factors that regulate ato expression with
respect to the Ato expression pattern and the MF
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RTK/Ras/MAPK and Notch Signaling in Ommatidial Cell
Specification

Two signaling pathways are particularly important for specification of ommatidial
cell types. One is the RTK/Ras/MAPK pathway, in which a receptor tyrosine kinase
(RTK) is activated upon binding to its ligand, leading to activation of the Ras small
GTPase, which in turn leads to activation of a MAP kinase (MAPK) cascade that
culminates in regulation of transcriptional targets by Ets family transcription factors
(Shilo 2005; Doroquez and Rebay 2006).

The other pathway is the Notch pathway (Doroquez and Rebay 2006; Fortini 2009;
Kopan and Ilagan 2009; Artavanis-Tsakonas and Muskavitch 2010). Transmembrane
DSL ligands Delta (Dl) and/or Serrate (known as Jagged in mammals) bind to Notch
receptors on adjacent cells, leading to cleavage and release of a Notch intracellular
fragment (Nintra), which enters the nucleus and binds to a CSL DNA-binding tran-
scription factor [Su(H) in Drosophila]. In the absence of Nintra, Su(H) associates with
corepressors and functions as a repressor. However, Su(H) in complex with Nintra and
coactivators activates transcription of Notch targets. One important Notch pathway
target is the E(spl) complex of genes, and in most contexts, E(spl) proteins mediate
the effects of Notch signaling.

The important interplay that occurs between RTK/Ras/MAPK and Notch sig-
naling pathways during specification of Drosophila ommatidial cell types has been
noted elsewhere (Voas and Rebay 2004; Shilo 2005; Sundaram 2005; Doroquez
and Rebay 2006), and is described in more detail below. In addition, the split ends
gene has recently been shown to participate via an unknown mechanism in cross-talk
between these two pathways (Doroquez et al. 2007).

Specification of R8: The Founding Cell of Each Ommatidium

The R8 photoreceptor is the founding cell of each ommatidium: it is the first cell
to be specified, and as described below, it is required to initiate recruitment of
other ommatidial cells. Thus, selection and establishment of R8 photoreceptors is
a particularly critical step in eye development. As with other types of neuronal
precursors, selection of R8s occurs via interactions between proneural proteins and
Notch-mediated lateral inhibition (Baker 2002; Bertrand et al. 2002; Frankfort and
Mardon 2002; Quan and Hassan 2005; Bray 2006; Doroquez and Rebay 2006; Powell
and Jarman 2008; García-Bellido and de Celis 2009; Weinmaster and Fischer 2011).

Briefly, neuronal development begins with expression of proneural proteins, class
II bHLH transcription factors required for neuronal fate (Massari and Murre 2000).
Initially, particular proneural proteins are expressed at low levels in discrete clusters
of cells that are positioned by the activities of signaling pathways and transcription
factors to form a prepattern. All cells in each proneural cluster have the potential
to develop as a neuronal precursor. However, through lateral inhibition, proneural
expression is eventually switched off in all but one or a few cells in the cluster.
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The cell(s) that ultimately expresses the proneural protein develops as a neuronal
precursor(s) (Fig. 3a).

The precise mechanisms of lateral inhibition are still not completely clear (Baker
2000; Bray 2006; García-Bellido and de Celis 2009). To summarize, in each proneu-
ral cluster, the cell with the highest level of proneural protein becomes a Dl-signaling
cell and activates Notch signaling in surrounding cells. As a result of Notch activity,
proneural protein levels drop in Dl-receiving cells, but high levels of proneural pro-
tein are maintained in the Dl-signaling cell, which develops as a neuronal precursor.
In the absence of components of the Notch signaling pathway, all cells in proneural
clusters maintain high levels of proneural proteins and become neuronal precursors,
resulting in a so-called neurogenic phenotype.

The class II bHLH transcription factorAtonal (Ato) serves as the proneural protein
for R8 selection. Ato is required for establishment of the R8 photoreceptor: complete
loss-of-function mutations in the ato gene result in failure of R8 development. Since
R8 is required for recruitment of other ommatidial cells, loss of ato also results in
complete loss of all other ommatidial cell types except for a few pigment cells and
interommatidial bristles (Jarman et al. 1994).

The expression pattern of the Ato protein is very dynamic, reflecting the process
by which R8s are selected from among surrounding cells (Jarman et al. 1994; Jarman
et al. 1995; Baker et al. 1996; Dokucu et al. 1996; Baker and Yu 1997; Sun et al.
1998; Domínguez 1999; Baker 2002; Frankfort and Mardon 2002; Hsiung and Moses
2002; Brown et al. 2006; Zhang et al. 2006; Tanaka-Matakatsu and Du 2008). I will
summarize the basic steps here and provide more details further.

1. Ato is first expressed in all cells in a striped pattern that spans ∼ 4 cell diame-
ters ahead of the furrow. Within this stripe, all of the Ato-expressing nuclei are
localized basally.

2. Ato is upregulated in initial clusters in a process termed proneural enhancement.
3. Within the furrow, Ato expression becomes limited to groups of ∼ 15 cells

(equivalent to proneural clusters) referred to as intermediate groups.
4. A group of 2–3 Ato-expressing nuclei located posteriorly within the intermediate

group migrate apically to form the R8 equivalence group. Ato expression is lost
in the other, still basally localized nuclei in the intermediate group.

5. By the arc stage of ommatidial development, Ato expression becomes restricted
to just the R8 precursor (Fig. 3b, c).

Two regions flanking the ato gene contain enhancer elements that regulate ato tran-
scription during eye development (Fig. 3d; Sun et al. 1998; Zhang et al. 2006;
Tanaka-Matakatsu and Du 2008). A 3′ enhancer controls the first two steps listed
above: initiation of Ato in a stripe anterior to the furrow as well as upregulation and
limitation of Ato to the intermediate groups. Both these steps depend on regulatory
elements that respond to signals and transcription factors other than Ato itself. In
contrast, a 5′ enhancer controls steps 3 and 4 and is subject to Ato autoregulation.

A number of reviews have discussed the mechanisms that regulate aspects of ato
expression (Frankfort and Mardon 2002; Hsiung and Moses 2002; Doroquez and
Rebay 2006; Bao 2010; Kumar 2012). What follows focuses on what is known
about direct regulation of ato transcription.
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Phase I, Ato Initiation: Activating and Repressive Elements in the
3′ Enhancer

Based on work from two groups (Zhang et al. 2006; Tanaka-Matakatsu and Du 2008),
there are two cis-regulatory elements in the 3′ ato enhancer that drive initiation of
ato transcription in a stripe of cells anterior to the furrow during furrow progression
(Fig. 3d): (1) Two conserved elements necessary to activate ato expression (A1 and
A2) are located approximately 5 kb downstream of the 3′ end of the ato coding
region. (2) A repressor element is present approximately 4.5 kb downstream of ato
that, when deleted, allows ato to be transcribed further anteriorly compared to wild
type (Zhang et al. 2006; Tanaka-Matakatsu and Du 2008).

The Hedgehog (Hh) and Decapentaplegic (Dpp) signaling pathways, which regu-
late furrow progression, have both been implicated in initial ato activation (Heberlein
et al. 1995; Baker et al. 1996; Baker and Yu 1997; Domínguez and Hafen 1997;
Borod and Heberlein 1998; Domínguez 1999; Greenwood and Struhl 1999; Curtiss
and Mlodzik 2000; Baonza and Freeman 2001; Fu and Baker 2003; Doroquez and
Rebay 2006; Roignant and Treisman 2009; Bao 2010). Transcription factors known
to affect ato initiation include the Retinal Determination (RD) factors Eyeless (Ey),
Eyes absent (Eya), Sine oculis (So), and Dachshund (Dac; Suzuki and Saigo 2000;
Silver and Rebay 2005; Zhang et al. 2006; Tanaka-Matakatsu and Du 2008; Kumar
2009, 2010). These transcription factors are expressed in overlapping zones that par-
allel the MF and propagate with it under the control of Hh, Dpp, and Notch signaling
(Fig. 3e, f; Bonini et al. 1993; Cheyette et al. 1994; Halder et al. 1998; Curtiss and
Mlodzik 2000; Bessa et al. 2002; Fu and Baker 2003; Firth and Baker 2009).

Both A1 and A2 are required to activate ato expression during initiation: neither
sequence is sufficient to drive expression by itself. Zhang et al. 2006 identified a
conserved binding site in A2 for the Dpp pathway transcription factor Mad, however
whether this site functions during ato initiation is currently unknown. In contrast,
Ey and So have been shown to bind directly to A1 in vitro. In addition, Ey, Eya+So,
and Eya+So+Dac are all capable of ectopically activating ato expression via this
element. Since the Ey, Eya, So, and Dac expression patterns overlap with initial
low-level Ato expression (Fig. 3e, f), it is likely that the four RD factors directly
participate in ato activation via theA1 element (Zhang et al. 2006; Tanaka-Matakatsu
and Du 2008), perhaps with direct input from the Dpp pathway via the A2 element.

Clones of loss- or gain-of-function mutations in components of the Hh signaling
pathway autonomously affect the initial low-level expression of Ato, suggesting
that Hh signaling, in addition to the RD factors and Dpp signaling, is also directly
involved in initiating ato transcription (Domínguez and Hafen 1997; Domínguez
1999; Greenwood and Struhl 1999). However, the mechanism involved (e.g., through
binding of the A1/A2 element by the pathway-specific transcription factor Ci155) is
currently unknown.

The identities of the factors that mediate repression via the 3′ enhancer have been
elusive. Two candidates are the bHLH repressor protein Hairy and the class V HLH
protein Extramacrochaete (Emc). Hairy and Emc repress proneural protein expres-
sion during development of the mechanosensory bristles (Ellis et al. 1990; Garrell
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and Modolell 1990; Van Doren et al. 1991, 1994; Ohsako et al. 1994; Campuzano
2001; Usui et al. 2008). Accordingly, in the eye, it initially appeared that Hairy/Emc
and Ato are expressed in mutually exclusive domains, with Hairy/Emc expressed
in an anterior zone that ends abruptly where Ato expression initiates (Brown et al.
1995; Greenwood and Struhl 1999). Using a hypomorphic allele of emc, Brown
et al. 1995 found that whereas neither hairy nor emc single mutant clones affected
Ato expression, double mutant clones resulted in prematureAto expression and faster
furrow progression. These results suggested that Hairy and Emc are both involved
in negatively regulating ato transcription.

Hairy in particular was thought to help define the “pre-proneural” (PPN) zone,
which is marked on the anterior by the onset of expression of Hairy and the RD
proteins Eya, So, and Dac, and on the posterior by Ato initiation. Cells in the anterior
region of the PPN zone do not express Ato, in spite of the fact that Ey, Eya, So, Dac,
and presumably Dpp are all present there, suggesting the presence of a repressor that
is later switched off to allow Ato expression (Greenwood and Struhl 1999; Baonza
and Freeman 2001; Bessa et al. 2002). Hairy appeared to be a good candidate for this
repressor because it appeared to be switched off at the point at which Ato switched
on. Furthermore, in various mutant backgrounds affecting furrow progression, loss
of Ato or of Ato targets correlates with posterior maintenance of Hairy expression
(Greenwood and Struhl 1999; Baonza and Freeman 2001; Fu and Baker 2003),
suggesting that when furrow progression is compromised, Hairy is maintained and is
capable of repressing ato transcription. One additional piece of evidence, consistent
with the idea that Hairy could be the repressive factor preventing premature ato
activation, is the fact that in the absence of the 3′ repressive elements ato expression
expands all the way to the anterior edge of the PPN zone (Zhang et al. 2006; Tanaka-
Matakatsu and Du 2008) where Hairy expression initiates.

Other results, however, call this hypothesis into question. First, Zhang et al. 2006
were unable to find a consensus Hairy binding site in the repressive element of the 3′
ato enhancer. Second, although loss of Ato and gain of Hairy correlate when furrow
progression fails, it has never been directly shown that ectopic Hairy expression is
capable of negatively regulating ato expression. Thus, the effects on Ato and Hairy
of mutants that affect furrow progression could be independent. Third, rather than
having mutually exclusive expression patterns as initially described, Hairy and Emc
in fact overlap with initial low-level Ato expression, switching off only at the point at
which Ato proneural enhancement occurs (Baonza and Freeman 2001; Li and Baker
2001; Bhattacharya and Baker 2012; Fig. 3f). Fourth, a recent report using a null
allele of emc has shown that faster furrow progression can be explained solely by
loss of emc, independently of hairy (Bhattacharya and Baker 2012). Thus, a role
for Hairy in furrow progression and ato initiation appears to be limited at best. See
below for more information about Emc’s role in regulating ato expression.

Another possibility for control of the 3′ ato repressive element is Su(H), which
is a transcriptional effector of the Notch signaling pathway. As mentioned above,
in the absence of Notch signaling, Su(H) acts as a repressor of Notch targets, and
is only converted to an activator in the presence of Notch signaling. Unlike Hh and
Dpp signaling, Notch signaling is not required for initial ato activation (Baker and
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Yu 1997; Baonza and Freeman 2001; Li and Baker 2001). In contrast, Li and Baker
2001 have shown that initial low-level Ato expression is found in more anterior
regions in Su(H) clones. However, whether Ato repression by Su(H) occurs by direct
binding to the 3′ ato repressive element or via some other unknown mechanism, and
how repression by Su(H) is relieved to allow ato initiation are currently unanswered
questions.

Phase 2, Proneural Enhancement

A few cell diameters after its expression initiates, Ato is upregulated and becomes re-
stricted to initial clusters via proneural enhancement. Conserved regulatory elements
located within the 3′ ato enhancer approximately 4 kb downstream of ato (IC1 and
IC2) have been shown to promote its expression in intermediate groups (Sun et al.
1998; Zhang et al. 2006). This region of the 3′ ato enhancer contains a conserved
binding site for Su(H), the Notch pathway transcription factor (Fig. 3d). Accordingly,
Notch signaling activated by Dl is required for Ato proneural enhancement during
this stage (Baker and Yu 1997; Baonza and Freeman 2001; Li and Baker 2001).

As discussed earlier, in most cases of Notch signaling, Su(H) is converted to an
activator when bound to the Notch intracellular domain fragment released following
ligand binding, leading to activation of E(spl) target genes, which mediate down-
stream effects. However, Su(H) activator function is not required for upregulation of
Ato protein (Ligoxygakis et al. 1998). This has led Li and Baker 2001 to postulate
that Notch signaling simply relieves repression of ato by Su(H), rather than through
activation of E(spl)-C expression.

Ensuring High Levels of Ato: bHLH Proteins, Autoregulation, and the 5′ ato
Enhancer

Recent findings suggest that Emc participates in a transcriptional network with an-
other bHLH protein, Daughterless (Da), that regulates the onset of high levels of
Ato expression (Bhattacharya and Baker 2011). Da is a broadly expressed class I
bHLH protein that heterodimerizes with spatially regulated class II bHLH proteins
including Ato, to regulate transcription of target genes (Jarman et al. 1993; Rosay
et al. 1995; Massari and Murre 2000). One of the targets of the Ato/Da heterodimer
is Ato itself (Jarman et al. 1995; Brown et al. 1996; Sun et al. 1998; Melicharek et al.
2008). Accordingly, Da is expressed in all eye precursor cells but at higher levels
close to the furrow, and it is required for normal progression of Ato expression with
the furrow (Brown et al. 1995, 1996; Bhattacharya and Baker 2011).

As a classV HLH protein (Massari and Murre 2000), Emc is capable of dimerizing
with other HLH proteins, includingAto and Da, but lacks the basic domain that would
allow it to interact with E-box sites in DNA. Emc has been shown in other contexts to
prevent proneural gene autoactivation by binding directly to the proneural protein (El-
lis et al. 1990; Garrell and Modolell 1990; Van Doren et al. 1991; Cubas and Modolell
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1992; Campuzano 2001). As mentioned above, Emc is known to prevent premature
Ato expression and speeding up of the furrow (Brown et al. 1995; Bhattacharya and
Baker 2012). Conversely, ectopic Emc expression does not prevent Ato initiation but
does prevent Ato proneural enhancement (Bhattacharya and Baker 2011).

Bhattacharya and Baker (2011) found that Emc and Da are both Da targets, and
that Emc inhibits Da expression, presumably by binding to Da and preventing Da/Da
homodimers from binding and activating the da cis-regulatory element. This feed-
back loop keeps Da levels relatively low anterior to the furrow. However, Emc is also
a target of negative regulation by the Hh and Dpp signaling pathways. Thus, as the
furrow approaches, Emc levels plummet, allowing Da levels to rise at the same time
as Ato levels are rising in response to the same signals (Lim et al. 2008). This would
be predicted to favor the formation of Ato/Da heterodimers, leading to regulation of
Ato targets, including ato, and the onset of neuronal differentiation. It seems likely
that these events regulate activity at the 5′ ato enhancer, which is known to mediate
ato autoregulation (Sun et al. 1998; Fig. 3d).

Phase 3, Formation of Intermediate Groups

Earlier in the chapter, I have discussed the mechanisms by which ato expression
is increased in preparation for lateral inhibition. Additional information is required
to limit Ato to evenly spaced intermediate groups. What the precise mechanisms
regulating this process are has been controversial and is another interesting story
(Doroquez and Rebay 2006; Roignant and Treisman 2009), but is outside the scope
of this review.

Phases 4, 5, Ato Becomes Restricted to Individual R8 Precursors
via Lateral Inhibition

Historically, there have been two proposed mechanisms for how single R8s are
selected from intermediate groups. One is lateral inhibition, the other is the
R8 equivalence model. Consistent with a role for lateral inhibition in R8 selec-
tion, loss-of-function mutations in components of the Notch pathway (e.g., using
temperature-sensitive alleles to block Notch signaling after proneural enhancement
has already occurred) results in all intermediate group cells maintaining Ato expres-
sion and differentiating into R8 precursors—a neurogenic phenotype (Cagan and
Ready 1989a; Baker and Zitron 1995; Baker et al. 1996; Lee et al. 1996; Baker and
Yu 1997, 1998; Ligoxygakis et al. 1998; Li and Baker 2001; Frankfort and Mardon
2002; Hsiung and Moses 2002; Doroquez and Rebay 2006).

The R8 equivalence group model was introduced to explain observations that
did not seem to fit with the lateral inhibition model. For instance, loss-of-function
mutations in the rough (ro) gene result in formation of three R8s per intermediate
group (Kimmel et al. 1990; Heberlein et al. 1991; Dokucu et al. 1996). In addition, Ro
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misexpression in R8 precursors prevents them from differentiating properly. Based
on these data, the R8 equivalence group model postulates that three cells in each
intermediate group have the potential to become R8, but Ro expression in two of
them prevents them from developing as R8 cells, leaving a single R8 precursor
(Kimmel et al. 1990; Dokucu et al. 1996).

Another piece of evidence that initially seemed to support the equivalence group
model comes from studies of senseless (sens), a direct Ato target that encodes a
bHLH transcription factor required for maintenance of the R8 fate following R8
selection (Nolo et al. 2000; Frankfort et al. 2001; Pepple et al. 2008). Sens protein is
initially observed in the three-cell R8 equivalence group and subsequently becomes
limited to just the R8 precursor. In sens− mutants, Ro is expressed ectopically in
all three R8 equivalence group cells, and all three cells, but no more as might be
expected from a failure of lateral inhibition, develop as R2/R5-type photoreceptors.

A recent report (Pepple et al. 2008) has made progress towards distinguishing
between the lateral inhibition and R8 equivalence models for R8 selection. These
authors demonstrate that single R8 cells are initially generated in ro mutants. The
two extra R8s observed in ro mutants (Dokucu et al. 1996) are only added later.
Thus, formation of R8s in the eye appears to occur via lateral inhibition, similar to
the development of other neuronal precursors.

The reason that multiple R8s form in ro− mutants appears to be that, after the
furrow moves on and the effects of lateral inhibition fade, Ro is necessary to repress
Sens expression in the other two cells of the R8 equivalence group, allowing them to
develop as R2 and R5. Accordingly, misexpressing Sens in all eye precursors leads
to formation of multiple cells with R8 properties, and sens−, ro− double mutant eye
precursors are capable of developing as photoreceptors that resemble R8s in a number
of respects (Frankfort et al. 2001). Ro binds directly to sens regulatory elements to
prevent Sens expression in the R2 and R5 precursors (Pepple et al. 2008).

One candidate target of Notch signaling [via E(spl)] during lateral inhibition
is likely to be Da. In spite of its probable earlier role in promoting high levels
of ato expression (see previous discussion), Da is also required for ato repression
during lateral inhibition, and high levels of ectopic Da are capable of repressing Ato
expression (Lim et al. 2008; Melicharek et al. 2008).

Although lateral inhibition is likely to mediate R8 selection, there is no question
that an R8 equivalence group exists. It may even have a counterpart during bristle
development (Cubas et al. 1991; Culí and Modolell 1998): prior to selection of the
neuronal precursor that gives rise to bristle components, the Achaete/Scute proneural
proteins are expressed at higher levels in a few cells in each proneural cluster, and
these cells also express Sens. As with the R8 equivalence group during R8 devel-
opment, the position of the proneural field and subsequently the neuronal precursor
within the proneural cluster in the context of bristle development is remarkably con-
sistent. This suggests that unknown factors are involved in ensuring highest levels of
proneural factor expression at a particular position.

Thus, because of the parallels with neuronal precursor selection in other contexts
in both flies and in vertebrates, further study of R8 selection, of the regulation
of Ato expression, and of lateral inhibition during eye development is relevant for
neuronal precursor selection in other contexts. Other potential pieces of the puzzle
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have recently been identified that have not yet been well incorporated into current
thinking (Lim et al. 2008; Melicharek et al. 2008; Steele et al. 2009; Distefano et al.
2012), and further study of their roles is likely to prove illuminating.

Switching Ato off

Ato is expressed in R8 precursors for 3–4 columns before it is switched off. The BarH1
and BarH2 homeodomain transcription factors are expressed in a complementary
pattern to Ato, and are required for ato repression posterior to the furrow. This
is important because Ato maintenance leads to formation of ectopic R8s that are
capable of recruiting additional ommatidial cells and disrupt the precise ommatidial
pattern (White and Jarman 2000; Lim and Choi 2003, 2004). Unlike Ato itself, Ato’s
target Sens is maintained in R8 cells throughout larval and into pupal development
(Frankfort et al. 2001; Domingos et al. 2004a; Frankfort et al. 2004). Sens has roles
in regulating a number of aspects of R8 differentiation (Domingos et al. 2004a; Xie
et al. 2007; Morey et al. 2008). Sens also has roles in regulating recruitment of
additional ommatidial cells (see further).

Egfr Signaling and Recruitment of Ommatidial Cells
Other Than R8

The recruitment of additional cells to join R8 in forming an ommatidium involves in-
tricate and reiterative control of the Epidermal growth factor receptor (Egfr)-signaling
pathway (Freeman 1996, 1997; Kumar et al. 1998). The Drosophila melanogaster
genome contains a single Egfr, which has greatly facilitated analysis of its roles during
development. The canonical Ras-Raf-MAPK cascade, culminating in transcriptional
regulation via Ets domain transcription factors, appears to be the predominant mech-
anism for Egfr signal transduction in Drosophila (Shilo 2005; Doroquez and Rebay
2006). There are several activating Egfr ligands in Drosophila (Shilo 2005; Doroquez
and Rebay 2006), including Spitz (Spi) and Keren, which have redundant roles dur-
ing eye development, with Spi being the major and Keren the minor ligand (Brown
et al. 2007). There is also an inhibitory ligand, Argos (Aos: Schweitzer et al. 1995a),
which is also a target of the Egfr signaling pathway (Golembo et al. 1996b).

The idea that Egfr signaling has a role in ommatidial cell recruitment first came
from data obtained from eye precursor tissues containing clones homozygous for
loss-of-function mutants for Egfr pathway components. In these clones, R8 photore-
ceptors are specified, but no other ommatidial cells develop (Domínguez et al. 1998;
Kumar et al. 1998; Spencer et al. 1998; Lesokhin et al. 1999; Wasserman et al. 2000;
Baonza et al. 2001; Yang and Baker 2001). Similar, though weaker, phenotypes are
obtained in eye tissue homozygous for loss-of-function mutations in spi (Freeman
1994b; Tio et al. 1994; Tio and Moses 1997), with stronger effects when spi and
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keren are simultaneously removed (Brown et al. 2007). In contrast, loss-of-function
mutations in aos, which encodes an inhibitory ligand, result in over-recruitment of
photoreceptors, cone cells, and pigment cells (Freeman 1994a).

Use of a dominant negative Egfr by Freeman 1996 enabled a more controlled
analysis of which ommatidial cells require Egfr activity for recruitment, and con-
firmed that, in addition to photoreceptors other than R8, Egfr signaling is required
for recruitment of the cone and pigment cells. Conversely, Freeman 1996 showed
that overactivation of the Egfr pathway causes recruitment of extra ommatidial cells,
including photoreceptors, cone cells, and pigment cells. These data strongly show
that the Egfr pathway is required to recruit ommatidial cells other than R8.

As mentioned above, the presence of an R8 precursor is necessary for recruitment
of other ommatidial cells, and R8 development depends on Ato. At some level, then,
Ato must control activation of Egfr signaling in cells surrounding R8. Accordingly,
artificial maintenance of Ato in R8 past the point at which Ato is normally switched
off results in excessive photoreceptor recruitment, and mutations in Egfr pathway
components can suppress this effect (White and Jarman 2000).

One way that Ato could activate Egfr activity in surrounding cells is by activating
expression of the ligands, Spi and Keren in R8. However, this does not appear to
be likely because both appear to be expressed fairly broadly (Tio et al. 1994; Tio
and Moses 1997; Reich and Shilo 2002; Urban et al. 2002). However, whereas the
spi gene is broadly transcribed, its function is more limited: it is almost absolutely
required in R8, strongly required in R2 and R5, and more weakly required in R3 and
R4 (Freeman 1994b; Tio et al. 1994). Spi needs to undergo processing and cleavage
via the chaperone Star and a Rhomboid family serine protease in order to be secreted
and active (Schweitzer et al. 1995b; Golembo et al. 1996a; Guichard et al. 1999;
Pickup and Banerjee 1999; Bang and Kintner 2000; Wasserman et al. 2000; Lee
et al. 2001; Urban et al. 2001; Freeman 2002). In contrast to Spi/Keren, Star and
rhomboid-1 (rho-1) are specifically expressed in R8, R2, and R5 (Heberlein et al.
1991; Freeman et al. 1992a; Heberlein et al. 1993; Kolodkin et al. 1994; Spencer
et al. 1998). Thus, it is possible that Ato regulates expression of Star and/or rho-1 to
control where Spi/Keren are secreted.

In Drosophila chordotonal (stretch) sensory organs, which develop in a similar
fashion to ommatidia with initial selection of a subset of Ato-expressing precursors
that subsequently use Egfr signaling to recruit additional precursors, ato is in fact
required for rho-1 expression, though it is not clear if this is direct or indirect (Lage
et al. 1997; Okabe and Okano 1997). In addition, Ato can activate ectopic rho-1
expression when ectopically expressed during eye development (Baonza et al. 2001).

However, in contrast to most other contexts including chordotonal organs, in the
Drosophila eye rho-1 functions redundantly with rho-3 (aka roughoid). Mutations
in rho-1 have only subtle effects on photoreceptor development, and rho-3 appears
to be broadly expressed rather than being expressed specifically in R8, R2, and
R5 (Freeman et al. 1992a; Wasserman et al. 2000). These two facts make it seem
less likely that Ato controls Spi secretion solely by regulating expression of the
Rhomboid proteases, though future analyses of the rho-3 expression pattern may
suggest otherwise. It is also possible that specific activation of Rho-1 is sufficient,
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and/or Ato regulates expression of the chaperone Star or some other unknown factor
that regulates Spi/Keren secretion.

Double but not single mutants for the Drosophila Retinoblastoma family tran-
scription factor gene, rbf, and the rhinoceros (rno) gene, which encodes a nuclear
protein with a PHD zinc-finger domain, show no delay in R8 development but do
show a delay in subsequent recruitment of other ommatidial cells (Voas and Rebay
2003; Sukhanova et al. 2011). This suggests that rbf and rno have synergistic roles
in promoting ommatidial cell recruitment by R8. Accordingly, loss of rbf or of both
rbf and rno results in loss of Rhomboid and pERK. Furthermore, whereas loss of rbf
results in partial loss of the Pointed-P1 (pntP1) gene, which is an activating Ets family
transcription factor in the Egfr pathway and is itself an Egfr signaling target (Gabay
et al. 1996), loss of rno or of both rno and rbf results in a stronger loss of PntP1.
Loss-of-function of Drosophila E2F1, which is bound and inhibited by RBF, can sup-
press the differentiation delay of rbf, rno double mutants, suggesting that deregulated
E2F1 is one of the factors responsible for the delay (Sukhanova et al. 2011).

Limiting Egfr Activity to Allow for Sequential Photoreceptor
Recruitment

Spitz/Keren are secreted ligands, and it is not immediately obvious why they do not
recruit all cells surrounding R8 as photoreceptors at the same time, but instead in
the precise sequence laid out by Tomlinson and Ready 1987b. One possible answer
to this question was first clearly articulated by Matthew Freeman, in his now classic
model for how sequential recruitment might occur (Freeman 1997). At the time,
there was mounting evidence suggesting broad expression of Spi protein, but limited
secretion and function only in the first few photoreceptors to become specified, as
described previously. Additional experiments had shown aos, which as mentioned
before encodes an inhibitory ligand, to be a direct target of Egfr signaling (Golembo
et al. 1996b), and had demonstrated that Aos protein has a greater range of activity
compared to Spi: Spi can only activate Egfr within 3–4 cell diameters, whereas the
range of Aos is 10–12 cell diameters (Freeman et al. 1992b; Freeman 1994b).

Based on these data, Freeman 1997 proposed that Spi is initially released from the
R8 precursor at the arc stage of ommatidial development when R8 lies at the apex of
the arc, flanked by the future R2 and R5. Activation of Egfr in R2 and R5 leads these
cells to secrete Spi as well, recruiting R3 and R4 precursors, which lie further out
along the arc (Fig. 2b). Meanwhile, Aos is also expressed and secreted from each
recruited ommatidial cell in response to Egfr pathway activity, and represses Egfr
activity in cells farther away from the source of the Spi ligand, preventing premature
recruitment of cells. This process then continues, leading to recruitment of R1 and
R6, R7, the cone cells, and finally the pigment cells. Thus, in the Freeman model,
the ordered, sequential nature of photoreceptor recruitment depends on a feedback
mechanism, whereby activation of Egfr activity also induces negative regulation of
Egfr activity. Additional negative feedback regulatory mechanisms have since been
discovered that likely have similar roles (reviewed e.g., in Shilo 2005).



Cell Morphogenesis: Tracing the Paths of Induction During Drosophila . . . 115

Interesting recent work has explored cell biological mechanisms that ensure
short-range rather than long-range Spi secretion during Drosophila eye development
(Yogev et al. 2011), allowing for controlled, sequential photoreceptor recruitment.
Following translation on ER-bound-ribosomes, the transmembrane Spi precursor
protein (mSpi) is retained in the ER through COPI-dependent retrograde trafficking
(Lee et al. 2001; Tsruya et al. 2002; Schlesinger et al. 2004). Secretion of the mature
Spi ligand (sSpi) depends on its interaction with the chaperone Star. In most contexts
in Drosophila in which Egfr signaling is important, Star mediates transport of mSpi
to the late compartment of the secretory pathway (Lee et al. 2001; Tsruya et al.
2002), where the Rho-1 protease is localized. Rho-1 then carries out intramembrane
cleavage of mSpi to release sSpi (Urban et al. 2001), which is subsequently secreted
and affects development in a long-range fashion.

However, two factors present during Drosophila eye development change the
dynamics of Spi secretion from long-range to short-range. The first factor is rho-
3/roughoid, which is only expressed during eye development where limiting the
range of Spi secretion is important (Wasserman et al. 2000). In contrast to Rho-1
protein, which is localized exclusively to the late secretory compartment, Rho-3
is also found in the ER (Yogev et al. 2008) where it comes into contact not only
with Spi but also with the Star chaperone. Rho proteases are known to cleave and
inactivate Star (Tsruya et al. 2007). Thus, in the Drosophila eye, Rho-3 inactivates
Star, resulting in less Spi being trafficked to the late secretory compartment for
cleavage by Rho-1 or Rho-3 (Yogev et al. 2008).

Second, the PLCγ encoded by the small wing (sl) gene (the only PLC γ encoded
by the Drosophila genome) is required to prevent release of sSpi produced in the ER
by Rho-3 (Thackeray et al. 1998; Schlesinger et al. 2004). The mechanism by which
Sl accomplishes this is not completely clear. In addition to its catalytic domain, Sl
contains a number of protein–protein interaction motifs, including SH2, SH3, and
PH domains, and appears to function as a scaffolding protein in addition to its role as
a PLC. Sl’s scaffolding activity, but not its PLC catalytic activity, is required for its
role in regulating Egfr activity during Drosophila eye development (Mankidy et al.
2003). In addition, it is known that Sl is a negative regulator of Egfr signaling that
acts upstream of MAPK (Thackeray et al. 1998). Nevertheless, the data presented
above make it clear that even prior to the secretion of the ligands, mechanisms exist
to regulate Egfr activity and ensure controlled recruitment of ommatidial cells.

Limiting Egfr Signaling in the R8 Equivalence Group

Markers for Egfr activity, including phosphorylated MAPK (pERK) and the Egfr
pathway targets argos and pointed P1, are first expressed above background levels
in clusters of cells in the furrow that correspond to Ato intermediate groups. In
conjunction with Ato expression, expression of pERK subsequently focuses down
to just a few cells, which are likely to be the R8 equivalence group (Gabay et al.
1997; Golembo et al. 1996b; Kumar et al. 1998, 2003; Spencer et al. 1998; Chen
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and Chien 1999; Lesokhin et al. 1999; Wasserman et al. 2000; Rawlins et al. 2003;
Spencer and Cagan 2003; Frankfort and Mardon 2004). Ato appears to play a critical
role in activating Egfr signaling in these cells because in clones mutant for ato or da
pERK expression is lost, and ectopic Ato also correlates with ectopic pERK (Chen
and Chien 1999).

As mentioned before, R8 does not require Egfr signaling for its specification.
Instead, high levels of Egfr activity in the intermediate groups may be required for
their spacing, though this is controversial (reviewed in Doroquez and Rebay 2006;
Bao 2010). Nevertheless, recent reports have identified mechanisms that keep Egfr
activity levels from rising too high at these early stages and thereby disrupting devel-
opment. Two groups have shown that the L1-like cell adhesion molecule Echinoid
(Ed) reduces the intensity/duration of Egfr signaling in intermediate groups and R8
equivalence groups without altering the pattern, possibly by direct interaction be-
tween Ed and Egfr. This appears to be necessary to prevent Ato levels from rising too
high in response to Egfr signaling, resulting in more than one equivalence group cell
from developing as an R8 precursor (R8 “twinning”; Spencer et al. 1998; Rawlins
et al. 2003; Spencer and Cagan 2003).

Based on expression of pERK expression and of the Egfr signaling pathway targets
aos and pnt expression, in spite of the fact that R8 precursors themselves secrete Spi,
they have low or no Egfr activity compared to their neighbors (Chen and Chien
1999; Lesokhin et al. 1999; Frankfort and Mardon 2004). Moreover, high levels of
Egfr signaling in R8 precursors appear to interfere with their ability to differentiate
as R8s and recruit other ommatidial cells (cf. Lesokhin et al. 1999; Yamada et al.
2003; Frankfort and Mardon 2004). Accordingly, two reports suggest mechanisms
that prevent pre-R8s from responding to the Spi that they secrete. One of these
involves EDL/MAE, a protein capable of interacting with the Ets transcription factor
Pointed P2 (PntP2), which activates pntP2 expression in response to Egfr signaling.
EDL/MAE is expressed first in R8 and subsequently in R2/R5, and appears to prevent
PntP2 transcriptional activation, suggesting that it subverts autocrine activation of
Egfr by Spi (Yamada et al. 2003). The other mechanism for preventing R8 from
responding to the Spi ligand it releases appears to be transcriptional repression of
pointed by Sens (Frankfort and Mardon 2004; Fig. 4a, a’).

Specifying the Identities of Different Ommatidial Cells

There are no strict cell lineage relationships among ommatidial cells, suggesting that
cell fate determination occurs by induction (Ready et al. 1976; Lawrence and Green
1979; Tomlinson and Ready 1987b). As described before, Egfr is required for the
recruitment of cells to each growing ommatidial cluster, but that does not appear
to be sufficient to specify their identities. Instead, specification requires interplay
between two signaling pathways: (1) Ras/MAPK via Egfr and the Sevenless (Sev)
RTK and (2) Notch, as well as cell type-specific transcription factors, as described
in more detail below.
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Fig. 4 Recruitment of ommatidial cells. Diagrams in (a–e) depict recruitment of a R2 and R5
photoreceptors; b R3 and R4 photoreceptors; c R1, R6, and R7 photoreceptors; d cone cells (CCs); e
primary pigment cells (1◦); f Roles of Notch and Egfr signaling in regulating programmed cell death
(PCD) during recruitment of the secondary (2◦) and tertiary (3◦) pigment cells. See text for details.
B bristle, a anterior cone cells, p posterior cone cells, pl polar cone cells, eq equatorial cone cells

Formation of the 5-Cell Precluster

At the time of specification of the R8 precursors (based on the point at which Ato
becomes limited to a single cell), they form the center cells in the arc-/closed arc-stage
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ommatidial clusters (Brown et al. 2006). The R8 precursors are flanked in the arc by
the presumptive R2/R5 photoreceptors, with R3/R4 located further out along the arc,
next to R2 and R5, respectively. As described above, Ras/MAPK signaling via Spi
and the Egfr are responsible for recruiting first R2/R5 (Fig. 4a, b’) and then R3/R4
(Fig. 4b, a’).

As they are recruited, first the R2/R5 and then the R3/R4 precursors begin to
express the homeodomain transcription factor Rough (Ro; Kimmel et al. 1990).
However, Ro is only required in R2/R5 for normal ommatidial development (Tom-
linson et al. 1988). Exactly what activates Ro expression in these cells is not known,
but Egfr or Hh signaling are both candidates since both are required for Ro expression
(Domínguez et al. 1998; Domínguez 1999).

Ro appears to have at least three functions in R2/R5 cells: (1) it prevents R2/R5
from developing into R8s by directly binding to sens regulatory elements and repress-
ing its expression in R2/R5 precursors (Dokucu et al. 1996; Frankfort et al. 2001;
Pepple et al. 2008); (2) it is required to prevent R2/R5 cells from expressing Svp (see
below), which would convert them to an R3/R4/R1/R6 fate (Heberlein et al. 1991;
Fig. 4a, c’); and (3) it is required for rhomboid expression in R2/R5 (Tomlinson et al.
1988; Freeman et al. 1992a; Fig. 4a, d’), which is required for secretion of the Egfr
ligand Spi, allowing recruitment of the R3/R4 pair and later of other ommatidial cells.

R3/R4 Specification

Seven-up (Svp) and Pipsqueak (Psq) are two transcription factors required for R3/R4
cell fate specification. Svp is expressed in R3/R4 as well as in R1/R6, and is required
to prevent R3/R4 and R1/R6 precursors from developing as either R7 or R8 photore-
ceptors (Mlodzik et al. 1990; Miller et al. 2008). It is not currently clear what activates
Svp expression in these cells, or exactly what Svp does to ensure that these cells do
not transform their fate. Psq is required for R3/R4 development downstream of Svp
(Weber et al. 1995), and is expressed at higher levels in R3 compared to R4 (Weber
et al. 2008). The exact function of Psq in R3/R4 development is not currently clear.

Specification of R3 vs. R4 is Important for Planar Polarity

Unlike the R2/R5 and R1/R6 pairs, where there appears to be a single fate assumed
by both cells, R3 and R4 are two different fates that lead to asymmetry within the
ommatidium, as described earlier (Fig. 1b, c). Planar polarity signaling (PCP) is
important for specification of the R3 vs. R4 fates (recently reviewed in Jenny 2010):
PCP signaling is activated in R3, leading to activation of Jun/Fos, which are nuclear
effectors of the PCP pathway (Weber et al. 2000, 2008; Fig. 4b, b’). In addition,
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PCP signaling results in R3-specific transcription of the Notch ligand, Dl, and of
neuralized, which encodes an E3 ubiquitin ligase required for Dl-Notch signaling,
leading to activation of Notch signaling in R4 (Cooper and Bray 1999; Fanto and
Mlodzik 1999; Tomlinson and Struhl 1999; del Alamo and Mlodzik 2006; Jenny
2010). A number of other factors that influence Notch signaling and the response
to Notch signaling have also been shown to affect R3 vs. R4 fate specification (del
Alamo and Mlodzik 2008; Zheng and Carthew 2008; Bhattacharya and Baker 2009;
Singh and Mlodzik 2012).

Jun/Fos cooperate with the Ets family transcription factors Yan and Pnt to deter-
mine R3 vs. R4 fate. Jun/Fos and Yan are all required in the R3 precursor for the
R3 fate. Yan functions to inhibit R4 fate, at least in part by inhibiting Pnt function
(Fig. 4). In contrast, higher levels of Egfr signaling in the R4 precursor inactivate
Yan and activate Pnt, promoting R4 fate (Weber et al. 2000, 2008; Fig. 4). It is
unclear at this point what mechanisms trigger Egfr signaling to higher levels in the
R4 vs. R3 precursor.

Svp and the zinc-finger transcription factors Spalt major and Spalt related (Salm
and Salr), are also important for R3 vs. R4 cell fate. Sal appears to function upstream
of Svp to mediate the interpretation of planar polarity signaling that leads to upregu-
lation of Dl in R3, resulting in asymmetric distribution of PCP proteins (Fig. 4b, e’).
In addition, Sal appears to be required in parallel to Notch signaling for expression
of E(spl)mδ in R4 (Fig. 4b, f’; Fanto et al. 1998; Domingos et al. 2004a, b). It is
not currently known what activates expression of Svp or Sal in R3/R4 cells, what
the mechanism is by which Sal responds to PCP signaling, whether Svp functions
directly to upregulate Dl, or what the targets of E(spl)mδ are during R4 cell fate
specification.

After the 5-Cell Precluster

Cells not recruited into the 5-cell precluster undergo one more round of division
during the second mitotic wave, and it is from this pool of cells that R1/R6, R7,
the cone cells, and the pigment cells are recruited. As described before, based on
mosaic analysis Rho-1, Rho-3, Star, and Spi are only required in R8, R2/R5, and
possibly weakly in R3/R4, for development of a normal ommatidium. Nevertheless,
recruitment of all the other ommatidial cells requires Egfr signaling. Presumably,
this occurs via propagation of Spi outward from these three cells, which form the
core of the nascent ommatidium.

R1/R6, R7, and cone cells form an equivalence group, based on the fact that
their fates are interchangeable (see below). If Egfr is required for the recruitment
of all these cells, then what provides the specificity? The answer appears to be that
additional signals are required to distinguish among these cell types: Notch and
the Sev RTK (recently reviewed in Mavromatakis and Tomlinson 2012a). Egfr and
Sev signaling through the Ras/MAPK/Ets transcription factor pathway appear to be
interchangeable (see below), so I will subsequently refer to signaling through either
pathway as Ras/MAPK signaling.
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Part of the interpretation of the information provided by various combinations of
the Notch and Ras/MAPK pathways is provided by the RUNX family transcription
factor Lozenge (Lz). Lz is initially expressed posterior to the furrow in all cells
outside of the 5-cell precluster, and is later upregulated first in R1/R6, then R7,
then the cone cells, and finally the pigment cells (Flores et al. 1998). Lz has a role
in specification of all these cell types, although it does not appear to specify any
particular fate per se (Batterham et al. 1996; Daga et al. 1996).

Lz is a direct target of Glass (Gl), which is a Zn-finger transcription factor cell
autonomously required in all photoreceptors for their development (Moses et al.
1989; Moses and Rubin 1991), and of a transcriptional activation complex composed
of two RD factors: Eya and So (Yan et al. 2003; Jemc and Rebay 2007; Morillo et al.
2012). Since Gl, Eya, and So are expressed in all cells posterior to the furrow
(Moses and Rubin 1991; Bonini et al. 1993; Cheyette et al. 1994), it is not clear what
prevents Lz expression in the 5-cell precluster. Yan, a repressor downstream in the
Egfr signaling pathway, probably binds directly to the lz gene and keeps Lz levels
low in uncommitted cells until they are recruited via Egfr signaling (Behan et al.
2002; Jackson Behan et al. 2005).

R1/R6

Following the second mitotic wave, the R1, R6, and R7 precursors are added to the
5-cell precluster (Ready et al. 1976; Tomlinson 1985). Based on neuronal markers,
R1 and R6 begin to differentiate relatively quickly, while the onset of R7 differen-
tiation occurs a few hours later (Tomlinson and Ready 1987b). As with the R3/R4
photoreceptor pair, recruitment of R1/R6 requires moderate levels of Ras/MAPK
signaling, likely in response to Spi ligand emanating from adjacent R2/R5 and R8
cells (Fig. 4c, a’).

Cell-specific transcription factors with known roles in R1/R6 development include
Svp and BarH1/BarH2 (Bar). Svp appears to have a similar role in R1/R6 specification
as it does in R3/R4: it is required to prevent R1/R6 precursors from developing as
R7 or R8 photoreceptors (Mlodzik et al. 1990; Miller et al. 2008). The functionally
redundant homeodomain transcription factors BarH1/BarH2 (Bar) are expressed in
R1/R6 precursors and are autonomously required in these cells for their development
(Higashijima et al. 1992a, b). In addition, expression of BarH1 in cone cell precursors
can change at least a subset to an R1/R6 fate (Hayashi et al. 1998). However, so far
it has not been investigated what happens to R1/R6 precursors in the absence of
BarH1/BarH2, i.e., whether they fail to develop at all or whether they switch to
some other photoreceptor type. Svp (Fig. 4c, b’), Gl, and Lz are all required for
BarH1/BarH2 expression, and when expressed in all eye precursors Lz is capable of
activating ectopic BarH1/BarH2 expression (Higashijima et al. 1992a; Daga et al.
1996; Crew et al. 1997).
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R7 and the Cone Cells Require Both Egfr and Notch Signaling

Unlike R1–R6, which appear to be recruited via a single signaling pathway—
Egfr/Ras/MAPK signaling in response to Spi released from R8/R2/R5—recruitment
of the R7 photoreceptor and the cone cells requires signaling through two pathways:
Ras/MAPK and Notch (Cagan and Ready 1989a; Freeman 1996). The interplay
between these two pathways determines what cell type will form, and occurs via
two mechanisms, as described in more detail below: (1) Ras/MAPK signaling is
responsible for inducing expression of the Notch ligand Dl in R1/R6 and R7 and (2)
Ras/MAPK signaling relieves repression of photoreceptor development by Notch by
leading to degradation of the Tramtrack (Ttk) repressor, which is a Notch target.

1. Dl transcription initiates in photoreceptors as they are recruited to nascent om-
matidia (Parks et al. 1995). Dl transcription in photoreceptors is under control
of the Egfr signaling pathway via two proteins called Ebi and Sno (Tsuda et al.
2002). Notch signaling is not required either to activate or repress Dl expression
in photoreceptors. However, the Notch pathway transcription factor Su(H) re-
presses Dl expression in this context. In the presence of Egfr signaling, Sno, Ebi,
Su(H), and the Drosophila NCoR/SMRT corepressor homolog Smrter (Smr) form
a complex or complexes that derepress Dl expression in a proteasome-dependent
manner (Tsuda et al. 2002; Marygold et al. 2011). In addition to Egfr signaling,
RBF/Rno regulate Ebi expression (Sukhanova et al. 2011).
All of these proteins are conserved in vertebrates. Very little is known about the
biochemical functions of either Drosophila Sno or its vertebrate orthologs (Coyle-
Thompson and Banerjee 1993; Majumdar et al. 1997; Takano et al. 2011). Ebi,
on the other hand, is the sole fly ortholog of vertebrate Transducin β-like protein 1
(TBL1) and TBL1-related protein (TBLR1), which are F box/WD40-containing
factors. In vertebrates, TBL1 and TBLR1 form part of a corepressor silencing
complex containing the NCoR/SMRT corepressor and HDAC3 (Guenther et al.
2000; Li et al. 2000; Zhang et al. 2002; Yoon et al. 2003; Tomita et al. 2004;
Oberoi et al. 2011).
Additional evidence suggests that upon phosphorylation, TBL1/TBLR1 are in-
volved in the exchange of corepressors with coactivators for a number of
signaling pathway transcription factors, probably by recruiting the ubiquitin-
conjugating/19S proteasome complex via their F box domains (Perissi et al. 2004,
2010). One of the affected transcription factors is CBF1/RBPJ in the Notch sig-
naling pathway, which is orthologous to the sole Drosophila CSL transcription
factor Su(H) (Kao et al. 1998; Perissi et al. 2008, 2010).
Thus, in both flies and vertebrates, Ebi/TBL1/TBLR1 interact with
Su(H)/CBF1/RBPJ and the Smr/NCoR/SMRT corepressor, and in both contexts
Ebi/TBL1/TBLR1 has been linked to transcriptional derepression that involves
the proteasome. However, the vertebrate data do not clarify which kinase(s)
are responsible in particular in vivo developmental contexts for phosphorylating
TBL1/TBLR1, thus resulting in corepressor/coactivator exchange. In addition,
what the targets of derepression may be in vivo are currently unknown.
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In contrast, data from Tsuda et al. 2002 suggest that Egfr signaling is involved
in promoting the Ebi-mediated derepression of Dl during Drosophila eye de-
velopment. However, it has not been established in Drosophila that Ebi is a
corepressor/coactivator exchange factor for Su(H), or how direct the effect is of
Egfr signaling on Ebi function, or of Ebi/Su(H)/Smr on Dl derepression. Ascer-
taining whether MAPK or another kinase directly phosphorylates Ebi, and what
the mechanisms are by which interactions among Ebi, Su(H), and Smr lead to
Dl expression would simultaneously clarify the relationships between Egfr and
Notch signaling, and would shed light on how the switch from corepression to
coactivation occurs in vivo, as opposed to in tissue culture cells.
However, it should be noted that more recent experiments from Drosophila eye de-
velopment have provided evidence that Ebi does not bind directly to Dl-regulatory
elements (Tsuda et al. 2006). Instead, Su(H), Ebi, and Smr are all associated with
regulatory elements in the charlatan (chn) gene, which encodes a C2H2-type
zinc-finger protein with similarity to human NRSF/REST. Chn is likely a direct
repressor of Dl during Drosophila eye development. Thus, the Ebi/Su(H)/Smr
complex may instead be required to repress expression of chn, relieving repres-
sion of Dl by Chn (Tsuda et al. 2006). Future experiments are required to provide
a resolution to this story.

2. The tramtrack (ttk) gene encodes two BTB-Zn finger proteins produced by
alternative splicing: Ttk69 and Ttk88, which have the same N-termini but differ
in their C-terminal DNA-binding domains (Read and Manley 1992; Xiong and
Montell 1993). Loss-of-function mutations in ttk that affect the Ttk88 isoform
result in a very mild phenotype that includes the formation of extra R7 cells in a
few ommatidia (Xiong and Montell 1993; Lai et al. 1996; Yamamoto et al. 1996;
Shi and Noll 2009). Loss of Ttk69 leads to defects in photoreceptor development,
although these occur late in photoreceptor development (Tang et al. 1997; Lai
and Li 1999). Conversely, ectopic Ttk69 or Ttk88 expression in photoreceptors
inhibits their development (Li et al. 1997; Tang et al. 1997; Shi and Noll 2009).
Based on expression of an enhancer trap, ttk is transcribed in both photoreceptors
and cone cells (CCs), but Ttk88 and Ttk69 proteins are expressed in CCs but not
in photoreceptors (Lai et al. 1996, 1997). Thus, either Ttk translation is somehow
prevented, or the Ttk protein is removed from photoreceptor precursors, allowing
them to develop as neurons. For R1/R6/R7, this appears to be accomplished by the
adaptor protein Phyllopod (Phyl), which links Ttk and the ubiquitin ligase Seven
in absentia (Sina), targeting Ttk for degradation by the proteasome (Li et al. 1997,
2002; Tang et al. 1997). Ras/MAPK signaling activates Phyl expression during
R1/R6 and R7 recruitment (Fig. 4c, d’; Chang et al. 1995; Dickson et al. 1995).
Ebi, which functions downstream of Egfr signaling as described above, also
appears to be involved in Ttk degradation (Dong et al. 1999; Boulton et al. 2000).
A recent report (Tomlinson et al. 2011) has shown that Notch signaling regulates
Ttk protein levels, though not ttk transcription. Ttk protein is lower when Notch
activity is reduced, and ectopic N activation results in high levels of Ttk in
R1/R6 and R7 and the loss of R1-/R6- and R7-specific markers. Currently, the
mechanism by which this occurs is unknown.
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Distinguishing the R7 Fate from Other Photoreceptor Types
and Cone Cell Fate

The homeodomain transcription factor Prospero (Pros) is required for various as-
pects of R7 differentiation, and is important for promoting R7 vs. R8 differentiation
(Kauffmann et al. 1996; Cook et al. 2003; Morey et al. 2008). Pros is initially
expressed at low levels in both R7 and cone cell precursors, but is subsequently
upregulated in R7 precursors (Kauffmann et al. 1996), and does not appear to play
a role in cone cell specification (Cook et al. 2003).

A number of transcription factors have been shown to regulate pros transcription
by binding directly to regulatory elements in the pros gene. These include Eya/So
and Gl which as mentioned before are coexpressed in every cell posterior to the
furrow. In addition, direct binding by Lz is required for activating pros transcription,
thus limiting Pros expression to cells that do not join the 5-cell precluster (Hayashi
et al. 2008). In addition, Ras/MAPK pathway transcription factors Yan and Pnt bind
directly to the pros eye enhancer element (Xu et al. 2000).

Combinatorial regulation by the factors listed before appears to be sufficient to
activate initial low levels of pros in R7 and cone cells, but does not explain why
pros is not also expressed at low levels in R1/R6 or why it is upregulated in R7.
However, as described before, Notch signaling is activated in R7 and the cone cells
upon initiation of expression of the Notch transmembrane ligand Dl in the adjacent
R1/R6 cells (Fig. 4c, e’; Parks et al. 1995; Cooper and Bray 2000; Tomlinson and
Struhl 2001; Tsuda et al. 2002; Miller et al. 2009; Tomlinson et al. 2011). Notch
is required to inhibit Svp expression, which is itself an inhibitor of pros expression
(Fig. 4c, f’; Hayashi et al. 2008; Miller et al. 2008). Thus, Svp is expressed in R1/R6,
where Notch signaling is low, and inhibits pros expression. In R7 (and also in cone
cells), Notch signaling is higher, which leads to inactivation of Svp and allows low
levels of pros expression in these cells.

However, as mentioned before, high levels of Notch signaling also lead to high
levels of Ttk, which inhibits photoreceptor development and inhibits high levels of
pros expression (Xu et al. 2000). How, then, do Pros levels increase in R7 precursors,
and how are the R7 precursors distinguished from non-neuronal cone cells? As
detailed below, this appears to occur via an additional boost in Ras/MAPK signaling
via the Sev RTK, whose expression is activated by Notch (Fig. 4c, g’) as well as by a
contribution from the small GTPase Rap1 (Freeman 1996; Freeman 1997; Tomlinson
et al. 2011; Mavromatakis and Tomlinson 2012a, b). High levels of Ras/MAPK and
Notch signaling in the R7 precursor inhibit Svp and Ttk, leading to high levels of pros
expression and to R7-specific differentiation (Fig. 4c, h’; Kauffmann et al. 1996;
Xu et al. 2000).

The Sev RTK (Hafen et al. 1987; Basler and Hafen 1988; Bowtell et al. 1988)
signals through a typical Sos/Ras/Raf/MAPK/Ets pathway (Rogge et al. 1991; Simon
et al. 1991; Dickson et al. 1992b; Fortini et al. 1992; Lai and Rubin 1992; Biggs
et al. 1994; Brunner et al. 1994a, b; O’Neill et al. 1994; Rebay and Rubin 1995). Sev
is expressed in a surprisingly large group of cells given its role in specifying only
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R7: in R3/R4 and the mystery cells at the precluster stage, and, following the second
mitotic wave, at low levels in R1/R6 and at high levels in R7 and the cone cells
(Tomlinson and Ready 1987a). Indeed, constitutive activation of Sev can convert
mystery cells and cone cells to R7s (Basler et al. 1991).

Nevertheless, considerable evidence suggests that Sev function is only required
in the R7 precursor for normal ommatidial development to occur. For instance, in the
absence of Sev function, only R7 precursors are affected: they develop as cone cells
instead (Tomlinson and Ready 1986). In addition, based on mosaic analysis, Sev is
required only in the R7 precursor for its development as an R7; any other cell can be
mutant and still give rise to a normal ommatidium (Tomlinson and Ready 1987a).

The ligand for the Sev RTK is a transmembrane protein called Bride of Sevenless
(Boss), which at the stages at which photoreceptors are recruited is expressed and
required solely in R8 (Reinke and Zipursky 1988; Hart et al. 1990; Krämer et al.
1991; Van Vactor et al. 1991). Several pieces of evidence suggest that Boss/Sev do
not specify R7 fate per se, but instead provide high levels of Ras/MAPK signaling:
(1) when R7 precursors misexpress Ro (R2/R5 fate, see previous discussion) they
develop as outer photoreceptors, but Sev is still required for recruitment (Basler et al.
1990; Kimmel et al. 1990); (2) chimeras containing the Torso extracellular domain
and the Sev intracellular domain are capable of replacing Sev function (Dickson et al.
1992a); and (3) high levels of signaling via the Egfr are capable of replacing Sev
function (Freeman 1996).

Since Boss is a transmembrane ligand, its effect is limited to the cells adjacent to
R8. Thus, the reason that Sev signaling is only activated in R7, even though Sev is
also expressed in R3/R4 and the cone cells, appears to be that the R7 precursor is
the only cell primed and in position to respond to the Boss ligand. For instance, the
cone cell precursors are separated from R8 by intervening cells (Tomlinson 1985;
Tomlinson and Ready 1987b; Wolff and Ready 1993), so that even though they
express the Sev receptor, it never comes into contact with the Boss ligand on R8.

In contrast, R3/R4 precursors express Sev and are in contact with R8. The reason
why R3/R4 precursors fail to develop as R7s appears to be that the timing is off, with
R3/R4 recruitment occurring prior to initiation of Boss expression in R8 (Krämer
et al. 1991; Van Vactor et al. 1991). Interestingly, R7 but not R3/R4 internalize Boss
(Krämer et al. 1991), suggesting that some unknown R3-/R4-specific factor prevents
the Sev–Boss interaction or the endocytosis of Sev–Boss in R3/R4, etc. Given its
role in preventing R3/R4 from developing as R7 or R8, it is possible that Svp is
somehow involved in making R3/R4 cells refractory to the Boss signal.

What about R1/R6? How do they become different from R7? After all, the trio
of cells that comprise the future R1/R6 and R7 photoreceptors join the precluster
at the same time and appear to form an equivalence group (Cooper and Bray 2000;
Tomlinson and Struhl 2001; Miller et al. 2009). However, R1/R6 begin to differentiate
earlier than R7, and thereby express Dl prior to the point at which Dl expression is
initiated in the R7 precursors, and also at higher levels (Parks et al. 1995; Cooper
and Bray 2000). Dl then activates Notch signaling in the R7 precursor. Although
R7 eventually expresses Dl (Parks et al. 1995), and ectopic activation of Notch
is certainly capable of converting R1/R6 to an R7 fate (Cooper and Bray 2000;
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Tomlinson and Struhl 2001; Miller et al. 2009), R1/R6 appear to be inhibited from
receiving the Dl signal from R7, possibly through cis-inhibition (Miller et al. 2009).

Ttk and dpax2 are Required for Cone Cell Development

The four cone cells are the first non-neuronal cells to be recruited into ommatidia.
As with R7 precursors, cone cell precursors are subject to both Egfr and Notch
signaling. Spi from R8, R2/R5 activates moderate levels of Egfr signaling, which is
required for cone cell precursor recruitment (Fig. 4d, a’; Freeman 1996). In addition,
Notch signaling is activated by Dl expressed in R1/R6, R7 (Fig. 4d, b’; Tsuda et al.
2002). As mentioned before, the cone cell precursors express Sev; however, they
do not contact R8 and do not experience a boost in Ras/MAPK signaling as the R7
precursor does. Consequently, Ttk levels remain high in cone cell precursors and
they develop as non-neuronal cells.

The Drosophila Pax2 homolog (dPax2; aka Sparkling (Spa)) is expressed in both
cone cells and primary pigment cells and is required for proper development of
both (Fu and Noll 1997). As with other ommatidial cell type markers, expression
of dPax2 is under combinatorial control: in this case, the Egfr pathway Ets domain
transcription factors (PntP2 and Yan) as well as the Notch pathway transcription
factor Su(H) both bind directly to dPax2 cis-regulatory elements, reflecting the fact
that both Egfr and Notch signaling are required for cone cell fate (Fig. 4d, c’). In
addition, Lz binds directly to dPax2 cis-regulatory elements (Flores et al. 2000).

However, this does not explain why dPax2 is not expressed in the R7 precursor in
which both Ras/MAPK and Notch signaling pathways are also active. In addition,
although dPax2 is required for cone cell development, it is not capable of transforming
photoreceptors to a cone cell fate (Fu and Noll 1997; Shi and Noll 2009). Thus, some
other factor or factors must be involved both in preventing dPax2 expression in R7
and in determining whether a cell becomes a neuron or a cone cell.

The latter factor appears to be Ttk, which, as described before, is known to
inhibit neuronal development. However, until recently it has not been clear what
role Ttk might play in cone cell development: like dPax2, ectopic Ttk is incapable
of converting photoreceptors to cone cells, and ttk1 mutants (which affect only the
Ttk88 isoform) have no apparent affect on cone cell development (Xiong and Montell
1993; Lai et al. 1996; Shi and Noll 2009). In contrast to either ttk1 or dPax2 single
mutants, ttk1; dPax2 double mutants lack cone cells entirely. Moreover, ectopic
coexpression of Ttk88 and dPax2 can transform photoreceptors into cone cells (Shi
and Noll 2009). Thus, cone cell development requires the presence of two factors:
Ttk and dPax2, with Ttk preventing neuronal development and dPax2 promoting
cone cell development.

The E3 ubiquitin ligase complex, composed of Phyl, Sina, and Ebi, is required to
prevent photoreceptors from developing as cone cells and is capable of transforming
cone cells into photoreceptors (Chang et al. 1995; Dickson et al. 1995). Interestingly,



126 J. Curtiss

this complex is not only required to degrade Ttk in photoreceptors, but also to pre-
vent dPax2 in photoreceptors. The effects on dPax2 are at the transcriptional level,
suggesting that the Phyl/Sina/Ebi complex targets a dPax2 transcriptional activator
for degradation (Shi and Noll 2009). These authors speculate that Ebi’s known role
in mediating Su(H)/Smr regulation of gene expression (see previous discussion), but
currently there is no direct evidence for this. In addition to these regulators, there is
an additional unknown repressor of Pax2, which prevents its expression in R1/R6
and R7 (Swanson et al. 2010).

More About Pros and dpax2 in R7 and Cone Cell Development

Another recent report describes findings that suggest that Pros and dPax2 have a
complex interaction with respect to R7 and cone cell development. Recall that Pros
is expressed at low levels in cone cell precursors and at high levels in R7 precur-
sors, while dPax2 is not expressed in R7, but is expressed in cone cell and primary
pigment cell precursors. Whereas removal of either pros or dPax2 function alone
has only minor effects on cone cell recruitment (though dPax2 mutants affect cone
cell differentiation; Fu and Noll 1997; Shi and Noll 2009; Charlton-Perkins et al.
2011), removal of both results in essentially no cone cells developing. On the other
hand, whereas ectopic dPax2 can convert R7s to cone cells, in the absence of dPax2,
ectopic Pros can convert cone cells to R7s (Charlton-Perkins et al. 2011). Thus, Pros
and dPax2 function synergistically to promote cone cell recruitment, but function
antagonistically for R7 versus cone cell development.

Importantly, although as described before pros and dPax2 both require input from
Egfr and Notch signaling pathways for their expression patterns, they also appear to
function in feedback loops that regulate the signaling pathways. For instance, pros
is a known direct target of Egfr signaling (Fig. 4d, d’; Kauffmann et al. 1996; Xu
et al. 2000; Hayashi et al. 2008), but pros is also required for high levels of Egfr
activity, and is capable of upregulating Egfr activity (Charlton-Perkins et al. 2011).
Similarly, dPax2 is a direct target of both Egfr and Notch signaling (Flores et al.
2000; Hayashi et al. 2008) but dPax2 is also required to repress Dl transcription
(Charlton-Perkins et al. 2011). At present, the mechanisms by which this occurs
are unknown. Nonetheless, these data indicate that there is still much to be learned
about signal integration and the interplay between signaling and cell type-specific
transcription factors in the context of R7 versus cone cell specification.

Primary Pigment Cells

Ablation of cone cells, but not of photoreceptor cells, prevents formation of primary
pigment cells, suggesting that signals from the cone cells are required for primary
pigment cell fate (Miller and Cagan 1998). Studies have in fact linked both Egfr and
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Notch signaling to primary pigment cell recruitment (Cagan and Ready 1989a; Parks
et al. 1995; Freeman 1996; Miller and Cagan 1998).

As mentioned above, dPax2 is necessary for primary pigment cell development
as well as cone cell development (Fu and Noll 1997). In addition, the homeodomain
transcription factors BarH1/BarH2, which were described above as having a role in
R1/R6 development, are also required for primary pigment cell development, and
BarH1 misexpression can change a subset of cone cell precursors to primary pigment
cell fate (Higashijima et al. 1992b; Hayashi et al. 1998). The function of dPax2 is
required for BarH1/BarH2 expression in cone cells (Fu and Noll 1997).

Factors involved in dPax2 activation in primary pigment cells are similar to those
in cone cells, with input from Egfr, Notch, and Lz. Egfr signaling leads to Dl
transcription in cone cell precursors via a Sno-Ebi-dependent mechanism, leading
to Notch activation in adjacent primary pigment cells. Notch signaling is required in
primary pigment cell precursors for expression of BarH1. In contrast, Egfr signaling
is not required in primary pigment cell precursors for BarH1 expression (Nagaraj
and Banerjee 2007). Thus, primary pigment cell fate requires direct input from Notch
signaling, while Egfr signaling is required indirectly for primary pigment cell fate
via its role in activating Dl expression in cone cell precursors.

Secondaries and Tertiaries

More cells are generated during the proliferative phases of eye development than will
actually end up in the ommatidial lattice. Following recruitment of photoreceptors,
cone cells and 1◦ pigment cells, the remaining cells, referred to as interommatidial
cells, either become 2◦ or 3◦ pigment cells or bristles, or undergo programmed cell
death (PCD; Cagan and Ready 1989b; Wolff and Ready 1991a).

For 2◦ and 3◦ pigment cells, the decision appears to be made on the basis of whether
a particular cell is in direct physical contact with 1◦ pigment cells: ablation studies
have shown that 1◦ pigment cells and possibly cone cells are required to prevent 2◦
and 3◦ pigment cells from undergoing PCD. In contrast, ablation of photoreceptors
did not have an effect on 2◦ and 3◦ pigment cell recruitment (Miller and Cagan 1998).
These data suggest that factors intrinsic to and/or signaling among interommatidial
cells promote PCD, and that a signal from the 1◦ pigment/cone cells allows survival
and differentiation as a 2◦ or 3◦ pigment cell.

Notch promotes PCD of interommatidial cells, because reducing Notch function
results in a loss of PCD (Cagan and Ready 1989a; Miller and Cagan 1998). Notch
appears to function within the interommatidial cells to promote PCD (Miller and
Cagan 1998). Accordingly, during the stage of 2◦ or 3◦ pigment cell recruitment
Notch is expressed in all interommatidial cells, but apparently not in other ommatidial
cells (Fehon et al. 1991; Kooh et al. 1993). However, it is not clear what ligand is
responsible for activating Notch in this context: although Dl is expressed in a subset
of interommatidial cells, reduction of Dl function does not appear to result in loss of
PCD (Parks et al. 1995).
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On the other side, high levels of Egfr signaling are required for development of
2◦ or 3◦ pigment cells and to prevent excessive PCD. Conversely, activation of the
Egfr/Ras pathway during pupal eye development blocks PCD (Freeman 1996; Miller
and Cagan 1998; Sawamoto et al. 1998). Consistent with Egfr signaling being the
signal from 1◦ pigment/cone cells that allows interommatidial cell survival and 2◦
or 3◦ pigment cell differentiation, the Egfr ligand Spi is expressed at high levels in
cone cells and at lower levels in 1◦ pigment cells, while Egfr is expressed at high
levels in interommatidial cells (Miller and Cagan 1998).

The mechanism by which Egfr signaling inhibits PCD in interommatidial cells
appears to be negative regulation of the PCD activator head involution defective
(hid) both transcriptionally and posttranslationally (Grether et al. 1995; Bergmann
et al. 1998; Kurada and White 1998; Wang et al. 1999; Goyal et al. 2000; Meier
et al. 2000; Yu et al. 2002; Bao 2010). In contrast, the mechanism by which Notch
signaling promotes PCD is not clear in this context. It is also not known how the
expression patterns of Notch, Egfr, and their ligands are established. Although in
some types of cancer cells Notch signaling has been shown to inhibit PCD (Axelson
2004; Leong and Karsan 2006), in other types of cancer cells activation of Notch
signaling has been linked with PCD promotion (Greenblatt et al. 2007; Zheng et al.
2007; Platta et al. 2008; Ou et al. 2012). Thus, study of the pro-PCD effects of
Notch signaling during Drosophila eye development will provide clues about the
mechanisms by which Notch signaling can promote PCD in other contexts.

Unlike for other types of ommatidial cells, there are no known 2◦ or 3◦ pigment
cell-specific transcription factors that define these cell types and drive their differen-
tiation. Instead, 2◦ and 3◦ pigment cells appear to acquire their fates solely by cell
sorting. Drosophila Neph1 and Nephrin homologs are expressed in complementary
patterns during pupal eye development: Neph1 homologs Roughest (Rst) and Kin
of irre (Kirre) are expressed in interommatidial cells, while the Nephrin homologs
Hibris (Hbs) and Sticks and stones (Sns) are expressed in cone cells and 1◦ pigment
cells (Ramos et al. 1993; Reiter et al. 1996; Bao and Cagan 2005). Heterophilic
interactions between Neph1 and Nephrin homologs are required to enable contact
between the cone/1◦ pigment cells and the interommatidial cells, leading to sorting
of the interommatidial cells into a single row surrounding each ommatidium, and
in maintaining separation between ommatidia (Wolff and Ready 1991a; Reiter et al.
1996; Bao and Cagan 2005; Bao 2010; Bao et al. 2010). It is currently not clear what
regulates expression of these molecules in complementary patterns.
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Cell Polarity in Drosophila Retina

Sang-Chul Nam

Differentiation and Morphogenesis of Drosophila Retina

The compound eye of Drosophila is made up of about 800 ommatidia, each of which
comprises a cluster of eight elongated columnar photoreceptor cells covered by a thin
layer of pigment cells (Kumar and Ready 1995; Longley and Ready 1995). These
clusters of eight photoreceptor cells (R1–R8) are made in the eye disc epithelium
during the third-instar larval stage, before photoreceptor morphogenesis takes place.
Along the length of each ommatidial column extends a light sensitive, tightly packed
array of 60,000 microvilli called a rhabdomere (Kumar and Ready 1995; Longley
and Ready 1995). At 37 % pupal development (PD) stage, the apical region of each
of the photoreceptor cells is involuted by 90◦, reorienting the apical domains toward
the center of the cluster (Fig. 1; Kumar and Ready 1995; Longley and Ready 1995).
At this time, the apical membrane domain, having been localized at the center of the
photoreceptor cluster, is now surrounded immediately by adherens junctions (AJs),
followed by the basolateral domains (Fig. 1; Izaddoost et al. 2002; Pellikka et al.
2002). The formation of the rhabdomere from the apical surface of the photoreceptor
cells begins at 55 % PD and involves a series of complex cell–cell signaling inter-
actions and the rapid expansion of the plasma membrane (Kumar and Ready 1995;
Longley and Ready 1995). Because of the enormity of this growth/elongation and
the rapidity with which it occurs, even small signaling defects can cause dramatic
phenotypic consequences in the developing eye.

Apico-basal Cell Polarity Genes

The establishment and maintenance of cell polarity is an essential feature of all
eukaryotic cells and is critical for the integrity of the organism. Recent studies have
begun to reveal the molecular and genetic basis of apical–basal cell polarity by
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Fig. 1 Morphogenesis of Drosophila pupal photoreceptors. a Side view of developing photore-
ceptors at midstage of pupal development. The photoreceptors elongate from distal to proximal
(arrow). b Cross-section of midstage pupal photoreceptors. Apical domain (green) localizes apical
to AJ (red) in the center of a photoreceptor cluster

identifying important proteins involved in cell polarity determination and junction
formation (Bilder 2001; Ohno 2001). Accumulating evidence suggests that impor-
tant cues for the establishment of cell polarity are provided by the function of at least
four evolutionarily conserved protein complexes. These are Crumbs (Crb) complex
of Crb, Stardust (Sdt)/Pals-1-associated tight junction protein (Patj; Bachmann
et al. 2001), partitioning-defective (Par) complex of Par-6/atypical protein kinase
C (aPKC)/Par-3 (Ohno 2001), Scribble complex of Scrib/Dlg/Lgl (Bilder and
Perrimon 2000), and Yurt complex of Yurt/Coracle/Neurexin-IV/Na-K-ATPase
(Laprise et al. 2009). The Crb and Par complexes localize at the apical membrane
domains or AJs, but the Scribble and Yurt complexes reside on the basolateral
domains. Furthermore, there is the fifth complex of Par-1/Lkb1(Par-4)/AMPK. All
five cell polarity complexes contribute to establish, maintain, and regulate the cell
polarity through synergic and antagonistic collaborations (Laprise and Tepass 2011;
Tepass 2012; Tepass et al. 2001; Table 1).

Crb/Sdt/Patj Complex in Retina Development

Crb complex including the Crb, Sdt, and Patj were discovered in Drosophila (Bhat
et al. 1999; Tepass and Knust 1993). The crb and sdt genes were identified geneti-
cally as essential components for organizing apical–basal polarity and AJs in early
embryonic epithelia (Bachmann et al. 2001; Bhat et al. 1999; Hong et al. 2001;
Tepass et al. 1990). Genetic interaction studies suggested that sdt acts downstream
of crb in the same pathway (Grawe et al. 1996; Tepass and Knust 1993). Molecular
analysis of Crb and Sdt has shown that they are directly associated in the apical
plasma membranes of epithelial cells (Bachmann et al. 2001; Hong et al. 2001). Crb
is a transmembrane protein with a long extracellular domain and a short C-terminal
cytoplasmic tail that recruits Sdt and Patj through direct biochemical interactions.
(Hong et al. 2001; Roh et al. 2002) and now it is treated as a single protein complex
(Fig. 2).
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Table 1 Cell polarity genes and their regulators affecting retina morphogenesis

Drosophila References Vertebrate References

crb Chartier et al. 2012; Izaddoost
et al. 2002; Johnson et al.
2002; Nam and Choi 2003;
Pellikka et al. 2002; Pocha
et al. 2011

CRB1 den Hollander et al. 1999;
Mehalow et al. 2003;
Pellikka et al. 2002; Zou
et al. 2012

sdt Hong et al. 2003; Nam and
Choi 2003; Nam et al. 2007

Pals1, nagie oko Cho et al. 2012; Park et al.
2011; Wei and Malicki 2002

patj Nam and Choi 2006; Richard
et al. 2006; Zhou and Hong
2012

baz Hong et al. 2003; Nam and
Choi 2003; Nam et al. 2007;
Walther and Pichaud 2010

par-6 Nam and Choi 2003; Nam
et al. 2007

apkc Nam and Choi 2003; Nam
et al. 2007

Heart and soul Horne-Badovinac et al. 2001

par-1 Nam et al. 2007
pp2a Nam et al. 2007
lkb1 Amin et al. 2009
ampk Amin et al. 2009; Poels et al.

2012; Spasic et al. 2008
moesin Karagiosis and Ready 2004
yurt Laprise et al. 2006 Mosaic eyes Hsu et al. 2006; Jensen and

Westerfield 2004
pi3k Pinal et al. 2006
pten Pinal et al. 2006
cofilin Pham et al. 2008
abl Xiong and Rebay 2011
wasp Zelhof and Hardy 2004
myosin V Li et al. 2007; Pocha et al. 2011
rab11 Satoh et al. 2005; Wu et al.

2005
sec6, sec8 Beronja et al. 2005
a-spec Chen et al. 2009
kasrt Chen et al. 2009
β-spec Chen et al. 2009
spastin Chen et al. 2010
cnn Chen et al. 2011
kinesin-1 League and Nam 2011
kinesin-2 Mukhopadhyay et al. 2010 KIF3A Avasthi et al. 2009; Jimeno

et al. 2006a; Jimeno et al.
2006b; Lopes et al. 2010

shot Mui et al. 2011
eyes shot Husain et al. 2006; Zelhof et al.

2006
Spacemaker Abd El-Aziz et al. 2008; Collin

et al. 2008
prominin Nie et al. 2012; Zelhof et al.

2006
Nie et al. 2012

chaoptin Zelhof et al. 2006
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Fig. 2 The Par and Crb complexes and their interactions. a Domain organization of aPKC, PAR-
6, and Baz. The Phagocyte oxidase/Bem1 (PB1) domain binds other PB1 domains. PSD-95,
Discs large, and Zona occludens-1 (PDZ) domain binds other PDZ or PDZ-binding motif (PBM).
CDC42/Rac-interactive-binding (CRIB) domain binds a small GTPase in GTP-bound state (the
CRIB domain of PAR-6 is not sufficient enough, so is referred to as a “semi-CRIB” domain). An
aPKC-binding domain in PAR3 is phosphorylated by the kinase. The amino terminal conserved
region (CR1) is required for oligomerization of Baz. Single asterisks (*) indicate the Par-1 phospho-
rylation sites, and double asterisk (**) indicates the aPKC phosphorylation site in Baz. b Domain
organization of Crb, Sdt, and Patj. Crb has a transmembrane domain (TM), juxtamembrane (JM),
and PBM. Guanylate kinase (GUK) is a protein-binding domain. Lin2 and Lin7 (L27) domain bind
MAGUK recruitment element (MRE) domain. Dashed lines indicate regions of the proteins that
interact with one another

The apical–basal polarity is prominent in the photoreceptors due to the photosen-
sitive organ, rhabdomere, formed on the apical surface of the cell. During pupal eye
development, the apical domain of differentiating photoreceptors undergoes dynamic
reorganization of the cell shape and size, resulting in the formation of rhabdomeres
(Kumar and Ready 1995; Longley and Ready 1995). Recent studies have shown
that Crb plays important roles in morphogenesis of the photoreceptor rhabdomere,
providing evidence that at least some proteins involved in the apical–basal polarity of
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embryonic epithelia have essential roles in the organization of photoreceptors (Izad-
doost et al. 2002; Pellikka et al. 2002). Crb is specifically localized to the rhabdomere
stalk, a membrane domain that is juxtaposed apically to the emerging rhabdomere
and basally to the AJ. Crb is required for positioning and growth of rhabdomere and
AJ during the critical period of photoreceptor extension along the proximal–distal
axis of the retina. Further analysis of Crb function has shown that the intracellular
domain is necessary for the recruitment of AJ as well as localization of rhabdomere
stalk (Izaddoost et al. 2002).

Importantly, Crb’s mammalian homolog localizes to the region corresponding to
the rhabdomere stalk membrane, that is, the inner segment between the outer segment
(analogous to the rhabdomere) and theAJ of rod photoreceptors (Pellikka et al. 2002).
Furthermore, mutations in CRB1, one of Crb homologs in human, cause severe retinal
dystrophies such as retinitis pigmentosa type 12 (RP12; den Hollander et al. 1999)
and Leber congenital amaurosis (den Hollander et al. 1999). These studies suggest
that Crb and other cell polarity components involved in the specification of apical
membrane of photoreceptors might be evolutionarily conserved. Crb’s mammalian
homolog, Crb1, was found to play an essential role in retinal differentiation in mice
(den Hollander et al. 1999; Mehalow et al. 2003) and in zebrafish (Zou et al. 2012).
Crb is also associated with light-induced retinal degeneration (Johnson et al. 2002)
and superoxide-dependent retinal degeneration (Chartier et al. 2012). The Crb’s
degeneration protection was found to link with rhodopsin 1 trafficking (Pocha et al.
2011) and Rac1-NADPH oxidase complex activity (Chartier et al. 2012).

Sdt also shows colocalization with Crb specifically to the rhabdomere stalk re-
gion of the photoreceptor in pupal retina (Hong et al. 2003; Nam and Choi 2003).
In the mutant of sdt, Crb and Patj were almost completely absent in rhabdomere
stalks. In contrast, in the mutant of crb, Sdt was mislocalized together with Patj from
the rhabdomere stalk (Nam and Choi 2003). These results provide an evidence of
the interdependent function of Crb complex proteins in the developing retina. Std’s
vertebrate homolog, Pals1, was also reported to play important roles in retinal differ-
entiation (Cho et al. 2012; Park et al. 2011) using a conditional knout-out technique.
Previously, Sdt’s zebrafish homolog, Nagie oko, was found to localize to the apical
cell junctions of the retinal neuroepithelium and have an essential role in retinal
differentiation (Wei and Malicki 2002).

Crb and Sdt are required for rhabdomere elongation andAJs during pupal photore-
ceptor morphogenesis (Hong et al. 2003; Izaddoost et al. 2002; Nam and Choi 2003;
Pellikka et al. 2002). Patj binds Sdt to form a conserved heterotrimeric Crb complex
(Roh et al. 2002). Recently, Patj’s function in photoreceptor morphogenesis was
clearly demonstrated. First, synthetic hypomorph of patj showed late-onset degener-
ation of photoreceptor cells in adult eye although the mutant eyes develop relatively
normally (Nam and Choi 2006; Richard et al. 2006). Second, analysis of synthetic
null mutant of patj null and patjRNAi demonstrated that Patj is essential for early de-
velopment of the animal and for morphogenesis of AJ and apical membrane domains
of photoreceptor cells during PD (Nam and Choi 2006). The role of patj in retina
development was further demonstrated using a knock-out mutant of patj (Zhou and
Hong 2012). In addition to Crb, Sdt and Patj were also associated with progressive
light-induced retinal degeneration (Berger et al. 2007; Richard et al. 2006).
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Par-3/Par-6/aPKC Complex in Cell Polarity

The Par-3/Par-6/aPKC complex is an evolutionarily conserved regulator of cell po-
larity that plays a central role in forming and maintaining cell junctions in early
embryonic epithelial cells and in determining asymmetric cell division (Ohno 2001).
The first discovery of Par-3 was done in the Par phenotype, which was manifested in
the first embryo cell division in C. elegans (Kirby et al. 1990) . The normal C. elegans
embryo goes through the asymmetric cell division to generate the differential cell fate
of the two daughter cells. However, the par mutants show the symmetric cell division
based on the loss of the polarized distribution of fate determinants. Based on this
initial screening, several par mutant genes including par-3 and par-6 were isolated
(Kirby et al. 1990). Later, through biochemical analysis, Par-3, Par-6, and aPKC were
found to bind each other directly through the protein–protein interaction (Fig. 2);
therefore, the single protein complex hypothesis was established (Macara 2004a, b).
This single complex is called by a Par complex composed of Par-3(Baz)/Par-6/aPKC
(Fig. 2). Baz contains three PDZ domains that can mediate protein–protein interac-
tions with Par-6 (Petronczki and Knoblich 2001) and aPKC (Wodarz et al. 2000) and it
is thought that these three proteins form a polarity complex (Macara 2004a, b; Fig. 2).

The cross-talk between the Par complex and Crb complex was identified through
the direct protein–protein interactions. The Sdt–Par-6 (Hurd et al. 2003), Crb–aPKC
(Sotillos et al. 2004), Sdt–Baz (Krahn et al. 2010; Sotillos et al. 2004), or Patj–Par-6
(Nam and Choi 2006) binding causes the physical interaction between the Crb and
Par complex, and this interaction affects the tight collaboration between these two
complexes to generate cell polarity or organ morphogenesis (Hurd et al. 2003; Nam
and Choi 2006; Sotillos et al. 2004).

Par-3(Baz)/Par-6/aPKC in Retina Development

Par-6/aPKC colocalize with Crb complex proteins in photoreceptor cells during pu-
pal stages. Both Par-6 and aPKC colocalized with Crb/Sdt/Patj at the rhabdomere
stalks. In contrast, Baz localized at the AJ of photoreceptors basal to the rhabdomere
stalk (Hong et al. 2003; Nam and Choi 2003). In baz, par-6, or apkc mutant photore-
ceptors, Crb/Sdt/Patj and AJ were strongly reduced and/or mislocalized (Hong et al.
2003; Nam and Choi 2003). These results demonstrate that Par-6/aPKC/Baz complex
proteins are essential for proper localization of Crb complex and AJ components. In
contrast, Par complex remained in the membrane although mislocalized, in the ab-
sence of Crb complex (Nam and Choi 2003). These data suggest that Par complex acts
upstream to the Crb complex. The hierarchy among the Par complex of Baz/Par-6/
aPKC was further examined and found that Baz acts upstream to Par-6/aPKC (Nam
et al. 2007). Therefore, Baz is a nodal component for apical targeting of Par and Crb
complexes (Nam et al. 2007).

The knowledge of Par complex in vertebrate eyes is very limited except the aPKC
in zebrafish retina (Horne-Badovinac et al. 2001). The heart and soul mutation in
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Fig. 3 Localization of Crb and Par complexes in Drosophila photoreceptors. a Schematic view of
developing eye disc cell in third-instar larvae. Apical domains of photoreceptors (green) face the
retinal surface and are held together by the AJ (red). b Longitudinal section of a photoreceptor
cluster in midpupal stage. At this stage, the apical domain (green) and the AJ are oriented toward
the center of the ommatidial cluster, as photoreceptors have rotated 90◦ inward during early pupal
stage. c Tangential section was indicated by the dashed line in b. The tangential section of midpupal
photoreceptors shows the apical domains (green) face into the center and surrounded by the AJ
(red). All the Crb complex (Crb/Sdt/Patj) and Par-6/aPKC of Par complex localize at the apical
domain (green), whereas Baz localizes at AJ (red) with Armadillo (Arm, β-Catenin homolog) and
E-cadherin (E-cad)

aPKC lambda (an ortholog of aPKC) caused AJ defects in zebrafish retina (Horne-
Badovinac et al. 2001). The localization of Par-3 in mouse retina was examined
(Sottocornola et al. 2010), but the functional role of Par-3 in vertebrate retina is not
known, yet.

Localization of Baz at AJs of Photoreceptors

Vertebrate Par-3, Baz homolog, localizes to the apical tight junction in vertebrate
epithelial cells (Izumi et al. 1998; Suzuki et al. 2001). In most models, Baz, aPKC,
and Par-6 form a complex to regulate epithelial polarity. In mammalian cells, this
complex localizes above AJ at tight junctions (Nelson 2003). Considering aPKC and
Par-6 can bind Baz (Hutterer et al. 2004; Wodarz et al. 2000), it was hypothesized
that they might also localize to apical membrane domain in this context. Thus, the Par
complex localization in the midstage of pupal developing eyes was examined (Hong
et al. 2003; Nam and Choi 2003). Surprisingly, Baz localizes at the AJ (Hong et al.
2003; Nam and Choi 2003), but Par-6/aPKC localize at the apical membrane domain,
Drosophila homolog of tight junction. Also, the Crb/Sdt/Patj, a Crb complex, localize
at the apical domain (Nam and Choi 2003). Therefore, all the Crb and Par complex
localize at the apical domain, except the Baz (Fig. 3).



148 S.-C. Nam

Previously, it is reported that the apical domain and AJ domain are controlled
by the intracellular domain of Crb (Izaddoost et al. 2002; Klebes and Knust 2000).
Ectopic expression of CrbJM mislocalized the AJ, but CrbPBM mislocalized the apical
domain, respectively (Izaddoost et al. 2002). Using this independent mislocalization
of apical and AJ driven by Crb misexpression, the localization of Baz at AJ was
further examined (Nam and Choi 2003). Not only the Baz localize at AJ, but also
Baz was recruited together with AJ to ectopic membrane sites by misexpression of
CrbJM, suggesting that Baz is an integral component of AJ (Nam and Choi 2003).
However, Baz is not recruited by CrbPBM, whereas Par-6 and aPKC can be ectopically
recruited by CrbPBM rather than CrbJM. Therefore, Baz appears to be recruited to AJ
independently of Par-6/aPKC (Nam and Choi 2003).

Intriguingly, despite its specific localization to AJs, loss of Baz resulted in most
severe disruption of AJ as well as the more apical domain (Hong et al. 2003; Nam
and Choi 2003; Nam et al. 2007). Therefore, the result that baz mutation causes
loss of Par-6/aPKC, Crb/Sdt/Patj, and AJ support the crucial role of Baz in the
initial step of cell polarization (Nam and Choi 2003; Nam et al. 2007). However,
the distinct localization of Baz from Par-6/aPKC in the photoreceptors suggested
that Baz might be targeted to the membrane with Par-6 but be sorted out from Par-6
in subsequent steps of polarization to remain in the AJs (Choi et al. 2007; Nam and
Choi 2003; Nam and Choi 2006). Furthermore, the localization of Baz at AJ is not
in the specific pupal stage. The Baz localizes at the AJ in the early larval eye discs
and does not overlap with the apical domain on which the other polarity components
localize (Nam and Choi 2003).

The initial finding of Baz at AJ and its separate localization from Par-6/aPKC
in the larval and pupal eyes discs (Hong et al. 2003; Nam and Choi 2003) was
confirmed in early epithelia cells in Drosophila embryo where epithelial cells first
form (Harris and Peifer 2004; Harris and Peifer 2005). Early in cellularization,
Baz colocalizes with AJs rather than aPKC or Par-6. At gastrulating embryos, Baz
continues to colocalize with AJ in the epidermis (Harris and Peifer 2004) and in
the posterior midgut invagination. The aPKC remains apical to AJs in both tissues
whereas PAR-6 becomes enriched above Baz, colocalizing with aPKC in the extreme
apical domain. Thus, most cortical Baz remains segregated from aPKC and PAR-6
during gastrulation and retains close AJ association. Baz was previously found to
localize above AJs at stage 14 when the epithelium is fully polarized (Wodarz et al.
2000). This was reexamined (Harris and Peifer 2004; Harris and Peifer 2005) and
found some segregation at stages 11 and 12 that became more pronounced at stage
14 and later. At stage 14, segregation was most evident in the gut and in segmental
furrows of the epidermis. In each case, Baz appears to localize just apical to AJs.
However, PAR-6 continues to localize just apical to Baz. Thus, in late-stage epithelia,
the apical domain is stratified into three regions; the apical, “midapical,” and the AJ
(Harris and Peifer 2004, 2005). Previous models placedAJs at the top of the epithelial
polarity establishment hierarchy (Drubin and Nelson 1996). However, it was found
that Baz establishes apical complexes along cellularization furrows in the absence
of AJs, and that Baz is required for recruiting AJ into apical spot junctions. These
results show that Baz acts upstream of AJs as epithelial polarity is established during
Drosophila cellularization (Harris and Peifer 2004, 2005).
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Localization of Baz is Controlled by Par-1 Kinase and PP2A
Phosphatase

As Par-1 kinase activity is important for inducing Baz mislocalization and Baz is
a biochemical substrate for Par-1 protein kinase (Benton and St Johnston 2003),
it is possible that Par-1 phosphorylation of Baz may be responsible for the mislo-
calization of AJ and apical markers. To test this possibility, GFP-tagged wild-type
Baz (BazWT) was expressed in differentiating retinal cells and examined whether the
GFP-Baz proteins are normally localized to AJ or are recruited to ectopic positions
in the photoreceptor cells (Choi et al. 2007; Nam et al. 2007). Most GFP-BazWT

were severely displaced to apical or basolateral regions. The apical marker was also
diffused and mislocalized basolaterally from the apical domain, implying the dis-
ruption of apical basal cell polarity (Choi et al. 2007; Nam et al. 2007). However,
the unphosphorylatable Baz by Par-1 having mutations at the Par-1 phosphorylation
sites, was predominantly localized to the normal AJ positions basal to the apical
domain (Choi et al. 2007; Nam et al. 2007).

Furthermore, the phosphorylation of Baz by Par-1 was dephosphorylated by
Protein phosphatase 2A (PP2A), therefore, the localization of Baz at AJ is controlled
by Par-1 phosphorylation and PP2A dephosphorylation (Choi et al. 2007; Nam
et al. 2007). The dephosphorylation of Baz by PP2A and its antagonistic function
against the Par-1 was further confirmed in Drosophila neuroblasts polarity (Krahn
et al. 2009).

Separation of Baz from Par-6/aPKC is Triggered
by Crb and aPKC

Baz, PAR-6, and aPKC form a complex that plays a key role in the polarization of
many cell types and cell polarity- dependent organ morphogenesis. In epithelial cells
including the photoreceptors (Hong et al. 2003; Nam and Choi 2003) and embryo
(Harris and Peifer 2004, 2005), however, Baz localizes at AJ below PAR-6 and
aPKC. Recently, the molecular separation mechanism of Baz from Par-6/aPKC was
discovered (Morais-de-Sa et al. 2010). The mechanism is that Baz is excluded from
the apical Par-6/aPKC domain in epithelia by aPKC phosphorylation, which disrupts
the Baz–aPKC interaction (Morais-de-Sa et al. 2010). Removal of Baz from the
Par-6/aPKC complex also requires the Crb complex, which prevents the Baz–PAR-6
interaction. In the absence of Crb or aPKC phosphorylation of Baz, mislocalized
Baz recruits AJ components apically, leading to a loss of the apical domain and
an expansion of lateral (Morais-de-Sa et al. 2010; Fig. 2). This molecular sorting
mechanism of Baz from Par-6/aPKC was also confirmed in developing pupal
photoreceptor (Walther and Pichaud 2010). Furthermore, the molecular sorting
mechanism of Baz was proposed as an apical boundary establishment during the
photoreceptor polarity remodeling during the pupal eye development. However, the
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Fig. 4 Baz localization at AJ
from Par-6/aPKC and Crb
complexes. Par-6 and Crb
complex (Crb/Sdt/Patj)
proteins are targeted to the
apical region of epithelia
cells, except that Baz is
localized to AJ (red) between
the apical (green) and the
basolateral domains. Baz
protein phosphorylated by
aPKC at the S980 aPKC site
causes the Baz separation
from the apical
Baz/Par-6/aPKC complex,
thereby the Baz is localized to
AJ. The PP2A phosphatase
antagonizes aPKC kinase
function by
dephosphorylating Baz

separation of Baz from Par-6/aPKC and Crb complex is not unique feature in pupal
eyes, since the same separations were found in developing earlier larval eyes (Nam
and Choi 2003), follicles cells (Morais-de-Sa et al. 2010) and embryos (Harris and
Peifer 2004, 2005). There is a possibility of PP2A as a negative regulator against
the aPKC on Baz, since the antagonistic relationship between aPKC and PP2A was
found in Drosophila neuroblast (Chabu and Doe, 2009; Ogawa et al. 2009) and
mammalian epithelia (Nunbhakdi-Craig et al. 2002; Figs. 2 and 4).

FERM (band 4.1, ezrin, radixin, moesin) Proteins in Retina

Crb has a highly evolutionary conserved short cytoplasmic tail that contains a PDZ
domain-binding site (PBM) at its C-terminus and a juxtamembrane region (JM)
that was predicted to act as a FERM domain-binding site (Klebes and Knust 2000;
Fig. 2). Both PBM and JM are important for the function of Crb in retina (Izaddoost
et al. 2002). However, the PBMs recruit the apical stalk membrane, in contrast,
the JM control the AJ, respectively (Izaddoost et al. 2002). Based on the JM has a
potential FERM-binding sequence, therefore, it was postulated that a FERM protein
will control the AJ through the JM of Crb (Izaddoost et al. 2002). Two FERM
proteins were suggested as potential candidates for mediating this interaction
(Karagiosis and Ready 2004; Laprise et al. 2006). One of the FERM proteins is
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Moesin. It localizes to rhabdomere base, and is essential for the apical membrane
and rhabdomere (Karagiosis and Ready 2004). The other FERM protein is Yurt,
which localizes at the basolateral membrane domain. It transiently localizes to the
apical stalk membrane during a very late stage of pupal eye development. Yurt
negatively regulates Crb since yurt mutants show an apical membrane expansion
similar to Crb overexpression (Laprise et al. 2006). Although the roles of FERM
proteins of Mosein and Yurt are clear on the Crb in the retinal development, the
evidence of the Moesin/Yurt’s role on Crb–AJ linkage is not clear, yet. The zebrafish
gene mosaic eyes is a homolog of Yurt (Jensen and Westerfield 2004). The mosaic
eyes mutation in zebrafish retina showed a retinal junction phenotype (Christensen
and Jensen 2008; Hsu et al. 2006; Jensen and Westerfield 2004).

Role of LKB1 (Par-4), AMPK

LKB1 (Par-4) is essential for the correct distribution of polarity determinants during
early embryo development in C. elegans (Morton et al. 1992; Watts et al. 2000) and
Drosophila (Martin and St Johnston 2003). Recently, the role of LKB1 (Par-4) was
found to have an essential role in apical junction and AJ regulation in the pupal retina
morphogenesis (Amin et al. 2009). Especially, the loss of LKB1 caused the mixing
of the apical domain and the basolateral domains, which is a true cell polarity defect
(Amin et al. 2009).

Surprisingly, AMPK was found to be dispensable in retinal development (Amin
et al. 2009; Spasic et al. 2008). Furthermore, it was found that LKB1 does not
act primarily through AMPK to regulate cell polarity in the retina (Amin et al.
2009), although it was known that LKB1 acts primarily through the AMP kinase
to establish and/or maintain cell polarity in other system or organ (Lee et al. 2007;
Mirouse et al. 2007). But, it was found that AMPK was crucial to maintain the adult
Drosophila photoreceptor from the neurodegeneration caused by light-induced
excitation (Spasic et al. 2008). Furthermore, energy depletion in ampk mutants
resulted in increase of autophagy and promotion of neurodegeneration in Drosophila
retina (Poels et al. 2012).

Role of Phosphatidinositol Lipids in Retina Morphogenesis

The apical and basolateral surfaces of the cell have completely different protein and
lipid compositions and so the cell has mechanisms to specifically sort these com-
ponents to one surface or the other. The lipids phosphatidylinositol bisphosphase
(PIP2) and phosphatidylinositole triphosphate (PIP3) are crucial determinants of the
identities and formation of the apical and basolateral surfaces, respectively. PIP2
localizes at the apical membrane domain and PIP3 localizes at the basolateral mem-
brane domain, respectively (Bryant and Mostov 2008; Martin-Belmonte and Mostov
2007). Phosphatidylinositol 3-kinase (PI3K) convert PIP2 to PIP3 and phosphatase
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and tensin homolog (PTEN) convert PIP3 to PIP2 (Di Paolo and De Camilli 2006;
Gassama-Diagne et al. 2006; Martin-Belmonte and Mostov 2007).

In developing midpupal photoreceptors, PIP3 was enriched in the whole apical
membrane. The PIP3 was later restricted into the rhabdomere in the late pupal pho-
toreceptors (Pinal et al. 2006). In contrast, PIP2 was mainly localized in the AJ as
well as the apical and basolateral domains at lower levels (Pinal et al. 2006). There-
fore, the appropriate control of the PIP3 levels in the cell membrane may be required
to define the apical rhabdomere area (Pinal et al. 2006).

Trafficking and Secretion During Retina Morphogenesis

During retina development in pupal stage, a massive trafficking from cytoplasm to
apical membrane domains is essential. Therefore, cellular-trafficking components
were postulated to involve the rhabdomere elongation and growth. Rab11, a small
GTPase implicated in membrane traffic, in the trans-Golgi network, cytoplasmic
vesicles, and the rhabdomere base (Satoh et al. 2005). When Rab11 activity is re-
duced, rhabdomere morphogenesis was inhibited. Then, it was proposed that Rab11
has a role in the post-Golgi transport to the rhabdomeric membranes of photorecep-
tors. Furthermore, other exocytosis genes of Sec6, Sec8, and Sec15 were identified
to be involved in the rhabdomere morphogenesis (Beronja et al. 2005; Li et al. 2007;
Wu et al. 2005). However, cell polarity protein targeting was not affected in the
absence of the Sec6 (Beronja et al. 2005). Therefore, the targeting of the cell polarity
proteins to the membrane may be independent from the exocytosis.

Role of Spectrins in Membrane Domain Modulations

Spectrins are major proteins in the cytoskeletal network of most cells. In Drosophila,
βHeavy-Spectrin encoded by karst gene functions together with Crb during photore-
ceptor morphogenesis (Pellikka et al. 2002). Recently, it has been shown that Karst
colocalizes with Crb at the rhabdomere stalk and interacts with Crb (Medina et al.
2002; Pellikka et al. 2002). The rhabdomere stalk length is reduced in photorecep-
tors of karst mutant adult eyes. This phenotype was enhanced by the presence of one
copy of crb mutation, indicating that karst and crb genetically cooperate for rhab-
domere stalk maintenance. The rhabdomere stalk localization of Karst depends on
Crb (Pellikka et al. 2002). While Karst localizes apically, β-Spectrin is preferentially
distributed in the basolateral region (Chen et al. 2009). Overexpression of the baso-
lateral β-Spectrin caused a strong shrinkage of apical membrane domains, and loss
of the β-Spectrin causes an expansion of apical domains, implying an antagonistic
relationship between β-Spectrin and Karst. These results indicate that Spectrins are
required for controlling photoreceptor morphogenesis through the modulations of
cell membrane domains (Chen et al. 2009).
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Function of Actin Cytoskeleton in Retina Morphogenesis

Drosophila photoreceptors undergo massive elongation during PD (Fig. 1). This
elongation includes the rhabdomere elongation. The rhabdomere is a stabilized actin
cytoskeleton, therefore, it was postulated that the actin cytoskeleton might provide an
important role in this elongation step. Recently, cofilin/actin-depolymerzing factor
was found to be required for this process (Pham et al. 2008). Furthermore, Abel-
son (Abl) tyorisine kinase, a regulator of actin cytoskeleton, was found to be an
essential role for this rhabdomere elongation step (Xiong and Rebay 2011). How-
ever, there is no direct evidence between the actin cytoskeleton and the cell polarity
genes, yet. Wiskott–Alrich syndrome protein (WASP) and CYFIP/Sra-1 (a member
of the WAVE/SCAR complex and regulator ofActin remodeling) were suggested and
identified as regulators of the actin-based rhabdomeres biogenesis (Galy et al. 2011;
Zelhof and Hardy 2004). Furthermore, Myosin V was found to involve the material
trafficking for the rhabdomere components (Li et al. 2007) and to be stabilized by
the Crb for the rhodopsin trafficking (Pocha et al. 2011).

Stable/Acetylated Microtubules in Drosophila Retina

In animal photoreceptor cells, the surface membrane is enlarged for the storage
of opsin photopigment. Insect eyes use an actin-based structure for surface mem-
brane enlargement, but mammalian eyes use microtubule-based structure (Land and
Nilsson 2002). Previously, the microtubules in developing early Drosophila pho-
toreceptors were reported in early developing eye discs during the third-instar larval
stage (Lei and Warrior 2000; Mosley-Bishop et al. 1999; Whited et al. 2004). Nu-
clear positioning or migration functions were defects in the larval eye discs with
the microtubule-dependent genes including klarsicht (Mosley-Bishop et al. 1999),
dynactin (Whited et al. 2004), and lissencephay1 (Lei and Warrior 2000). How-
ever, the functional role of microtubules in rhabdomere morphogenesis was not
reported. Previously, a subcellular localization of a microtubule structure at the base
of the rhabdomere was identified in the pupal photoreceptors (Fan and Ready 1997).
Furthermore, the microtubules at the rhabdomere base were recently identified as
stable/acetylated microtubules (Chen et al. 2010). Given the specific localization of
stable microtubules in developing pupal photoreceptors (Fig. 5), these subcellular
structures might provide a functional role for photoreceptor morphogenesis.

Role of Spastin in Drosophila Retina Elongation

Spastin is a microtubule-severing AAA ATPase involved in constructing neuronal
and noncentrosomal microtubule arrays (Lumb et al. 2011; Roll-Mecak and McNally
2009; Salinas et al. 2007). In mammals, Spastin has been shown to modulate the
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Fig. 5 Schematic diagram of the localization of stabilized microtubules in pupal photoreceptors.
The apical markers (Crb) localize at the apical domain (green). The E-cad localizes at AJ (red),
which are more basal to the apical domain. The acetylated tubulin (blue) localizes at the outside
from the AJs (red)

microtubule cytoskeleton (Errico et al. 2002). The spastin mutation in developing
pupal eyes causes a mild mislocalization of the apical membrane domain at the distal
section, but the apical domain was dramatically reduced at the proximal section of the
developing pupal eye (Chen et al. 2010). Since the rhabdomeres in developing pupal
eyes grow from distal to proximal (Izaddoost et al. 2002), this phenotype strongly
suggests that spastin is required for apical domain maintenance during rhabdomere
elongation. This role of spastin in apical domain modulation was further supported
by spastin’s gain-of-function phenotype. Spastin overexpression in photoreceptors
caused the expansion of the apical membrane domain from apical to basolateral in
the developing photoreceptor (Chen et al. 2010). Although the localizations of the
apical domain and AJs were severely expanded, there were no defects in cell polarity.
These results strongly suggest that Spastin is essential for apical domain biogenesis
during rhabdomere elongation in Drosophila photoreceptor morphogenesis.

Role of Centrosomin (Cnn) in Drosophila Retina Morphogenesis

Cnn is a core protein for centrosome, which is a major microtubule-organizing center.
The effects of the cnn mutation on developing eyes were recently reported (Chen et al.
2011). Photoreceptors deficient in Cnn displayed dramatic morphogenesis defects
including the mislocalization of Crb and Baz during midstage pupal eye development,
suggesting that Cnn is required for photoreceptor morphogenesis during pupal eye
development. This role of Cnn in apical domain modulation was further supported
by Cnn’s gain-of-function phenotype. Cnn overexpression in photoreceptors caused
the expansion of the apical Crb membrane domain, Baz and AJs (Chen et al. 2011).
These results strongly suggest that the interaction of Baz and Cnn is essential for
apical domain and AJ modulation during photoreceptor morphogenesis.
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Role of Kinesin Motors in Drosophila Retina Morphogenesis

Crb, a cell polarity gene, has been shown to provide a positional cue for the extension
of the apical membrane domain, AJ, and rhabdomere along the growing proximal–
distal axis during Drosophila photoreceptor morphogenesis (Izaddoost et al. 2002;
Pellikka et al. 2002). In developing Drosophila photoreceptors, a stabilized micro-
tubule structure was discovered (Chen et al. 2010; Fan and Ready 1997) and its
presence was linked to polarity protein localization (Chen et al. 2010). It was there-
fore proposed that the microtubules may provide trafficking routes for the polarity
proteins during photoreceptor morphogenesis (League and Nam 2011). Recently,
Crb localization was examined in the developing photoreceptors of kinesin-1 mu-
tants (League and Nam 2011). The kinesin-1 mutant photoreceptors showed a range
of abnormalities in the apical membrane domain depending on the position along the
proximal–distal axis in pupal photoreceptors (League and Nam 2011). The kinesin-1
mutant showed a progressive mislocalization in the apical domain along the distal–
proximal axis during rhabdomere elongation (League and Nam 2011). The kinesin-1
mutation also led to a similar progressive defect in the stabilized microtubule struc-
tures, strongly suggesting that Kinesin-1 motor is essential for microtubule structure
and Crb localization during distal to proximal rhabdomere elongation in pupal mor-
phogenesis. This role of Kinesin-1 in apical domain control was further supported
by kinesin-1’s dominant-negative mutation phenotypes, which showed disruption
of the apical membrane domain and the stabilized microtubules in the developing
photoreceptors (League and Nam 2011). These phenotypes suggest that Kinesin-
1 is essential for the microtubule structures and apical membrane domains during
the distal–proximal elongation of photoreceptors, but is dispensable for early eye
development.

Another Kinesin motor, Kinesin-2, was analyzed in photoreceptor development
(Mukhopadhyay et al. 2010). It turned out that Kinesin-2 is essential for viability of
developing photoreceptors and localization of junctional proteins during early eye
development of eye disc differentiation (Mukhopadhyay et al. 2010). The early
kinesin-2 mutants have abnormal nuclear position in differentiating photorecep-
tors. These cells eventually die in the pupal stage, indicating Kinesin-2’s role in
cell viability. Furthermore, Kinesin-2 was essential for Baz localization to the AJ
in pupal photoreceptors (Mukhopadhyay et al. 2010). These findings suggest that
Kinesin-2 motor plays a primary role in the localization of AJ and cell polarity
proteins in the developing retina (Mukhopadhyay et al. 2010). In contrast, the
Kinesin-1 motor participates in a more specific step of apical domain elongation
during the rhabdomere morphogenesis (League and Nam 2011). Kinesin-2’s func-
tion in mouse retina was reported. The absence of Kinesin-2 caused optin-trafficking
defects and followed by cell death (Avasthi et al. 2009; Jimeno et al. 2006a, b;
Lopes et al. 2010).
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Fig. 6 Schematic representation of midpupal photoreceptor and localization of Shot. Shot (orange)
localizes in between AJ (red), at the basal side of the apical Crumbs domain (green), at the apical
side of the stable microtubule (blue), and at the basal side of the rhabdomere (light blue)

Role of Spectraplakin, an Actin-Microtubule Linker,
in Drosophila Retina Morphogenesis

Coordinated interactions between microtubule and actin cytoskeletons are involved
in many polarized cellular processes. Since Spectraplakin is able to bind both mi-
crotubule and actin cytoskeletons, the role of Short stop (Shot, Drosophila homolog
of Spectraplakin; Lee et al. 2000; Lee and Kolodziej 2002) was analyzed in the reg-
ulations of apical Crb domain in developing Drosophila photoreceptors (Mui et al.
2011). The localization pattern of Shot in developing pupal photoreceptors showed a
unique intracellular distribution. Shot localized at rhabdomere terminal web (Ready
2002; Xia and Ready 2011), which is at the basal side of the apical Crb or rhabdomere,
and in between theAJs (Fig. 6). The rhabdomere terminal web, where the Shot local-
izes, may be the interface where the stable microtubules and F-actins of rhabdomere
meet together. Since Shot has an actin-microtubule cross-linking activity, Shot might
cross-link the two cytoskeletons of actin and microtubules at the rhabdomere termi-
nal web. The shot mutant photoreceptors showed dramatic mislocalizations of Crb,
AJs, and the stable microtubules (Mui et al. 2011). This role of Shot in Crb and AJ
regulation was further supported by shot’s gain-of-function phenotype (Mui et al.
2011). Shot overexpression in photoreceptors caused a cell polarity defect including
dramatic mislocalization of Crb, AJs, and the stable microtubules in the develop-
ing photoreceptors. These data suggest that Shot, an actin-microtubule cross-linker,
is essential in the apical and adherens junction controls during the photoreceptors
morphogenesis.

Inter-Retina Space Formation During Drosophila Retina
Morphogenesis

Drosophila has an open rhabdom system in which the rhabdomeres of each omma-
tidium are separated from each other (Land and Nilsson 2002). This system evolved
from the ancestral insect eye that has fused rhabdoms. Recently, several genes in-
volving in this rhabdomere separation were identified (Husain et al. 2006; Zelhof
et al. 2006). Eyes shut (spacemaker), prominin, and chaoptin are responsible to
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generate inter-rhabdomere space, which is an extracellular lumen. Although the eyes
shut mutation do not affect the cell polarity defects in retina, the Eyes shut is secreted
to the inter-retina space through the rhabdomere stalk (Husain et al. 2006), which
is controlled by cell polarity genes. Therefore, there is a potential possibility of cell
polarity genes’ role in Eyes shut secretion and then inter-retina space formation.

Surprisingly, several studies identified mutations in a human ortholog of
Drosophila eyes shut is responsible to cause retinitis pigmentosa (Abd El-Aziz et al.
2008; Collin et al. 2008). These two fundamentally different types of photoreceptors
use totally different materials to increase the surface areas for housing photopig-
ments. Vertebrate eyes utilize a microtubule-based cilia, but Drosophila eyes use
a actin-based rhabdomere. However, they use the same way to make inter-retina
space in the retina. A similar conserved of Prominin was also identified between
Drosophila and mouse (Nie et al. 2012).

Significance and Perspective

Evolutionary conservation in the structure and function of polarity genes makes the
Drosophila retina an excellent model for studying the genetic and molecular basis
of retinal cell organization and retinal diseases resulting from mutations in polarity
genes (den Hollander et al. 2001; Izaddoost et al. 2002; Pellikka et al. 2002). For
example, mutations in human Crb homolog cause retinal diseases such as a late-onset
retina degeneration of retinis pigmentosa (den Hollander et al. 1999) and an early-
onset retina degeneration of Leber CongenitalAmaurosis (den Hollander et al. 2001).
Searching for new genes-interacting Crb will help in the search for new therapy targets
for these eye diseases. This study may broaden our knowledge of the Drosophila
photoreceptor, one of the best genetic model systems, and expand its usefulness as a
model system for human retina diseases. Based on the strict conservation of genes and
cellular structures between Drosophila and human retinas, narrowly defined classic
“homology”-based approaches might not be enough to understand deeper similarities
between the two. The new concept of “deep homology” deals with homology in
contexts in which structures are not homologous in the classical sense (Shubin et al.
2009). The new concept of “deep homology” could be an appropriate way to fully
understand the deeply conserved mechanisms between these two eyes.
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Negative Regulation for Neural Patterning
in the Drosophila eye

Kwang-Wook Choi

Introduction

An adult compound eye consists of about 800 unit eyes called ommatidia. The om-
matidia are organized in a highly ordered structure and provide an ideal sensory
system for genetic dissection of neural development and cellular pattern formation.
Each ommatidium contains eight photoreceptor neurons and a dozen accessory cells
including cone cells, pigment cells, and bristles that are formed in a stereotypic
pattern (Ready et al. 1976).

The adult eye develops from eye imaginal disc, an epithelial primordium for eye
proper and the surrounding head tissues. In the early phase of development, the eye
disc grows by cell proliferation without retinal differentiation. This growth phase
continues until retinal differentiation is initiated at the early third-instar larval stage.
Among several different cell types in the adult eye, photoreceptor neurons are the
first kind to be generated in the eye disc. The initial pattern of these cells provides
the structural foundation for the subsequent patterning events to establish the adult
eye. Thus, how these initial events are organized at the cell and molecular levels is
an important question in eye development.

Following the growth phase of eye disc development, retinal neurogenesis is
initiated in the morphogenetic furrow (the furrow in short), a groove formed along
the dorso-ventral axis of the eye disc. This furrow is first generated at the posterior
margin of the eye disc and progresses anteriorly during neurogenesis. Importantly,
columns of neuronal cell clusters are generated immediately posterior to the furrow
(Ready et al. 1976). Thus, the furrow is an important site for retinal organization
where multiple cell signaling pathways are coordinated to specify the founder cells
for photoreceptor neurons.
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A critical event for retinal neurogenesis in the furrow is to induce the expression
of proneural proteins like Atonal (Ato) that promotes neural differentiation. Ato ex-
pression in the furrow is dynamically induced by positive genetic factors expressed
within the furrow or adjacent regions anterior or posterior to it. Secreted signaling
molecules like Decapentaplegic (Dpp) and Hedgehog (Hh) act as positive factors to
induce Ato expression (Baker and Yu 1997; Borod and Heberlein 1998; Greenwood
and Struhl 1999). While these factors act as positive regulators of retinal differentia-
tion, spatial patterning of neurogenesis is also dependent on the function of specific
negative regulators. The ommatidial pattern consists of repetitive arrays of photore-
ceptor clusters. Each of these clusters is surrounded by nonneuronal interommatidial
cells, resulting in the formation of a precise polka dot pattern in the eye (Fig. 1a).
Thus, the function of negative factors in neurogenesis is not only essential for the
establishment of the ommatidial pattern but also to provide necessary conditions for
subsequent differentiation of nonneuronal interommatidial cells in the eye.

One of the key negative regulators ofAto induction is Notch. Notch is a transmem-
brane protein that functions as a receptor for the membrane-bound ligands, Delta (Dl)
and Serrate (Ser). Notch signaling is required at multiple steps during eye develop-
ment (Cagan and Ready 1989). Notch initially promotes neural differentiation but
later antagonizes it by lateral inhibition in the cells surrounding the Ato-expressing
cells (Baker and Yu 1997; Baonza and Freeman 2001). In addition, other negative
regulators such as EGF receptor (EGFR) and Bar transcription factors have been iden-
tified as inhibitory factors for retinal neurogenesis within or behind the furrow. In this
chapter, the role of a few key positive factors involved in the retinal fate induction
will be briefly introduced. Next, the function of negative regulators will be discussed
in more details to illustrate how the interaction of these positive and negative factors
leads to the generation of the initial ommatidial pattern in the eye disc.

Retinal Neurogenesis: Positive Regulation of Ato Expression

Retinal differentiation begins with the formation of the morphogenetic furrow from
the posterior margin of an eye imaginal disc. As the furrow progresses anteriorly,
columns of R8 founder neurons are generated from the posterior part of the furrow
(Wolff and Ready 1991). Subsequently, additional photoreceptor cells are recruited
to R8 by specific cell–cell interactions to generate the remaining seven photoreceptor
cells in the order of R2/R5, R3/R4, and R1/R6/R7. This process of sequential induc-
tion of photoreceptor cell fates illustrates the critical role of the initial R8 selection
in retinal neurogenesis.

Neurogenesis is promoted by a group of factors called proneural genes that en-
codes bHLH family transcription factors. Generation of the R8 founder cells from
undifferentiated cells requires the function of proneural gene ato at the furrow (Jar-
man et al. 1994). Ato protein is a homolog of mammalian Ato7 (also called MATH5;
Brown et al. 1998). The expression of Ato protein is transient and dynamically
regulated at the furrow, suggesting that ato is subject to negative regulation. Ato
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Fig. 1 Regulation ofAto expression. (a)Ato expression pattern in eye disc. Ato is expressed initially
in a stripe pattern at and immediately anterior to the furrow (stage 1). The stripe pattern is resolved
into the intermediate groups (stage 2) and the equivalence groups (stage 3). Later, Ato is expressed
only in R8 cells (stage 4). Ato expression in the stages 1 and 2–4 are controlled by the 3′ and 5′
regulatory region, respectively. (b) A simplified diagram for gene functions involved in early stages
of neurogenesis. The initial Ato expression (S1) is regulated by positive factors including Hh, Dpp,
and N, which leads to autoactivated ato expression in the stage S2. The S2 Ato induces epidermal
growth factor receptor/mitogen-activated protein kinase (EGFR/MAPK) signaling, which inhibits
the S1 stage ato expression resulting in evenly spaced intermediate groups. One cell from each R8
equivalence group maintains Ato expression to become an R8 while Ato expression in other cells
is repressed by Ro

expression can be divided into four stages based on the distinct pattern of expression
(Fig. 1): (1) first expression in a stripe pattern across the disc in the most anterior
region of the furrow, (2) expression in about 10 cell clusters called intermediate (or
proneural) groups just posterior to the stripe, (3) expression in two to three cells of
an R8 equivalence group, and (4) selected expression in a single R8 founder cell
from each equivalence group (Frankfort and Mardon 2002). Transient expression
and sequential restriction of Ato expression in the furrow indicate that ato expres-
sion is regulated by specific spatial and temporal regulatory factors. Analysis of ato
regulation has identified two cis-regulatory regions responsible for ato expression at
the furrow (Sun et al. 1998). The eye-specific ato 3′ cis-regulatory region controls
the early stripe pattern (stage 1) and contains binding sites for transcription factors
for retinal determination (RD; Tanaka-Matakatsu and Du 2008; Zhang et al. 2006)
while the 5′ regulatory region is responsible for the rest of ato expression posterior
to the stripe (stages 2–4).

Accumulated evidence indicates that the diffusible factor Hh and transmembrane
protein Notch (N) provide positive signaling to activate ato transcription (Baker and
Yu 1997; Dominguez and Hafen 1997; Frankfort and Mardon 2002; Fu and Baker
2003; Hsiung and Moses 2002). Hh is expressed in all photoreceptors and secreted to
act on more anterior cells in the furrow. The stage 2 Ato expression (Fig. 1) induces
the expression of Rhomboid family proteins that activate the TGFα family ligand
Spitz (Spi) for EGFR signaling in the adjacent cells.
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While Hh and Dpp are secreted factors that promote ato expression, eventually ato
gene must be activated by specific transcription factors. Eyeless (Ey) is a Drosophila
homolog of Pax-6 that is considered to be a master regulator of eye development
(Halder et al. 1995). It is a transcription factor with a homeodomain and a paired
domain, and is not only required for eye development but also sufficient to induce
ectopic eyes when ectopically expressed in nonretinal tissues. Ey is expressed very
early in the embryonic primordium for eye disc and is later detected in the anterior
region to the furrow as retinal differentiation begins (Baker and Firth 2011; Kumar
and Moses 2001). Since Ey is necessary and sufficient for retinal induction, it may
directly activate ato transcription in an eye-specific manner. However, ato acts as
a common proneural gene in the initial stage of development of multiple segment-
specific sensory organs, not only the eye but also the auditory organs and stretch
receptors. Hence, it has been proposed that these sensory organs may have the
same origins (Niwa et al. 2004). In this view, Ato is a common transcription factor
necessary for all these three sensory organs rather than the retina-specific proneural
factor. The 3′ region of ato is required for Ato expression not only in the eye but
also in the Johnston’s auditory organ in the antenna and the chordotonal organs
(Sun et al. 1998). In fact, protosensory organs are formed by Dpp-dependent Ato
expression. Furthermore, two Mad-binding sites were identified that are essential for
Ato expression in all three sensory organs. This supported that the target sites for the
Dpp signal are conserved during the diversification of sensory organs. Interestingly,
ectopic eye formation induced by Ey depends on the presence of Dpp and other
signaling molecules, and Ato can be expressed in ey mutant if cell death is prevented.
These findings led to a model that Ey functions as a downstream or parallel component
of Ato rather than as an upstream master control factor for Ato expression and retinal
differentiation (Niwa et al. 2004; Treisman 2004).

In contrast to this model, further analysis of ato 3′ cis-regulatory sequences have
provided evidence that Ato expression in the eye disc is directly regulated by Ey
and other so- genes” like Sine oculis (So) and Dacshund (Dac; Zhang et al. 2006).
Hence, the main role of Dpp in Ato induction in the furrow is to regulate the RD gene
expression level (Tanaka-Matakatsu and Du 2008). It is interesting to note that the 3′
cis-regulatory region of ato consists of multiple modules. Hence, the activation of ato
expression for sensory organs in different imaginal discs appears to be determined by
the modular organization of ato-regulatory region instead of a common regulatory
region for Dpp signaling.

Role of Notch for Lateral Inhibition

The initial stripe pattern of Ato expression is sequentially restricted to proneural
groups that are separated by ato-negative cells in the interommatidial space. Notch
is a conserved key factor involved in lateral inhibition in diverse developmental
processes, especially in neurogenesis (Beatus and Lendahl 1998; Cabrera 1990).
In the absence of N function, the lack of lateral inhibition results in the formation
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of excess number of R8 cells, resulting in more compact spacing of ommatidia
(Roignant and Treisman 2009).

Scabrous (Sca) is one of the first genes that were found to be required for proper
spacing of R8 founder neurons. Sca is a secreted factor that is released from the
R8 cells. Sca is a protein related to Fibrinogen that acts as a lateral inhibitor of the
R8 differentiation (Baker et al. 1990; Ellis et al. 1994). Sca is expressed early in
the furrow and is known to be required for lateral inhibition by N-Dl interaction at
the level of intermediate clusters. In the absence of Sca, excess cells are selected to
become R8 cells, thus disrupting the normal pattern of R8 spacing. Evidence suggests
that Sca functions together with Gp150, a target of protein phosphatase DPTP10D.
Loss of Gp150 shows more R8 cells as in sca mutant eye. Moreover, double mutants
show similar phenotypes, and both proteins are localized together in the endosomes
(Fetchko et al. 2002; Li et al. 2003), suggesting that they work in the same pathway
for N signaling. Gp150 acts downstream to Sca in the cells that respond to secreted
Sca protein. It has been proposed that N activity is downregulated in the neuronal
cells by an endosomal pathway, and Sca and Gp150 are indirectly involved in the
activation of N signaling in nonneuronal cells by blocking the endosomal pathway.
Gp150 is required for all Sca functions identified so far, indicating that Sca-Gp150
pathway is a conserved step for N regulation in diverse developmental events (Li et al.
2003). It remains to be studied whether Gp150 function in this process is regulated
by the protein phosphatase activity of DPTP10D.

Additional evidence supports the role of endosomal trafficking for N signaling.
Clathrin adaptor protein complex-1 (AP-1) plays a role in sorting of membrane pro-
teins in the Golgi network and endosomes (Kametaka et al. 2012). Loss ofAP-1 or its
accessory protein like Drosophila Aftiphilin results in an intracellular accumulation
of Sca and downregulation of N, since N degradation is promoted in the lysosomes.
Sca protein secreted from R8 cells directly interacts with the N extracellular domain
to stabilize it (Powell et al. 2001). Knockdown of AP-1 or Aftiphilin by RNAi causes
abnormal pattern of R8 initiation, consistent with the role of AP-1 function of N
regulation during R8 specification. Notch signaling is also regulated by endocytosis
of the Notch ligand Dl. This process is mediated by ubiquitination of Dl by Neural-
ized (Neur), a ring finger domain protein that functions as an ubiquitin ligase (Lai
et al. 2001; Pavlopoulos et al. 2001; Weinmaster and Fischer 2011; Yeh et al. 2001).
Monoubiquitinated Dl is internalized for endocytosis in the signal sending cells. For
an unknown mechanism, this endocytosis of Dl is necessary for Notch signaling.

N is a type I single-pass transmembrane protein. When activated by its ligands,
it is cleaved by the N-secretase complex, resulting in the formation of the Notch
intracellular domain (NICD) that enters the cell nucleus to promote transcription of
downstream target genes (Kopan and Goate 2002). The γ -secretase is a multi-subunit
complex containing Presenilin (Psn) as the catalytic subunit. Since the catalytic
activity of Psn depends on the maturation of a holoprotein by proteolytic cleavage
(Annaert and De Strooper 1999), the regulation of Psn maturation is important for N
signaling. Loss of Psn causes the lack of lateral inhibition in the furrow, indicating the
importance of N processing by Psn for proper ommatidial spacing (Ye et al. 1999).
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Cis-Inhibition and Ligand-Independent Notch Signaling

In addition to its function in R8 selection, Notch is also involved in the following
recruitment of other photoreceptor cells. Posterior to the furrow, emerging photore-
ceptor clusters in the eye disc are assembled in an asymmetric trapezoidal pattern.
These clusters have two opposite forms of chirality in the dorsal and ventral halves of
an eye, thus showing a mirror symmetric planar cell polarity (PCP) about the dorso-
ventral midline (Choi et al. 1996; Ready et al. 1976; Singh et al. 2012). Generation
of these chiral forms depends on the specification of two photoreceptors, R3 and
R4, from R3/4 equivalent precursor cells. One of these two cells is located closer to
the equator and has higher Fz signaling than the polar cell. Interestingly, different
Fz activity levels in these two cells lead to the asymmetric activation of N signal-
ing, leading to the generation of R3 and R4 cells with low and high N activation,
respectively (Cooper and Bray 1999; Fanto and Mlodzik 1999).

The R8 selection and the subsequent R3/4 specification are distinct processes.
However, the asymmetric activation of N in R3 and R4 cells has a similarity to
the situation of lateral inhibition in the furrow between the R8 founder cell and the
surrounding cells. It is worth noting that Hibris (Hbs), initially found as a protein
interacting with Roughest (Rst), a cell adhesion factor, is involved in N signaling not
only for R3/4 planar polarity but also proneural patterning in the furrow. A recent
study has identified Hbs as a new factor that functionally and physically interacts
with Psn and Nicastrin (Ncs), another component of the γ -secretase complex (Singh
and Mlodzik 2012).

Studies on the R3/4 specification led to the finding of new mechanisms for N sig-
naling. In the conventional mechanism, N activation is mediated by specific ligands
such as Dl and Ser. Notch activation leads to transcriptional repression of Dl and
Neur in the signal receiving cells, whereas Dl and Neur are upregulated in the sig-
nal sending cells (Cooper and Bray 1999; del Alamo and Mlodzik 2006; Fanto and
Mlodzik 1999; Tomlinson & Struhl 1999). Alternatively, Fz-Dishevelled (Dsh) com-
plex may inhibit N activation in R3 cells. A recent study has found that Ral, a small
Ras-like GTPase, is upregulated in response to Fz activation in the equatorial cells,
and the upregulated Ral activity represses Notch activation in a ligand-independent
manner (Fig. 2). In this mechanism, Ral GTPase activity may interfere with the
ligand-independent Notch activation by regulating Notch trafficking to the lysosome,
generation of NICD, or nuclear translocation (Cho and Fischer 2011, 2012).

N signaling is asymmetrically transmitted with directionality because Dl ligand
is downregulated in the signal receiving cells by a negative feedback loop (Heitzler
and Simpson 1991; Rooke and Xu 1998). In addition to this traditional feedback
system, cis-inhibition has been proposed as an alternative mechanism for directional
activation of N signaling. In photoreceptor recruitment, R1, R6, and R7 cells are the
last cells to be specified. R1 and R6 cells are recruited together and express Dl to
activate the R7 fate in the neighbor. In this process, Dl ligand expressed in R1 and
R6 cells cis-inhibits N in the same cell, which prevents inappropriate N activation
in R1/R6 by Dl ligand from the R7 cell. Such cis-inhibition of N signaling by Dl in
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Fig. 2 Regulation of asymmetric Notch signaling. R3/R4 precursor cells are initially equivalent.
The cell located closer to the equator has more Fz signaling that increases the level of Dl and Neur
expression. This cell having more Dl becomes R3. In contrast, the other cell on the polar side
becomes R4 with more N signaling. This asymmetric signaling takes place by increased expression
of Dl and Neur by Fz (step 1), inactivation of Notch by Fz/Dsh complex (step 2), and/or Fz-dependent
upregulation of Ral that inhibits N signaling (step 3). (Adapted from Cho and Fischer 2011)

the signal sending cell may also function in R3/R4 recruitment. It is an intriguing
question whether similar cis-inhibition and ligand-independent regulation of Notch
signaling plays a role in asymmetric N signaling for neural induction at the furrow.

Epidermal Growth Factor Signaling in Ommatidial Spacing

EGFR signaling is another important mechanism that functions throughout different
stages of eye development. EGFR is activated by the positive ligand Spi, a TGFα ho-
molog, while it is inactivated by the antagonist, Argos (Freeman 1994; Rutledge et al.
1992; Schweitzer et al. 1995). Similar to the vertebrate EGFR, Drosophila EGFR
is also dimerized upon binding of the Spi ligand and activated by autophosphory-
lation of the dimer. Activated EGFR triggers the conserved intracellular signaling
pathway that involves Ras and MAP kinase (Kumar et al. 1998). Ato expression in
R8 cells induces Spi ligand expression that activates EGFR in the neighboring cells
(Dominguez et al. 1998). Thus, one of the major functions of EGFR signaling is
to activate photoreceptor precursor cells to initiate the retinal differentiation in all
photoreceptors except the R8 neuron, the source of EGFR ligand (Dominguez et al.
1998; Yang and Baker 2001).

The role of EGFR in ommatidial spacing during neurogenesis was first implicated
by abnormal spacing of photoreceptor clusters caused by Ellipse dominant mutations.
Ellipse mutations turned out to be alleles of EGFR and it was suggested that EGFR
may be important for controlling the ommatidial spacing (Baker and Rubin 1989).
The role of EGFR for ommatidial spacing was supported by an analysis of EGFR-
dependent Rough (Ro) expression. Ro is a homeobox transcription factor induced
by EGFR signaling (Kimmel et al. 1990) and negatively regulates the initial ato
transcription (Fig. 1b), thus generating the spacing between intermediate groups
(Dokucu et al. 1996; Pepple et al. 2008). Analysis of EGFR mutant clones supports
that EGFR is required for ommatidial spacing (Dominguez et al. 1998). Rhomboid-1
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expression induced by Ato in R8 cells is essential for the EGFR activation in nascent
ommatidia, which secrete a negative inhibitor like Sca to inactivate Ato expression
in the neighboring cells, therefore generating interommatidial spacing. Although
EGFR is essential for cell survival, its role for photoreceptor recruitment is largely
independent of its function in promoting cell survival. Based on these findings, it has
been proposed that the primary function of EGFR is to establish the spatial pattern
of ommatidia by regulating R8 spacing (Baonza et al. 2001; Yang and Baker 2001).

However, the role of EGFR in R8 spacing has not been clearly demonstrated prob-
ably due to the multiple functions of the EGFR signaling in eye development and
different experimental methods used for functional analysis. For instance, an anal-
ysis of EGFR function using a temperature-sensitive allele did not support its role
for ommatidial spacing. In this approach, a temperature-sensitive allele of EGFR
called EGFRtsla was used to minimize the defects in cell proliferation. EGFRtsla

encodes a mutant protein that becomes quickly inactive or functionally null at the
restrictive temperature. Analysis of EGFRtsla mutant clones at the restrictive tem-
perature showed normal rate of furrow progression and normal spacing of R8 cells
(Rodrigues et al. 2005), which seems to be contradicting with the previous clonal
analysis (Baonza et al. 2001; Yang and Baker 2001).

In the earlier clonal analysis with the EGFR null allele, EGFR loss-of-function
(LOF) clones were generated using a Minute (M) mutation to generate larger
mutant clones. Larger M+/+ mutant clones can be generated because M+/+ cells
have growth advantage compared to the neighboring M+/− cells. Importantly, it
was found that the M+/+ twin spot has strong noncell autonomous effects on the
EGFR− mutant cells. Thus, it was concluded that the defects in Ato expression and
ommatidial spacing in the mosaic clone experiments may be due to effects of the M
rather than the effects of EGFR mutation. However, it is still possible that EGFRtsla

mutant clones at the restrictive temperature may have a very low but sufficient level
of functional EGFR protein for normal R8 spacing. Interestingly, two EGFR ligands,
Spi and Keren, are redundant for EGFR signaling, but loss of both ligands causes
abnormal R8 spacing (Brown et al. 2007). Although this supports the requirements
of EGFR signaling for normal R8 spacing, additional studies are needed to draw a
definitive conclusion about the role of EGFR signaling for the lateral inhibition of
Ato expression and R8 spacing.

Antiproneural Function of Bar

Ato is transiently expressed in the selected R8 cells and turned off soon in several
hours. The inhibition of Ato expression behind the furrow is important to prevent the
formation of ectopic photoreceptors while maintaining the ommatidial spacing. This
repression is mediated by the Bar genes that are expressed posterior to the furrow
(Lim and Choi 2003). The first Bar mutation (Bar1) was found as a dominant allele
that reduces the eye size (Steinberg and Abramowitz 1938). Bar1 is a duplication
of the Bar gene suggesting that abnormal overexpression of Bar results in reduction
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Fig. 3 Bar regulation during retinal neurogenesis.Ato expression in the morphogenetic furrow (MF)
is activated by Hh produced by photoreceptor cells and initiates the generation of photoreceptor
neurons. Bar proteins are expressed in basal undifferentiated cells behind the furrow (green region)
by several mechanisms. Positive and inhibitory relationships indicated by arrows may be indirect:
(i) at the time of furrow initiation, Bar expression in the basal undifferentiated cells is induced by a
secreted signaling factor, Hh, from the posterior margin (yellow region), (ii) during furrow migration,
Bar expression near the furrow is induced by Ato from the furrow. EGFR signaling may partially
mediate nonautonomous effects of Ato on Bar expression, (iii) Hh produced in photoreceptor cells
induces Dpp expression and may also contribute to Bar expression during furrow migration, and
finally, and (iv) Bar is autoregulated to maintain its expression. (Adapted from Lim and Choi 2004)

of the eye. Further analysis has shown that dpp expression in the furrow is strongly
reduced in Bar1. Since Dpp is required for furrow progression, it was suggested that
Bar1 mutation causes premature furrow stop (Chanut and Heberlein 1997; Curtiss
and Mlodzik 2000; Heberlein et al. 1993).

Bar encodes two related and functionally redundant homeodomain proteins,
BarH1 and BarH2 (hereafter abbreviated as “Bar”) that is present in a tandem repeat
(Akimaru and Saigo 1991; Higashijima et al. 1992). Expression of Bar is regulated
dynamically during eye development. In the eye disc, it is specifically expressed in
the nuclei of R1 and R6 photoreceptors and later in primary pigment cells. Consis-
tent with this expression pattern, Bar is important for differentiation of R1, R6, and
primary pigment cells (Higashijima et al. 1992).

In addition to these cells, Bar is also expressed in all undifferentiated retinal pre-
cursors posterior to the furrow (Higashijima et al. 1992), which can be distinguished
by the position of their nuclei. Because the nuclei of differentiating photorecep-
tors migrate apically while those of undifferentiated cells stay in the basal region
(Tomlinson and Ready 1987), these undifferentiated cells posterior to the furrow are
referred to as the “basal cells” (Fig. 3). Bar expression in these basal cells was shown
to be crucial for regulating the neural patterning in early steps of eye development
(Lim and Choi 2003). Bar LOF mutant clones showed ectopic ato induction at the
transcription level, indicating that Bar acts as a transcriptional repressor of ato. It
is important to note that loss of Bar has little effect on the spacing of intermediate
groups and the selection of R8 from the equivalence group in the endogenous furrow.
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Hence, Bar is required for repressing the early stripe pattern of ato expression, but it
may have little effect on N-dependent lateral inhibition of ato (Lim and Choi 2003).

Because Bar is important for maintenance of the undifferentiated state of the
basal cells, spatial and temporal regulation of Bar expression is crucial for proper eye
development. Consistent with the Bar function that represses the Ato expression, Bar
and Ato expression shows a complementary pattern with a sharp boundary between
the Bar+ and Ato+ cells along the posterior edge of the furrow. This pattern of Bar
expression is regulated by multiple pathways depending on time and position in the
disc (Fig. 3; Lim and Choi 2004). Prior to furrow initiation and Ato expression, Bar
appears to be induced by secreted factors from the posterior margin of the disc. For
example, Hh is one of the first secreted factors expressed in the posterior margin
at the time of furrow initiation, and it has been shown that Hh signaling is in part
responsible for initial Bar induction (Lim and Choi 2004). Evidence also suggests
that Bar is induced by several factors functioning in the furrow. Immediately behind
the furrow, Bar expression depends on EGFR signaling, which is induced by Ato
expression in the intermediate groups (Fig. 3).

An important function of Ato is to regulate its own expression. Ato protein
induced by activation of the 3′ regulatory region can turn on itself by binding to
its own 5′ regulatory region (Sun et al. 1998). Interestingly, Thyroid hormone re-
ceptor associated proteins (TRAP)/Mediator complex is involved in the regulation
of ato expression in the proneural groups. The TRAP complex acts as a coactivator
for a variety of transcriptional activators (Ito and Roeder 2001; Malik and Roeder
2000). Among many Mediator complex proteins, two Drosophila TRAPs, Kohtalo
(Kto, TRAP230) and Blind spot (Bli, also called Skuld, TRAP240), have been ex-
tensively studied for their roles in retinal neurogenesis. In TRAP mutant clones, Ato
is ectopically induced behind the furrow (Treisman 2001).

In contrast, TRAPs are required for ato expression in the intermediate groups.
Because Ato expression in the intermediate groups is dependent on Ato itself, it is
possible that TRAP complex might act as coactivator for Ato. Indeed, in the absence
of TRAP, Ato fails to induce EGFR signaling and Sca expression that are necessary
for lateral inhibition, thus resulting in ectopic Ato expression. Similarly, Kto and
Skd are also required for positive Ato functions to induce Ato targets such as Ato
itself and Senseless (Sens) within the proneural clusters. Hence, TRAP complex is
required for Ato expression and other Ato target genes such as sca, sens, and rho in
the intermediate groups (Fig. 4; Lim et al. 2007).

These studies suggest that proneural and anti-proneural genes function in a
negative feedback network. EGFR signaling activated by Ato is necessary for nonau-
tonomous Bar expression near the furrow. In turn, Bar represses ato in the basal cells
behind the furrow (see a model in Fig. 3). In developing wing disc, TRAP230/240
proteins are necessary for the activation of Wnt signaling and Notch target genes
(Carrera et al. 2008; Janody and Treisman 2011). Wg is expressed in the dorsal
and ventral margin of an eye disc where it antagonizes the Dpp function for furrow
progression. It would be interesting to see whether the TRAP mediator complex also
plays a role for Wg regulation and N signaling in the eye.
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Fig. 4 A model of TRAP-mediated Ato activation in early retinal neurogenesis. Kto (TRAP230)
and Skd (TRAP240) function as coactivators for Ato in the proneural clusters and are therefore
required for expression of Ato target genes such as Ato itself, Sens, Sca, and for activation of EGFR
signaling. Ato and Sens are required for selection and differentiation of the R8 founder neurons.
In contrast, EGFR signaling and Sca are involved in repressing Ato expression in cells between
proneural clusters. Kto/Skd may not be required for Ato activation in the R8 cells in which Ato
activation may depend on other coactivators. In the basal cells, Bar induced by EGFR signaling
represses Ato expression. A blue arrow indicates autoregulation. (Adapted from Lim et al. 2007)

As described above, Bar and Ato are expressed in a complementary pattern and
are antagonistic to each other. It is worth noting that Bar expression is also com-
plementary to Dpp that is expressed in the furrow. Dpp is critical for the initial
steps of eye morphogenesis such as furrow initiation, progression, and ato activa-
tion (Borod and Heberlein 1998; Greenwood and Struhl 1999; Heberlein and Moses
1995). Because dpp transcription is induced in the furrow, it provides a marker for
the boundary between undifferentiated cells in the anterior domain and differenti-
ating cells in the posterior domain of eye disc. Similarly, dpp-expressing cells in
limb discs mark the boundary between the anterior-posterior (A/P) compartments
(Raftery et al. 1991).

It has been suggested that localized expression of dpp at theA/P boundary is largely
under negative regulation because subfragments of dpp-regulatory region fused to
lacZ reporter constructs typically result in ectopic lacZ expression rather than its
loss (Sanicola et al. 1995). Consistent with this idea, Engrailed (En) homeodomain
protein, which acts as the selector for posterior compartments in limb discs (Blair
1992; Kornberg 1981; Morata and Lawrence 1975), is a direct repressor of dpp,
thus defining the posterior boundary of the dpp stripe. In eye development, Dpp is
an upstream factor for ato induction in the furrow (Fu and Baker 2003; Greenwood
and Struhl 1999). Ato expression results in the activation of Bar expression in the
region posterior to the furrow indirectly by a combination of EGFR and Hh signaling
(Lim and Choi 2004). Since ectopically expressed Bar can repress dpp-lacZ in eye
and other discs (Lim and Choi 2003), it is possible that Bar expression in the basal
cells may be important for preventing ectopic Dpp expression behind the furrow.
This negative regulation between dpp and Bar may play a role in defining the A/P
boundary in developing eye.
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Dual Function of Daughterless (Da) in Ato Regulation

In addition to Ato, there are other bHLH family proteins that are required for specifi-
cation of sensory organs. Achaete-Scute Complex (ASC) bHLH genes are expressed
with spatially regulated pattern to specify external sensory organ precursors (SOPs;
Cubas et al. 1991; Ghysen and Dambly-Chaudiere 1989; Romani et al. 1989; Skeath
and Carroll 1991), and amos for multiple dendritic neurons in olfactory sense organs
(Goulding et al. 2000; Huang et al. 2000). These proteins that are expressed in spe-
cific tissues are categorized as class II bHLH family transcription factors in contrast
to the class I bHLH factors expressed in a broader range of tissues. Tissue-specific
class II bHLH proteins form heterodimeric complexes with class I bHLH proteins
and directly bind to E-box consensus sequences of target genes through their basic
domains.

Da, initially identified as an important factor for sex determination, is the only
known neural class I bHLH protein in Drosophila (Caudy et al. 1988b). Like other
class I proteins, Da has been thought to be expressed ubiquitously in a broad range
of tissues and involved in diverse developmental processes including neurogenesis,
depending on its class II bHLH-binding partners (Brown et al. 1996; Caudy et al.
1988a, 1988b; Cronmiller et al. 1988). Since each tissue-specific class II bHLH
protein requires Da to form a functional heterodimeric complex, both class I Da and
class II bHLH proteins are important for their proneural function.

Interestingly, although Da protein is ubiquitously expressed in the eye disc, it is
selectively upregulated in the morphogenetic furrow (Brown et al. 1996). Further
analysis has revealed that there are two distinct patterns of Da upregulation in the
furrow: a broad low-level upregulation and a stronger Da expression in the nonneural
cells surrounding the R8 cells between proneural clusters (Fig. 5; Lim et al. 2008).
This pattern indicates that Da expression may be regulated in coordination with
the process of neurogenesis in the furrow. Indeed, Da expression is dynamically
regulated in the furrow by multiple mechanisms including Hh and Dpp signaling
pathways.

Because Ato is known to form a dimer with the type I bHLH factor Da to function
as an active transcription factor, the upregulation of Da in the nonneural cells between
proneural clusters is unexpected. Remarkably, loss of Da in the furrow leads to an
expansion of Ato expression in mutant clones, indicating that Da acts as a negative
factor for Ato expression. Despite the expanded Ato expression, there is no retinal
differentiation within da LOF clones because Ato target genes like sens necessary
for retinal differentiation are not induced in the absence of Da. In contrast, overex-
pression of Da results in the repression of Ato expression in the furrow. These results,
together with the specific upregulation of Da between proneural groups, suggest that
Da has both proneural and antiproneural functions depending on the expression level
and cell types in the furrow (Lim et al. 2008).

Because Da functions as a negative regulator of Ato expression in the furrow, it is
an intriguing question whether this Da function is related to the lateral inhibition by
N signaling. Notch-dependent lateral inhibition is mediated by E(spl), another bHLH
family transcription factor. Clonal loss of Da in the region covering the furrow leads to



Negative Regulation for Neural Patterning in the Drosophila eye 175

Fig. 5 Antiproneural function of Da. (a–c) Expression pattern of Da. Third-instar eye disc stained
with antibodies against Da and Ato. An area around the furrow (rectangle) in (a) is magnified in
(b). (c) Is a schematic of (b). In the furrow region, Da is expressed with a relatively low level
in all Ato-expressing cells (green), but it is highly expressed in the cells surrounding singled-out
Ato-positive R8 cells just behind the furrow (red). Outside the furrow, Da is expressed broadly at
a low-level anterior and posterior to the furrow region (pink). (d) A model for Da function during
retinal neurogenesis. Da has dual functions as a proneural and an antiproneural factor depending
on expression level during early retinal neurogenesis. In Ato-positive proneural cells, a low level
of Da forms a heterodimer with Ato to function as a proneural factor. In neighboring cells, Da is
further upregulated by N-E(spl) pathway. A positive feedback regulation between E(spl) and Da
represses Ato expression to antagonize neural specification. (Adapted from Lim et al. 2008)

a loss of E(spl) with concomitant upregulation of Ato. Moreover, ectopic expression
of Da causes strong reduction of E(spl) expression. Interestingly, loss of N or E(spl)
also results in reduction of Da expression. Thus, Da promotes Notch signaling to
activate E(spl) expression, and both Da and Notch signaling cooperatively repressAto
expression to refine single R8 cell selection. In this model, a high level ofAto induced
in the proneural group cells activate Dl, resulting in the Notch activation in the
adjacent cells. Consequently, E(spl) expressed in these cells induces Da expression,
resulting in a high-level Da expression and repression of Ato in these cells. The
high-level Da in these cells also activate E(spl) expression by a feedback regulation,
thus strengthen the difference between the proneural and nonneural cells (Fig. 5;
Lim et al. 2008). The dual function of Da was also found from a genetic screen
for ato modifiers. One of the dominant enhancers turned out to be LOF alleles of
da. LOF da clones showed expanded 3′ ato-lacZ in the furrow while loss of 5′ ato-
lacZ expression posterior to the furrow, consistent with the positive and negative
regulation of ato, using 5′ and 3′ ato genomic enhancers, respectively (Melicharek
et al. 2008).
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Recent studies have also shown that an interaction of broadly expressed type I
bHLH genes regulate tissue-specific cell fates. The Id family HLH proteins, called
type V, do not have the basic domain so that the heterodimers of type II and V
protein cannot function as transcription factors due to their inability to bind DNA.
Extramacrochaete (Emc) is the only type V HLH protein in Drosophila. Although
Emc is expressed broadly in most tissues, it is expressed at a low level in the furrow
of an eye disc where Da expression is upregulated (Bhattacharya and Baker 2011;
Brown et al. 1995). Da is expressed highly in the clones of LOF emc mutant cells.
This indicates that Emc negatively regulates Da expression. However, loss of Da
causes strong reduction of Emc, indicating that Da is required for Emc expression.
Thus, Emc and Da appear to function in an unusual negative feedback loop where Da
is necessary for the expression of its inhibitor Emc (Bhattacharya and Baker 2012).

It was proposed that such network of type 1 and 5 HLH proteins might be a
general mechanism for the regulation of type II HLH expression in developmental
decision makings during neurogenesis, not only in Drosophila but also in mammalian
systems. As mentioned earlier, there are two levels of Da upregulation in the furrow:
a general weak Da upregulation in the furrow and a selective stronger upregulation
between the proneural groups in the furrow. In contrast to the high levels of Da in
the furrow, Emc is low. Thus, it would be interesting to see whether Emc may be
expressed dynamically within the furrow to cross-talk with different levels of Da in
the furrow.

Concluding Remarks

Neural differentiation involves a series of inductive events to generate neurons from
an undifferentiated epithelium. Neurogenesis is initiated in the morphogenetic furrow
by secreted factors like Dpp and Hh as well as proneural transcription factors likeAto.
Generation of ommatidial pattern in the developing eye is established by interaction
of these positive factors and various negative regulators.

Several key negative factors involved in Ato repression and ommatidial spacing
were discussed in this chapter. Notch is a major negative regulator of Ato expression
and is essential for spatial patterning as well as fate specification of photoreceptor
cells. Lateral inhibition by N is activated by ligands that may also be mediated by
ligand-independent and cis-inhibition mechanisms.

Ato expression is also regulated negatively by Da. Da is an essential partner ofAto
for its proneural function, but its high level around the proneural groups antagonizes
Ato expression to generate interommatidial space. This antiproneural function of Da
is positively regulated by E(spl), a target of Notch signaling. Da and E(spl) form
a feedback loop to promote their expression, which probably reinforces the lateral
inhibition of Ato expression.

Bar homeodomain proteins are major negative regulator of Ato expression behind
the furrow. Bar-expressing undifferentiated cells near the furrow can repress Ato
expression, thus preventing ectopic formation of photoreceptors. Negative feedback
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regulation between Ato and Bar is important for ommatidial patterning. It remains
to be seen whether homologs for Ato and Bar have similar functional relationship in
developing vertebrate eyes.
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Cell Adhesion During Drosophila Eye
Development

Ruth I. Johnson

Introduction

Over a brief few days, thousands of cells in the Drosophila eye are organized to gen-
erate a precisely patterned functional organ. Eye morphogenesis requires coordinated
cell fate specification and differentiation, local cell movements, niche acquisition,
and apoptosis to remove surplus cells. The eye has provided a superb model tis-
sue for studies of the molecular bases of these events and the past decade has been
punctuated with studies on the adhesion molecules at play as the fly eye develops.
Because of its structure—a neuroepithelium composed of several discrete and easily
discernable cell types—the eye provides unique opportunities to examine the roles of
adhesion between cells as a complex organ is generated. Indeed, dynamic adhesion
plays a significant role in orchestrating, regulating, and driving eye morphogenesis.

A Descriptive Overview of Eye Development

The mature fly eye is marked by a neatly patterned honeycomb array of about 750
unit eyes (ommatidia) that are separated by an interweaving cell lattice. The precise
arrangement of cells into this simple repeating pattern is striking and easily observed
from the second day of pupation (Fig. 1d, e). Each mature ommatidium is composed
of a bundle of eight photoreceptors capped by four lens-secreting cone cells and
surrounded by two primary pigment cells (1◦s) that are surrounded by a hexagonal
lattice of secondary (2◦) and tertiary (3◦) pigment cells. Three mechanosensory bristle
organules are positioned at alternate vertices of each hexagon.

The selection and arrangement of ommatidia into this striking hexagonal pattern
begins in the late third larval instar eye disc (Fig. 1a, c). As soon as the morphogenetic
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Fig. 1 Morphogenesis of the eye neuroepithelium during larval and pupal stages. a An eye-antennal
disc dissected from a wandering L3 larva. The green box approximately corresponds to b. Omma-
tidial clusters emerge as the morphogenetic furrow (MF) travels from posterior (p, right) to anterior
(a), illustrated in c. Once the first five photoreceptor precursors have been recruited (R8, R2 and R5,
R3, and R4, colored blue), ommatidia begin to rotate. Recruitment of the remaining three R-cells
completes each ommatidium. d Pupal eye–brain complex dissected 40 h after pupation (APF). The
two retinas attach to the optic lobes (OL). e Small regions of retina dissected at 18, 24, 27, and
28 h APF, illustrated in panels on right. A central ommatidium is pictured in each panel. Cone
cells (orange), primary pigment cells (1◦s, yellow), and bristle groups (grey) occupy specific niches
and the interommatidial cells (IPCs, green) rearrange into single file (asterisks). Excess IPCs are
removed by apoptosis leaving three tertiary (3◦) and six secondary (2◦) pigment cells about each
ommatidium (one of each of these cells is labeled in e, bottom panel). (Image in b is adapted from
Escudero et al. 2007; e is adapted from Johnson et al. 2011)

furrow (MF) has passed, sequential recruitment of photoreceptor precursor cells (R-
cells) begins as a wave across the eye disc. The photoreceptor bundles will form
the core of each ommatidium and, remarkably, each bundle rotates as a unit a full
90◦ surrounded by a sea of relatively motionless undifferentiated cells—rather like
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a swimmer turning 90◦ in a swimming pool. Signals emitting from the R-cells then
initialize recruitment of four cone cells per ommatidium from the surrounding pool
of undifferentiated cells and the organism enters pupation.

In the early pupa, the eye undergoes dramatic morphogenesis to emerge inverted
and cupping the optic lobe: photoreceptor axons projecting from each ommatidium
synapse at discrete layers of the medulla within the optic lobe, attaching the two
tissues. Apart from regularly spaced fledgling ommatidia (photoreceptor plus cone
cell groups) the eye neuroepithelium is still relatively disorganized. Two cells are then
recruited as 1◦ cells, usually those immediately adjoining the anterior and posterior
boundaries of each ommatidial group, and patterning of the lattice commences. In
this last step, the remaining sea of interommatidial pigment precursor cells (IPCs) is
reduced to a well-ordered single-file lattice as cells move and compete for specific
niches and excess cells are targeted for apoptosis (Fig. 1e). The product is a precisely
ordered interweaving cell lattice that optically insulates each ommatidium from its
neighbor in the pigmented adult eye.

The eight photoreceptors (R-cells) now lie below the tissue surface, encased by the
cone and 1◦ cell layer (Fig. 2). The six outer R-cells (R1–R6) surround the two inner
R-cells (the R7 and R8, the latter lies beneath the R7). The outer R-cells arrange
in an asymmetrical trapezoidal shape around the R7/R8 group: this asymmetry is
established in the larval disc when differential Notch activity regulated by planar
cell polarity (PCP) distinguishes the R4 precursor from the R3 (Cooper and Bray
1999; Fanto and Mlodzik 1999). During pupal development, the eight photoreceptor
precursors undergo extensive morphogenesis. Each R-cell bends, stooping a full 90◦
to orient its apical surface toward the ommatidial core and the apical membrane is
elaborated into a mass of microvilli that form each light-sensing rhabdomere (Fig. 2b;
Knust 2007).

To appropriately arrange and shape the photoreceptors, ommatidia, and inter-
weaving pigment cell lattice, adhesive junctions must be carefully regulated. In this
chapter, we explore the dynamic and cell-type-specific changes in adhesion that
shape the fly eye. We focus on the adhesive forces that drive morphogenesis of the
epithelial cells as the eye is patterned. Mechanisms that drive rhabdomere morpho-
genesis and mediate interactions between photoreceptor axons projecting from the
retina to synapse in the medulla are not discussed (for recent reviews, see Knust
2007; Schwabe et al. 2009).

Junctions in the Fly Eye

In Drosophila, the adhesive adherens junction (AJ) is the most apical junction in
epithelial cells (Muller 2000; Tepass et al. 2001). Occluding septate junctions (SJ)
that share some similarity with vertebrate tight junctions lie below AJs (Furuse and
Tsukita 2006). The apical outlines of epithelial cells of the fly eye are easily revealed
by detecting Drosophila orthologs of E-Cadherin (E-Cad, encoded by shotgun (shg))
and the associated Catenins (Fig. 1). The eye is a stratified epithelium (Fig. 2). Tall
columnar epithelial cells are exposed apically until lens tissue is secreted (during
late pupal stages) and maintain a foothold on the underlying basal membrane that is
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Fig. 2 Morphology and adherens junctions (AJs) in the fly retina. a Longitudinal illustration of
larval photoreceptor precursor cells (R-cells, blue) clustered into a fledgling ommatidium and
surrounded by undifferentiated epithelial cells (green). Apical AJs are depicted in red. b By the
pupal stage, R-cells are surrounded by cone (orange) and primary pigment cells (1◦s, yellow)
and interommatidial pigment precursor cells (IPCs, green) form an insulating barrier between
ommatidia. The apical membranes of photoreceptor cells elaborate to form rhabdomeres (dark blue
lines) flanked by AJs (red). The basement membrane is brown. c Apical view of a single pupal
ommatidium, arrow indicates corresponding plane. Bristle groups are colored gray. (Illustrations
are inspired and adapted from Tepass and Harris 2007)

pierced periodically by photoreceptor axons. In contrast, the R-cells become buried
within ommatidia and bend 90◦ to reorient the AJs and apical R-cell surface that is
remodeled to generate rhabdomeres (Fig. 2b; Knust 2007).

Homophilic interactions between Cadherins generate the adhesive backbone of
AJs. E-Cad is expressed in all cells of the eye neuroepithelium but N-Cadherin
(N-Cad) in only select cell types. This differential expression of Cadherins that
preferentially generate homophilic (rather than heterophilic) interactions generates
a mechanism to aggregate like cell types during eye patterning that follows a model
of “differential adhesion” proposed many years ago (Duguay et al. 2003; Steinberg
1970, 2007; Steinberg and Takeichi 1994). The patterning of cone cells that express
N-Cad exemplifies differential adhesion.

In addition to the Cadherins, the fly eye requires several other adhesive trans-
membrane proteins for its correct development. Many locate at or close to AJs and
are also implicated in signal transduction, highlighting the importance of the AJ as
a location for these important processes. The current list includes several atypical
Cadherins (Flamingo (Fmi), Dachsous (Ds), and Fat (Ft)), the Nectins Echinoid (Ed)
and Friend of Echinoid (Fred), and Drosophila orthologs of the Nephrin/Neph pro-
teins. The latter group interact heterophilically and are expressed in complementary
groups of cells in the eye exemplifying a second model—of preferential heterophilic
adhesion—that drives tissue patterning (Bao and Cagan 2005).

A clearly visible belt of F-actin tracks theAJs of neuroepithelial cells of the fly eye
(see, e.g., Chu et al. 2012; Johnson et al. 2008). Cadherin–cytoskeletal interactions
mediated by Catenins are considered to stabilize junctions—though the mechanism
has been challenged in recent years (Weis and Nelson 2006). β-Catenin (encoded
by armadillo (arm)) binds the cytoplasmic Cadherin domain to promote Cadherin
stability (Huber and Weis 2001). α-Catenin interacts with β-catenin or Actin (Drees
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et al. 2005; Weis and Nelson 2006; Yamada et al. 2005). Binding of p120-catenin
to E-Cad is proposed to stabilize E-Cad, preventing its endocytosis as new AJs are
generated (Miyashita and Ozawa 2007; Thoreson et al. 2000; Xiao et al. 2005).

The eye neuroepithelium is dramatically remodeled during development: omma-
tidial clusters rotate, individual cells make small local movements to generate simple
patterns, and photoreceptors and support IPCs change shape. The morphologies of
these events have been well described but the molecular mechanisms that dynamically
remodel AJs and the cytoskeleton without compromising tissue integrity are poorly
understood. In the eye, these mechanisms may include prudent regulation of Cad-
herins and the associated α- and β-catenins that indirectly link Cadherins to the Actin
cytoskeleton. Mechanisms may include regulation by the Rho GTPases, Catenin and
Cadherin phosphorylation, clustering or dispersal of Cadherins, Cadherin trafficking,
and regulation by tight junction components including ZO-1 (Gumbiner 2005; Nel-
son 2008; Yap et al. 2007). Similar mechanisms may regulate those non-Cadherin
adhesion molecules required for eye development that also link indirectly to the
Actin cytoskeleton. As discussed further, many of these non-Cadherins have a more
important role than the Cadherins in particular events during eye morphogenesis.

The Larval Eye: Photoreceptor Groups that Rotate as Units

A wave of morphogenesis passes across the larval eye disc anteriorly, the front
marked by a physical indentation aptly named the morphogenetic furrow (Fig. 1a, b).
Eight R-cells are recruited in a series of sequential steps to form the core of each
ommatidium (Fig. 1c; reviewed in Kumar 2012). Periodically spaced founding R8
cells emerge after the MF passes. Next, the R2/R5 and R3/R4 are recruited as pairs
and then after a short pause the photoreceptor set is completed with recruitment of
the R1/R6 and R7 precursors. The five-R-cell preclusters are initially arranged as
distinctive arcs (with R3 and R4 cells on either end; Fig. 1c) but quickly condense
into tight clusters (R3 and R4 cells now neighbors) that rotate 90◦ while the R1/R6/R7
cells are recruited. The direction of rotation is dictated by a set of PCP proteins that
together polarize the eye field in a horizontal axis from the center (equator) toward
each dorsal and ventral pole (reviewed in Goodrich and Strutt 2011; Maung and
Jenny 2011). When functioning correctly, PCP signaling dictates that Notch activity
is amplified in the most polar cell of each R3/R4 cluster. Clusters then rotate to move
the R3/R4 toward the appropriate pole; movement is anticlockwise in the ventral
hemisphere and clockwise in the dorsal hemisphere of the eye.

Packing R-Cells Tightly Together

As photoreceptor clusters rotate relative to the surrounding pool of undifferentiated
cells, the R-cell precursors are tightly attached to each other via Cadherin-based AJs
(Brown et al. 2006; Mirkovic and Mlodzik 2006 Figs. 1b and 3a). Dense localiza-
tion of E-Cad is observed at boundaries between R2, R8, and R5 cells and dense
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Fig. 3 Regulation of ommatidial rotation. a Rotation of wild-type ommatidia begins shortly after
the five photoreceptor precursors cluster together. Rotation is emphasized in right-hand panels
(yellow), a vertical line indicates the morphogenetic furrow. b Overexpression of Nemo accelerates
rotation. c A model integrating factors that regulate ommatidial rotation, see text for details. (Panels
a and b are from Mirkovic et al. 2011)

N-Cad is detected between the R3 and R4 (Mirkovic and Mlodzik 2006). Accumula-
tion of E-Cad but not N-Cad requires the activity of the Ras GTPase Rap1 (O’Keefe
et al. 2009). Cytoplasmic AJ-associated proteins such as β-catenin /Arm accumulate
at all adjoining R-cell membranes. These observations correlate with a model of
tight adhesion that maintains each photoreceptor precursor cluster. The mechanisms
that closely pack R-cells together and fortify these specific AJs are not well under-
stood though several signal transduction pathways have been implicated. Epidermal
growth factor receptor (Egfr) signaling is proposed to promote E-Cad translation
or stabilize junctions to promote R-cell adhesion (Brown et al. 2006). Activity of
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the fibroblast growth factor receptor Breathless (Btl) is also required: photoreceptor
precursors that lack the Btl ligand Branchless (Bnl) fail to pack into tight clusters
though expression of E-Cad at AJs appears normal. In addition, dynamic Myosin
II and remodeling of the Actin cytoskeleton is required for correct photoreceptor
cluster morphogenesis (Chu et al. 2012; Escudero et al. 2007).

Regulating Adhesion During Rotation: Cadherins

In contrast to that observed at boundaries between R-cells, lower levels of E-Cad
are detected about the circumference of each R-cell cluster. In fact, E-Cad levels
match that detected at AJs of surrounding undifferentiated epithelial cells. This turns
out to be crucial—hypomorphic mutations of the E-Cad locus shg reduced cluster
rotation (Mirkovic and Mlodzik 2006). In contrast, ectopic expression of N-Cad op-
posed rotation and ommatidia lacking N-Cad rotated at a faster rate (Mirkovic and
Mlodzik 2006). These data lead to a model of opposing E-Cad and N-Cad function to
carefully regulate ommatidial rotation. The mechanism of rotation remains unclear
but may be mediated by Cadherin interactions similar to those proposed to mediate
movement of border cell clusters within the Drosophila ovary. Like ommatidia, bor-
der cell clusters also display lower levels of E-Cad on the outer cluster surface. The
presence of E-Cad on this outer surface is nonetheless absolutely required to facilitate
correct migration of clusters between nurse cells in the ovary (Niewiadomska et al.
1999). An E-Cad/α-catenin fusion protein that lacks the cytoplasmic tail of E-Cad
did not restore migration to shg mutant border cell clusters, which suggested that
migration is independent ofAJ–cytoskeleton linkage (Pacquelet and Rorth 2005). In-
stead migration may be mediated by repeated catch-and-release interactions between
E-Cad molecules on opposing border cell and nurse cell membranes. This mechanism
may include adenomatous polyposis coli (Apc), which appears to mediate turnover
of AJs in migrating border cells (to mediate “release” of E-Cad interactions) (De
Graeve et al. 2012).

Determining Direction: PCP Signaling

PCP protein complexes that determine the direction of rotation assemble at the api-
cal boundaries between the R3 and R4 cells (reviewed by Goodrich and Strutt 2011;
Maung and Jenny 2011). The seven-pass atypical Cadherin Fmi (also known as
Starry night, Stan) is present in both cells and generates homophilic interactions
across the R3/R4 boundary. The transmembrane receptor Frizzled (Fz) and its cyto-
plasmic transducers Dishevelled (Dsh) and Diego (Dgo) accumulate in the R3 cell
at the R3/R4 cell boundary. Meanwhile, the tetraspanin protein Strabismus (Stbm,
also known as Van Gogh, Vang) and its cytoplasmic interactor Prickle (Pk) accu-
mulate on the R4 side of the R3/R4 cell border. Asymmetric localization of Fz and
Stbm/Vang complexes at the R3/R4 boundary is established immediately before the
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photoreceptor clusters begin to rotate. Asymmetry is dependent on inhibitory inter-
actions between these complexes and disrupted in PCP mutants. Since the direction
and degree of ommatidial rotation is frequently incorrect when components of PCP
complexes are mutated or ectopically expressed, it is reasonable to speculate that
factors that implement rotation may be asymmetrically localized or activated across
the R3/R4 boundary.

The MAP kinase Nemo (Nmo) was among the first proteins to be implicated in
regulating ommatidial rotation (Choi and Benzer 1994). Recently, Nmo was shown
to be bound by Stbm/Vang and localized to the R4 side of the R3/R4 boundary
(Mirkovic et al. 2011). nmonull ommatidia failed to rotate and ectopic Nemo (but not
a kinase-dead Nmo) caused overrotation (Fig. 3b), a phenotype rescued in stbm het-
erozygotes. In addition to binding Stbm/Vang, Nemo also bound E-Cad and targeted
β-catenin/Arm for phosphorylation in vitro. Genetic data indicated that Nemo may
promote ommatidial rotation via β-catenin phosphorylation: in larvae raised at 18 ◦C,
expression of either armS10 (an isoform of β-cat that is resistant to degradation) or
nmo generated no defects in eye tissue but when armS10 and nmo were coexpressed,
many overrotated ommatidia were observed. This interaction was obliterated when
a kinase-dead nmo or an armS10AAA construct (with the serine–threonine targets of
Nmo mutated) was used. These data lead to a model of asymmetrically regulated
adhesion that facilitates rotation: phosphorylation of β-catenin by Nmo modulates
E-Cad–β-catenin complex activity to modify adhesion and junction–cytoskeleton
interactions at the R3/R4 (Mirkovic et al. 2011). Although genetic analysis did not
indicate an absolute requirement for Nmo in the R4, stabilizing Nmo may provide a
mechanism that contributes to linking PCP signaling to junction regulation—though
how asymmetric Nemo then directs rotation in the correct orientation remains un-
clear. In PCP mutations that disrupt Stbm/Vang localization, Nmo’s function would
also be disrupted, accounting for the high frequency of rotation errors observed.
Observations from several years prior provide clues for applying the brakes to om-
matidial rotation: the secreted glycoprotein Scabrous (Sca) suppresses Nmo activity
(via an unknown mechanism) to prevent overrotation (Chou and Chien 2002). In an
interesting twist, Sca is generated by cells within the MF and delivered to rotating
ommatidia by long cellular extensions (Chou and Chien 2002).

Multiple Roles: Egfr Signaling

Careful analysis of the locus roulette—initially described alongside Nemo for its
role in ommatidial rotation (Choi and Benzer 1994)—revealed this to be an allele
of Argos, an antagonist of Egfr signaling (Brown and Freeman 2003; Gaengel and
Mlodzik 2003; Strutt and Strutt 2003). Extensive genetic data reflect that Egfr activity
affects rotation via a variety of mechanisms including modulating cytoskeletal or
junction-associated proteins including the Afadin Canoe (Cno), the Septin Peanut,
Profilin, Capulet, Zip, Rho GTPase Mtl, and the core PCP protein Fmi (Escudero et al.
2007; Gaengel and Mlodzik 2003; Munoz-Soriano et al. 2011). These mechanisms
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are independent of Raf/MAPK activity, but transcriptional targets of Egfr may also
be involved (Gaengel and Mlodzik 2003). When it comes to understanding the role
of Egfr activity as a multitasking regulator of ommatidial rotation, we have merely
scratched the surface.

Myosin II: Generating Force

Though Zip was isolated in a screen for modifiers of an Nmo-overexpression pheno-
type (zip suppressed ectopic Nmo), subsequent genetic assays and the observation
that Zip was unaffected in nmo− clones lead the authors to conclude that Zip and
Nmo functioned independently (Fiehler and Wolff 2007). Zip accumulates together
with F-actin at the interface between rotating ommatidia and the surrounding undif-
ferentiated IPCs and decreasing Zip activity reduced the rate of rotation (Escudero
et al. 2007; Fiehler and Wolff, 2007). The Actomyosin band likely generates forces
that power ommatidial rotation.

Two current models go toward explaining how the band of Actin and Myosin is
generated around ommatidia. In the first, RhoA and its effector Drok (Rho-associated
protein kinase) activate the regulatory Myosin II light chain (encoded by spaghetti
squash, sqh) that targets Myosin II to the apical cell cortex (Winter et al. 2001). This
RhoA-Drok-Myosin II pathway is proposed to function downstream of signaling
pathways including PCP (Verdier et al. 2006; Winter et al. 2001), wingless (Fiehler
and Wolff 2007), and Egfr signaling (Escudero et al. 2007). A second (untested)
model arises from detailed analyses of the interface between ed mutant and wild-
type cells in epithelia: an Actomyosin cable was detected at boundaries of ed− and
wild-type cells, where Ed (a Nectin-like protein) failed to accumulate (Chang et al.
2011; Wei et al. 2005). These data implicated Ed in repressingActomyosin assembly.
Consistent with these observations, lower levels of Ed are detected at AJs that line
the boundaries between ommatidial clusters and the surrounding IPCs (Fetting et al.
2009; Ho et al. 2010). This is precisely where Zip accumulation is observed (Fiehler
and Wolff 2007).

Regulating Adhesion During Rotation: Ed and Fred

Homophilic adhesions between Ed and a second Nectin-like protein Fred are also
important in facilitating and then slowing ommatidial rotation. During the initial
stages of rotation, ed and fred expression are highest in IPCs and R-cells, respectively.
Homophilic interactions are proposed to segregate R-cells from IPCs and generate
a field of differential adhesion that promotes ommatidial clustering and rotation. At
the same time, Ed binds AP-2 that is suggested to promote endocytosis of Fmi and
Egfr in IPCs and further enhance ommatidial rotation (Ho et al. 2010). Then, when
the R1/R6/R7 precursors, that contain high levels of both Ed and Fred, are recruited,



192 Ruth I. Johnson

homophilic adhesion is proposed to prevent ommatidia from rotating beyond 90◦—
by increasing adhesion between ommatidia and the surrounding IPCs (Fetting et al.
2009). The fly Afadin Cno is likely to further stabilize these ommatidial “brakes” by
linking Ed/Fred to the cytoskeleton: Afadins are cytoplasmic adaptor proteins that
interact with Nectins and the Actin-binding protein α-actinin to stabilize adhesion
(Ooshio et al. 2007; Takahashi et al. 1999). As expected, cno mutant ommatidia
overrotate (Fetting et al. 2009; Gaengel and Mlodzik 2003). Cno is an effector of the
small GTPase Rap1 as well as Egfr activity (O’Keefe et al. 2009) which regulates
ommatidial rotation independently of Nmo (Brown and Freeman 2003; Gaengel and
Mlodzik 2003; Strutt and Strutt 2003).

A complex picture of interacting molecular mechanisms that together regulate
ommatidial rotation is beginning to take shape. In Fig. 3c, I present a tentative
interaction map of factors regulating ommatidial rotation. These include PCP and
Egfr signaling, dynamic adhesion, and cytoskeletal regulation. Understanding how
these elements are cohesively integrated is a major challenge.

The Pupal Eye: Generating a Distinctive Pattern

The non-neuronal epithelial cells rearrange to occupy precise niches during pupal
development (Fig. 1e; Cagan and Ready 1989). Following recruitment of a pair of
1◦ cells that encircle each ommatidium, the remaining sea of undifferentiated cells
is rearranged. Directed movements drive IPCs from multiple into single rows that
separate each ommatidium. This directed cell intercalation, coupled with apoptotic
removal of surplus cells, leaves nine cells and three bristle groups organized as a
hexagon about each ommatidium. The apical surfaces of these tall columnar epithelial
cells adopt distinctive shapes. The corner 3◦ cells become hexagonal and 2◦ cells
stretch to occupy rectangular territories between each hexagon vertex (Fig. 1e). In
the very center, the four cone cells form a stereotypical arrangement surrounded by
two banana-shaped 1◦s. The mechanisms that drive cells into specific niches and
shapes have garnered significant attention in recent years. It turns out that several
differentially expressed transmembrane adhesion proteins are essential to correctly
organize cells into specific niches, excess cells are removed by apoptosis, and the
principles of minimal free energy can explain many cell shapes. Many components
that regulate these events are, however, still unclear.

IgSF Proteins: Preferential Adhesion Between Different Receptors

Of primary importance are several Drosophila immunoglobulin super family (IgSF)
adhesion proteins, orthologs of mammalian Nephrin, and Neph1. These include
Hibris (Hbs) and Roughest (Rst) and, in a less dominant role, Sticks and Stones
(Sns) and Kin-of-Irre (Kirre; Bao and Cagan 2005; Bao et al. 2010; Reiter et al.
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1996). When Hbs–Rst and Sns–Kirre complexes are disrupted, the eye is incorrectly
patterned.

The pupal eye is readily available for live imaging and in one such study rst−
IPCs were observed to move (slowly) within the unpatterned epithelium but not
reach or maintain the appropriate niches (Fig. 4a, b; Larson et al. 2008). In one
explanatory model, expansion of the cone and 1◦ cell core pushes IPCs into single
file. In a second model, intercalation of grouped IPCs is induced by core expansion
as well as engagement of the Actin remodeling machinery that generates powerful
cell extensions that probe between neighboring cells (Fig. 4; Johnson et al. 2011).
These extensions are generated apically and directed toward target 1◦s (Cagan 2009;
Cagan and Ready 1989). If successful in reaching the target, the cell extension
is secured by rapidly generated IgSF complexes that spread laterally to extend and
secure the new cell niche and drive cell intercalation to completion. Indeed, reducing
Rst or Hbs leaves many IPCs in multiple rows and when either Sns or Kirre are
reduced in addition, the effect is greatly enhanced (Bao and Cagan 2005; Bao et al.
2010). At present, we believe that Rst/Hbs complexes are stabilized and maintained
by cytoplasmic proteins including Cindr and PICK1 that couple junctions to the
cytoskeleton or regulate junction turnover (Hohne et al. 2011; Johnson et al. 2012).

Two key mechanisms drive the central role of IgSF proteins in stabilizing in-
tercalating cells: trans heterophilic interactions are favored over homophilic IgSF
interactions, and the expression patterns of partner IgSFs evolve into complementary
domains (Fig. 4c, d; Bao and Cagan 2005; Bao et al. 2010; Johnson et al. 2012;
Reiter et al. 1996). Unpatterned IPCs (pre-24 hAPF) express all IgSFs but coinciding
with the period of cell intercalation, Rst and Kirre are removed from 1◦ cells while
expression in IPCs is retained. At the same time, Hbs and Sns are removed from
IPCs and retained in 1◦s. The result is differential expression of IgSF partners and
complementary localization at apical IPC–1◦ cell boundaries to form heterophilic
junctions that drive adhesion between the different cell types (coined preferential
adhesion; Bao and Cagan 2005). These mechanisms also account for separation of
ommatidia by a row of IPCs—in IgSF mutant retina the IPCs are frequently excluded
from neighboring ommatidia: 1◦ cells, now equally competent to bind IPCs and 1◦s,
frequently interact directly with 1◦s of neighboring ommatidia (Bao et al. 2010).

The morphology of IPCs in the hours immediately following intercalation further
demonstrates a preference for heterophilic interactions between IgSF proteins. The
IPCs form rounded or scalloped contacts with neighboring 1◦s that are proposed to
maximize cell contacts (Fig. 1e; Bao et al. 2010). In the absence of either Rst or
Hbs, cells fail to scallop. Conversely, ectopic expression of either IgSF in single
IPCs induces that cell to expand its niche, invading the territory of neighboring cells
(Fig. 4f; Bao and Cagan 2005; Bao et al. 2010).

As the eye matures, scalloping is reduced to render smooth boundaries between
IPCs and 1◦ cells and the apical cell profiles adopt characteristic shapes. Several
mechanisms likely interact to generate the mature pattern. First, gradual expansion
of the apical volume of 1◦ cells would contribute to the round shape of the ommatidial
core (Larson et al. 2010). At the same time, an increasingly dense and well-organized
supporting Actin cytoskeleton traverses the “width” of 1◦ and interommatidial cells
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Fig. 4 Interactions between Rst and Hbs drive intercalation and cell stabilization. a Selected frames
from a movie of wild-type retina imaged from ∼ 20 h after pupation (APF), during the process of
interommatidial pigment precursor cell (IPC) intercalation. Time points (APF) are indicated on
each frame. IPCs are pseudocolored green and select cells outlined in color for emphasis: note
intercalation of the yellow and green cells and immediate lateral widening of the yellow cell on
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and accumulates densely at the zonula adherens (Johnson et al. 2008, 2011). Addi-
tionally, forces generated by interacting Myosin may “lengthen” IPC–1◦ boundaries
(this hypothesis is untested, but scalloping is easily observed in images of mature
zip− retina; Fiehler and Wolff 2007). Finally, the landscape of differentially ex-
pressed IgSFs is underlain by uniform localization of E-Cad at all cell contacts. The
amount of E-Cad detected at AJs increases mildly corresponding with the release of
cell scalloping—homophilically interacting E-Cad may generate stronger adhesive
forces to override those generated by IgSF complexes .

The IgSF proteins must be carefully regulated for the correctly patterned eye to
emerge. Complementary display of partner IgSFs on the surface of neighboring cell
types evolves as IPCs intercalate. This is likely achieved through temporally regulated
gene transcription and degradation of perduring proteins. Our limited understanding
of these events is informed by two separate studies. First, we have observed that
excessively motile and unstable cells that move from IPC to 1◦ cell niches or vice versa
following cell intercalation continue to express the IgSF characteristic of the former
niche even late in development (Johnson et al. 2012). These observations suggest that
the instructions that limit IgSF expression are delivered during a discrete time period.
The nature and origin of these instructions have not yet been described, though hbs
is a target of Notch activity (Krejci et al. 2009) likely stimulated by neighboring
cone cells that express Delta to recruit two 1◦ cells (Nagaraj and Banerjee 2007)
6–8 h before hbs expression is restricted from IPCs. It is conceivable that once the
1◦s have surrounded the cone cells, the remaining IPCs are excluded from Delta (Dl)
signaling. The mechanism that restricts rst expression to IPCs is not known, though
decapentaplegic (Dpp) activity is required for Rst (Cordero et al. 2007). Second,
when Hbs was expressed in IPCs, numerous Rst–Hbs complexes were detected in
cytoplasmic puncta likely to be endocytic vesicles (Cagan 2011). This observation
suggested that cis-interacting Rst–Hbs complexes are removed from cell membranes,
leaving only IgSF complexes that have formed in trans. These events provide an
efficient mechanism for removing perdurant complexes after transcription is resolved
to adjacent complementary cell types.

How are mature IgSF proteins and complexes regulated? In tissue mutant for the
adaptor protein cindr, IgSF complexes remain at IPC–IPC membranes even while
transcription is restricted into the correct complementary patterns (Johnson et al.
2008, 2012). Similar phenotypes were observed when endocytosis was inhibited or
when the formation of IgSF trans complexes was inhibited (by reducing expression

reaching its target ommatidium. b Cells in rst mutant retina successfully generate cell extensions
(note yellow cell) to effect cell intercalation, but fail to maintain stable adhesions with ommatidia
(compare arrows with those in panel a) and fail to maintain stable niches. c, d Illustrations depicting
rst and hbs expression at 24 and 41 h APF. e Illustration of localization of Rst and Hbs at 41 h APF
at primary pigment cell (1◦)–IPC cell boundaries. Asterisk labels a tertiary pigment cell (3◦). f
Ectopic expression of Rst in a single IPC enables that cell to maximize its adhesion to neighboring
1◦s and expand its niche. Panels on right show one of these cells at higher magnification. (Panel a
is from Johnson et al. 2011; b from Larson et al. 2008; c–e from Johnson et al. 2012; f from Bao
and Cagan 2005)
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of partner IgSF proteins). Cindr interacted with both Rst and Hbs, but interactions
with Sns and Kirre were not convincingly observed. While not conclusive, the data
suggested that Cindr functioned like its mammalian counterpart Cd2ap to mediate
IgSF-complex interactions with theActin cytoskeleton (reviewed by Faul et al. 2007)
while also recapitulating the function of the ortholog Cin85 in targeting Rst and Hbs
to the endocytic pathway (Tossidou et al. 2010).

Several other cytoplasmic factors that regulate the IgSFs have been identified.
These include a BAR domain protein PICK1 and the fly ortholog of ZO-1 (Poly-
chaetoid, Pyd). PICK1 has been implicated in stabilizing the Rst ortholog Neph1
at the plasma membrane or recycling endocytosed Neph1: reducing dPICK1 during
fly eye development reduced IgSF accumulation at AJs (Hohne et al. 2011). Pyd
has been implicated in inhibiting accumulation of several AJ proteins including the
IgSFs (Seppa et al. 2008). Reducing either dPICK1 or pyd disrupted IPC patterning.
These data underscore the importance of mechanisms that stabilize IgSFs at AJs for
correct tissue patterning.

Cadherins: Adhesion Segregates and Patterns Cone Cells

Unlike E-Cad, which is ubiquitously detected at all AJs in the eye neuroepithelium,
N-Cad is specific to the four cone cells and particularly important for their assembly
into their final arrangement (Hayashi and Carthew 2004). Both E-Cad and N-Cad gen-
erate homophilic adhesion complexes across neighboring membranes, exemplified
by localization of N-Cad only at cone cell–cone cell boundaries (Fig. 5a; Hayashi
and Carthew 2004). This differential adhesion segregates the cone cells from the
1◦s. The shapes and arrangement of mature cone cells are very distinctive (Fig. 5b).
Mathematical models that explain this arrangement consider that strong homophilic
adhesions work to model the elastic cone cell membranes into shapes that minimize
their surface area and free energy and maximally expand favorable homophilic cell–
cell interfaces (Hilgenfeldt et al. 2008; Kafer et al. 2007). The process is similar to
the behavior of groups of soap bubbles that minimize surface contact with the sur-
rounding water but maximize contacts between neighboring bubbles. Accordingly,
cone cell–cone cell boundaries are straight and this configuration determines the
shape of the remaining apical circumference of the cell, which is also constrained
by the amount of the remaining apical membrane. This analogy was confirmed by
genetically manipulating the cone cell number: in each case cone cells arranged in
configurations that matched the arrangement of soap bubbles (Fig. 5c; Hayashi and
Carthew 2004). So removing N-Cad from one cone cell reduces adhesion affinity and
the length of those straight junctions that still form at the interface with wild-type
cone cell neighbors. At the same time, the remaining apical membrane—the interface
between the N-Cad− cone cell and neighboring 1◦ cell—expands (Fig. 5e; Hayashi
and Carthew 2004). The Carthew group have also considered the contribution of
N-Cad dynamics to cone cell geometries and included in their modeling parameters
that took into account: (1) recycling of unbound N-Cad back to cone cell–cone cell
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Fig. 5 N-Cadherin is essential for cone cell patterning. a A single ommatidium, stained for E-Cad
(green) and N-Cad (red, colocalization results in orange color). b The primary pigment cell (1◦) and
cone cells arrange in distinctive geometries. Hilgenfeldt et al. (2008) found the average angles of θ1,
θ2, and θ3 to be 109 ± 6◦, 118 ± 6◦, and 130 ± 9◦, respectively. c, d These angles are recapitulated
in four adherent soap bubbles and changed when the number of bubbles or cone cells is modified (*
and #). Tissue in c is stained with cobalt sulfide. e An ommatidia with one N-Cad mutant cell (lack
of magenta). f The configuration of this cone cell is modified, as correctly predicted by a simulation
that included parameters predicting recycling of unbound N-Cad back to the membranes labeled
in red. (Images a and b are modified from Hilgenfeldt et al. 2008; c and d are from Hayashi and
Carthew 2004; e and f are from Gemp et al. 2011)

boundaries or (2) degradation of unbound N-Cad (Gemp et al. 2011). The geome-
tries of actual mosaic N-Cad− cone cell quartets were more like those predicted by
simulations that included recycling parameters suggesting that this dynamic process
contributes to cone cell arrangement (Fig. 5f) .

These beautiful computer models explain the final configuration of cone cells and
their relationship to the surrounding 1◦s. But the story is more complex. In early pupal
stages, the anterior and posterior cone cells, rather than the polar and equatorial, are
in direct contact (see Fig. 1e). Precisely what orchestrates the switching of these
cone cell contacts is still unknown, though the IgSF Hbs plays a role (Grillo-Hill and
Wolff 2009).

Adhesive Junctions Moonlighting as Signaling Centers

In this chapter, I have considered the contribution of the AJs to the morphogenesis
of the eye. However, many adhesion receptors and proteins that localize to AJs have
roles in signaling. The IgSF Hbs, for example, interacts with Presenilin (Psn) to
promote Notch cleavage and signaling in a multitude of tissues (Singh and Mlodzik
2012). In the eye, this relationship is important for photoreceptor differentiation and
Hbs was observed at R-cell membranes surrounding the rotating ommatidia; whether
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Hbs modifies Notch signaling to affect pupal eye patterning is likely but has not yet
been studied. Notch activity is also regulated by Pyd (ZO-1), which binds the E3
ligase Suppressor of Deltex (Su(dx); Djiane et al. 2011). The regulatory nature of
this relationship appears to be tissue specific but was not studied in the eye, though in
a separate study Pyd inhibited the accumulation of AJ components and may similarly
disrupt Notch (Seppa et al. 2008). These two are examples of “active” interactions
between junction and signaling proteins, but the interactions may also be “passive.”
Apart from Notch, other signaling molecules residing apically or at junctions include
the Egfr and atypical Cadherins Ds and Ft that affect planar polarity and also signal to
the Hippo pathway to regulate organ size (Staley and Irvine 2012). It stands to reason
that when adhesive cell junctions are disrupted, signal transduction and correct eye
patterning would be too .

Perspective

We are now in an age when using Drosophila as a tool for translational research
is gaining attention and acceptance. Studying defects, especially in the adult eye,
provides an easily scorable assay for a variety of genetic and pharmacological ma-
nipulations (e.g., Vidal et al. 2005). However, the underlying biology that generates
these visible defects is varied. Dissection of larval or pupal stages can reveal a
plethora of developmental defects that we do not yet fully understand. Many of these
defects are indicative of disrupted adhesion and cell movement, and disrupted sig-
naling consequent to these. Dissecting the molecular nature of these phenotypes will
provide a more informative context for increasingly popular translational studies.

We do not yet fully understand how activity at the AJs determines the pattern and
shape of the fly eye. The list of transmembrane adhesion proteins that are instructive
in shaping the eye—E-Cad, N-Cad, Rst, Hbs, Ed, Fred—may yet be incomplete. The
next decade will undoubtedly prove fruitful in elucidating the signals that regulate
adhesion proteins, the cytoplasmic proteins with which they interact, and interactions
with the dynamic cytoskeleton.

Acknowledgments I am grateful to Mark Hellerman, Ursula Weber, and Jun Wu for very helpful
comments on this chapter.
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Modulation of Developmental Signaling
by the Proteostasis Network

Kristin D. Patterson and Janice A. Fischer

Introduction

Interplay between a number of cell communication pathways controls cell behaviors
as the Drosophila larval eye disc develops into the ordered array of ommatidia seen
in the adult eye (Kumar 2012; Roignant and Treisman 2009; Tsachaki and Sprecher
2012). Disruption of signaling by a change in either the levels or timing of expression
of signaling pathway components, often leads to dramatic effects: the lack of eye
tissue altogether, tumor growth, misdetermination of cell types, altered patterning,
or degeneration (Artavanis-Tsakonas and Muskavitch 2010; Baker 2007; Herranz
and Milán 2008). A limited number of signaling pathways used iteratively during
the course of eye development can elicit different responses, depending on context.
Organisms have evolved mechanisms to ensure that cells receive and interpret instruc-
tions about their environments, enabling them to activate a normal developmental
plan. Regulation of transcription is one way by which cells modulate signaling.
However, proteomic studies have shown that the levels of particular mRNAs in a
cell are related only partially to the levels of protein encoded by those mRNAs; the
proteome is also controlled at translation and posttranslationally (Vogel and Mar-
cotte 2012). Signaling can be affected by posttranslational protein quality control, or
proteostasis, which includes modulation of protein folding, chemical modification,
trafficking, and degradation by the proteostasis network (Powers et al. 2009).

Cells maintain sets of proteins, their proteomes, to fulfill their functions. Most
proteins achieve functional status only after folding into complex three-dimensional
structures and in vitro biophysical studies have shown that proteins navigate a com-
plex thermodynamic landscape as they explore different conformations in search of
a low energy, stable structure (Hartl et al. 2011). A denatured polypeptide is able to
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fold into its functional form without outside assistance under laboratory conditions.
However, protein folding in the cell is normally more challenging, especially under
conditions of stress. For one, translation is error prone, which means that on average,
15 % of proteins have at least one amino acid substitution, and most such errors affect
folding. Second, the crowded space inside a cell provides opportunities for proteins to
aggregate in nonproductive interactions instead of assuming a functional structure. In
addition, protein function can depend on the ability to alter conformation in response
to posttranslational modification or interactions with binding partners, and therefore,
protein activity can require trafficking to particular cellular compartments. Exposure
to stress conditions such as heat, changes in pH, and reactive oxygen species (ROS)
affects protein folding as well (Gidalevitz et al. 2011; Powers et al. 2009). Given all
the challenges to the attainment of functional protein structure, it is not surprising
that organisms invest in tools that ensure protein quality, the proteostasis network.
Signaling protein homeostasis is achieved in large part by two processes: (1) pro-
tein folding assisted by endoplasmic reticulum (ER) chaperones and modification
enzymes and (2) Ubiquitin-directed trafficking and degradation.

Chaperones

Molecular chaperones are proteins that assist other proteins to achieve their native
fold without themselves becoming part of the structure (Vabulas et al. 2010). Many
intercellular signaling proteins are synthesized, folded, and trafficked in the ER
secretory system. A protein translated in the ER is retained by chaperones to provide
time for posttranslational modifications, such as glycosylation and disulfide linkages,
that influence folding of many secreted proteins. Because accumulation of misfolded
proteins in the ER (ER stress) is detrimental to cell function, proteins in the ER
monitor folding. Persistent misfolding results in retrotranslocation to the cytoplasm
and degradation by the proteasome in a process called ER-associated degradation
(ERAD). ER chaperones, modifying enzymes, and ERAD reduce accumulation of
unfolded proteins in the ER by ensuring that ER proteins are either folded or degraded.
When the capacity of the ER to secrete or degrade proteins is overloaded, the unfolded
protein response (UPR) is activated. The UPR is a cellular adaptation that decreases
stress by increasing protein folding, trafficking, and degradation capability, and
decreasing protein synthesis. Under long-term ER stress, a proapoptotic pathway
may be activated (Araki and Nagata 2012; Liu and Ye 2011).

Ubiquitin

The Ubiquitin-Proteasome system, along with a contribution from the lysosome and
autophagy, is the proteolysis arm of the protein homeostasis machinery. Ubiquiti-
nation is a posttranslational modification in which the small protein Ubiquitin (Ub)
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is attached covalently to a lysine residue in a substrate protein through a three-step
enzymatic process: (1) E1-activating enzyme charges an E2-conjugating enzyme
with Ub; (2) an E3 ligase enzyme binds to substrate protein and serves as an adapter
between the E2 and substrate; (3) the Ub moiety is transferred directly or indirectly
through the E3, to the ε-amino group of the substrate lysine (Varshavsky 2012). Ubiq-
uitination is a highly flexible modification for three reasons. First, large numbers of
E2 and E3 enzymes allow for developmental regulation and substrate specificity. In
the fly genome, there are at least 34 E2s and 207 E3s (Du et al. 2011). Second, the
ubiquitination reaction is reversible through the action of substrate-specific deubiq-
uitinases (DUBs). Finally, Ub can modify a protein in several ways: a protein can
be tagged with one Ub on one lysine residue (monoubiquitination), several substrate
lysines can be modified with one Ub each (multi-monoubiquitination), or a single
substrate lysine can have a chain of Ub moieties attached through lysines found in the
Ub sequence (polyubiquitination). Each type of Ub linkage varies in structure and
may be recognized by particular versions of protein motifs such as the Ubiquitin in-
teracting motif (UIM) and the Ubiquitin-binding domain (UBD). Some Ub linkages
target proteins to the proteasome for degradation. However, not all Ub modifica-
tion leads to proteasomal degradation (Chen and Sun 2009; Kulathu and Komander
2012). Signaling activity in the fly eye is influenced by Ub-mediated endocytosis
and trafficking of many signaling molecules.

Proteostasis in Specialized Cells

Studies of stressed cells, for example, during aging and disease, have highlighted the
importance of protein homeostasis in maintaining a healthy proteome (Taylor and
Dillin 2011). In a developing multicellular context, two additional factors must be
considered. First, specialized cells must maintain specialized proteomes, suggesting
that the various mechanisms of protein quality control are differentially active in
different cell types. Furthermore, during early stages of development, cells change
their protein composition depending on time and location as they become determined
and eventually differentiate into a specific cell type. The almost crystalline regularity
of the adult eye and its function in vision is the result of fine regulation of and inter-
action between a few well-studied and evolutionarily conserved signaling pathways,
including the Notch, epidermal growth factor receptor (EGFR), and rhodopsin (Rh)
pathways. Detailed summaries of the function of each of these signaling pathways in
eye development can be found elsewhere (Fortini 2009; Kumar 2012; Nagaraj and
Banerjee 2004; Roignant and Treisman 2009; Shieh 2011; Sundaram 2005; Tsachaki
and Sprecher 2012). The proteostasis machinery is an efficient mechanism for
altering the proteome in response to developmental signals. We review evidence
from the Notch, EGFR, and Rh pathways that protein homeostasis plays a unique
and substantial role in enabling the iterative use of signaling pathways in the confines
of the developing Drosophila eye and in adult vision.
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Fig. 1 Downregulation of EGFR signaling by Ub-mediated endocytosis and endosomal sorting. a
The EGFR is a receptor tyrosine kinase. Upon activation by sSpi, signal is transduced through Ras to
double phosphorylate ERK resulting in transcription modulation. Double arrows indicate that some
steps in the pathway are not shown. b Desensitization of the EGFR is achieved through endocytosis
and endosomal sorting. The Ub E3 ligase Cbl binds to EGFR at the cell surface. Ubiquitination
of EGFR by Cbl leads to endosomal sorting in favor of lysosomal degradation. Receptors without
Ub are recycled to the cell surface. c Ubiquitination of Ras by the E3 ligase Rabex-5 results in
movement of Ras from the cell surface to endosomes and decreased Ras activity. The next steps of
ubiquitinated Ras trafficking are unknown

The EGFR Signaling Cycle

Binding of the EGFR, a receptor tyrosine kinase, by the ligand Spitz (sSpi) activates
the Ras signal transduction pathway. The Ras GTPase cycles between active and in-
active forms through the action of guanine nucleotide exchange factors (GEFs) that
catalyze the association of Ras with GTP and GTPase-activation proteins (GAPs)
that return Ras to the inactive GDP-bound form. Downstream of active Ras, the
MAP kinase Erk (rolled in Drosophila) becomes active through double phosphory-
lation (dpErk), and the function of dpErk results in transcriptional regulation through
degradation of the repressorYan and activation of the positive regulator Pointed (Pnt;
Brunner et al. 1994; O’Neill et al. 1994; Fig. 1a).

Iterative activation of the EGFR is required for the proliferation, survival, and
differentiation of all the cell types that make up a facet—photoreceptors (except
R8), cone cells, and pigment cells (Freeman 1996). The morphogenetic furrow is a
visible boundary between an undifferentiated epithelium in the anterior portion of
the larval eye disc and differentiating tissue to the posterior. The first cell recruited to
the developing facet posterior to the furrow is the R8 photoreceptor. The R8 begins
to produce the secreted EGFR ligand sSpi. Cells adjacent to R8 transduce high levels
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of EGFR signal through Ras and begin to differentiate to make a five-cell cluster,
including R8 and R2-R5. As cells differentiate, they produce more sSpi that diffuses
farther and recruits more cells to differentiate in an outwardly expanding pattern.
While high levels of EGFR activation encourage differentiation, lower levels are
important in cell proliferation and survival. Cells further from R8 than R2–R5 do
not initially activate the EGFR; instead, they enter a round of mitosis that is essential
to form enough cells for each facet. Later, a low level of EGFR activation promotes
cell division and survival of the additional cells (Baker andYu 2001; Yang and Baker
2003). Therefore, normal eye development depends on restriction of the EGFR signal
in space and the ability to control the level of signal in time. How do eye disc cells
remain responsive to an EGFR signal, yet control the level and timing of response?
Three proteostatic mechanisms for fine-tuning the activation and repression of EGFR
signaling are discussed below.

EGFR Signal Activation by Ligand Processing

A flexible system of ligand processing, dependent on a family of Rhomboid proteases
and the ER chaperone Star, activates the EGFR pathway. EGFR and Spi proteins are
expressed widely in the developing eye. Spi is produced as a transmembrane protein
with a single EGF repeat in the extracellular domain. Immature, full-length Spi
is retained in the ER (Schweitzer et al. 1995). Intramembrane cleavage of Spi by
Rhomboid proteases leads to secretion of the C-terminal half of the protein, the
functional EGFR ligand (sSpi; Schweitzer et al. 1995; Urban et al. 2001). However,
unprocessed Spi and the processing protease do not reside in the same subcellular
compartment; Spi is found primarily in the ER and Rhomboid-1 (Rho-1), the defining
member of the Rhomboid family, is localized to a late-endosome (Lee et al. 2001;
Tsruya et al. 2002). Therefore, many eye disc cells are prepared to activate EGFR
signaling, but compartmentalization of the ligand and protease prevents them from
doing so.

To produce active EGFR ligand, Spi is trafficked by Star from the ER to Rho-
1-containing endosomes (Lee et al. 2001; Yogev et al. 2010; Fig. 2a). Star was
identified originally based on a haploinsufficient rough eye phenotype due to a re-
duction in photoreceptor number (Brown and Freeman 2003; Heberlein and Rubin
1991; Tsruya et al. 2007). Conversely, Star overexpression results in increased pro-
duction of sSpi and extra photoreceptors, consistent with an expansion in EGFR
signaling (Hsiung et al. 2001; Tsruya et al. 2002). Star is an example of an ER chap-
erone that is the limiting factor in production of a ligand and therefore activation of a
signaling pathway. Therefore, it is significant that Star is also a substrate for Rhom-
boid proteases and neither part of cleaved Star functions as a Spi chaperone (Tsruya
et al. 2007). Cleavage of Star by Rho-1 attenuates EGFR signaling by reducing the
number of Star molecules available to chaperone Spi.
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Fig. 2 Level and location of sSpi production depends on ER chaperone and protease activity. a Spi
is trafficked from the ER to vesicles by the chaperone Star. Spi and Star are cleaved by Rho-1 and
Rho-3 in the vesicle to produce sSpi and inactivate Star. b Rho-3 in the ER results in premature
processing and retention of some Spi and Star. c Extension of the ER into the photoreceptor axon
allows trafficking of Spi and Rho-3 to the axon terminus and production of sSpi in a second location

ER Rho-3 Reduces sSpi Secretion

Star is haploinsufficient only in the eye. The extreme sensitivity of eye development
to Star activity can be explained by the presence in the developing eye of a second
protease, Rhomboid-3 (Rho-3) (also known as Roughoid; Wasserman et al. 2000).
Like Rho-1, Rho-3 processes Spi to its secreted form. Rho-1 and Rho-3 colocalize
to the late endosome, but Rho-3 is also in the ER. Rho-3 is able to process Spi
and cleave Star in the ER, before trafficking to the late-endosome (Fig. 2b). sSpi
produced in the ER is retained in the ER; it is not secreted (Schlesinger et al. 2004).
In addition, Rho-3 cleavage of Star in the ER reduces the amount of functional Star
available to traffic full-length Spi to the late-endosomal compartment for processing
and secretion (Yogev et al. 2008). Therefore, Rho-3 in the ER attenuates signaling
through EGFR in the eye by reducing secretion of sSpi. In contrast, loss of Rho-3
in the eye results in excess recruitment of photoreceptors into facets, as would be
expected if the EGFR were overactive (Yogev et al. 2008). Rho-3-dependent signal
reduction enables a short range signal to recruit just a few cells to each ommatidium
at any given time-point.

Spi Trafficking and Polarized Signaling

Spi trafficking in the ER before activation by proteolytic processing also provides a
mechanism for localized signaling in polarized cells. After the outer photoreceptor
neurons are determined, they extend axons basally through the optic stalk to the
lamina of the brain. The photoreceptors continue to produce sSpi in the cell body for
recruitment of cells to the facet and they begin to produce sSpi at the axon terminus
where it is required for neurogenesis in the brain lamina. Yogev and colleagues
(2010) have shown that in eye discs lacking Rho-3, photoreceptor neurogenesis
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appears normal (except that too many photoreceptors are produced), but sSpi is not
produced at the axon terminus and neurogenesis in the lamina is blocked. The ER
compartment extends throughout the axon in these cells and the ER localization
of Spi and Rho-3, along with Star, provides a mechanism for the proteins to be
trafficked into the axon (Fig. 2c). At the axon terminus, the proteins exit the ER
and join the same type of late-endosomal compartment found in the cell body for
ligand processing (Yogev et al. 2010). In this case, chaperone-mediated trafficking
of Spi has two opposing effects in the polarized photoreceptor neuron: it attenuates
the Rho-1-based production of sSpi in the cell body, and it permits the production of
sSpi at the axon terminus.

Desensitization of the EGFR

Ligand binding results in activation of EGFR signaling followed immediately by
desensitization, a temporary decrease in response to signal due to a transient decrease
in the number of receptors on the cell surface. A series of studies have shown that
EGFR desensitization is affected by endocytosis and endosomal sorting that leads to
segregation of EGFR receptors into either of two pathways: recycling to the plasma
membrane or degradation in the lysosome (Sorkin and Goh 2008). The role of Ub
modification on EGFR endocytosis is unclear at this time (Haglund and Dikic 2012;
Sorkin and Goh 2008), but there is substantial evidence that the EGFR is ubiquitinated
by the proto-oncogene product Cbl and that Ub influences endosomal trafficking of
the EGFR in favor of lysosomal degradation (Fig. 1b).

Cbl was first identified as a retroviral gene product (v-Cbl) involved in B cell
lymphoma and myeloid leukemia (Langdon et al. 1989). A single Cbl-encoding
gene exists in Drosophila (d-cbl; Hime et al. 1997; Meisner et al. 1997). A genetic
screen conducted in C. elegans identified the homolog of cbl, called sli-1, as a sup-
pressor of EGFR signaling, but the mechanism of action was unknown (Jongeward
et al. 1995; Yoon et al. 1995). Subsequent work using in vitro reconstitution assays
and mammalian cell culture models dissected the role of Cbl in EGFR regulation.
EGFR is a substrate of Cbl-Ub ligase activity (Joazeiro et al. 1999; Levkowitz et al.
1999). EGFR remains in complex with ligand and Cbl during endosomal sorting al-
lowing the receptor to become either multi-monoubiquitinated or polyubiquitinated
with K63-linked chains (Haglund et al. 2003; Umebayashi et al. 2008). Many of
the proteins involved in endosomal sorting, including the hepatocyte growth factor-
regulated tyrosine kinase substrate (Hrs) and the endosomal sorting complex required
for transport (ESCRT) complexes, have UBDs and are involved in recruiting ubiqui-
tinated substrates to the multivesicular body (MVB) and ultimately to the lysosome
for degradation (Haglund and Dikic 2012). In mammalian cell models, ubiquitinated
EGFRs are targeted to the lysosome while EGFRs without Ub modification are re-
cycled to the plasma membrane (Levkowitz et al. 1998; Peschard and Park 2003;
Umebayashi et al. 2008). Disrupting the interaction between Cbl and EGFR during
endosomal sorting increases EGFR signaling and oncogenic Cbl proteins are either
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unable to bind EGFR or lack Ub ligase activity (Peschard and Park 2003; Umebayashi
et al. 2008). Taken together, this information suggests that Cbl-mediated ubiquitina-
tion of EGFR leads to lysosomal degradation of EGFR, which limits activation of
the EGFR pathway and cell growth.

D-cbl Isoforms Regulate EGFR and Notch

D-cbl modulates several signaling pathways during eye development. Genetic inter-
action studies suggest that D-Cbl is a negative regulator of EGFR signaling during all
stages of eye development (Meisner et al. 1997; Wang et al. 2008). Mosaic analysis
supports a role for D-cbl in developmental decisions controlled by EGFR signaling.
For example, the ommatidia in clones lacking D-cbl function have increased num-
bers of photoreceptors, cone cells, and pigment cells, mimicking the over-recruitment
defects seen in eye discs with overactive EGFR signaling. Also, molecular markers
of EGFR activity are inversely related to D-cbl levels. At pupal stages, EGFR sig-
naling inhibits apoptosis and apoptosis is increased in D-cbl− clones (Wang et al.
2008). More detailed analysis in eye discs showed that D-cbl mutant ommatidia were
overpopulated with R7 photoreceptors and cone cells and that removing one copy
of egfr+ or Notch+ were both able to suppress the recruitment phenotype. Mosaic
analysis in the wing disc shows that loss of D-cbl upregulates Notch signaling (Wang
et al. 2010). D-cbl is produced in two isoforms, D-cblS and D-cblL, respectively.
Both proteins have E3 Ub ligase and EGFR-binding domains (Pai et al. 2006). In
eye discs, overexpression of D-cblL downregulates EGFR signaling, but not Notch
signaling. In contrast, D-cblS antagonizes Notch, but not EGFR (Wang et al. 2008;
Wang et al. 2010). Therefore, differential expression of D-cbl isoforms modulates
EGFR and Notch signaling. Future work in flies is needed to connect the d-cbl−
phenotype with protein ubiquitination and degradation.

Downregulation of Ras by Endosomal Trafficking

Recent studies, using cell culture and the Drosophila eye as models, describe a
mechanism of Ras downregulation by ubiquitination and endosomal sorting. Hypo-
morphic mutation of the Drosophila E1 Ub-activating enzyme (Uba1) results in an
overgrowth of eye tissue due to a decrease in cell death and an increase in prolif-
eration. Clones of eye cells lacking Uba1 have increased levels of dpERK and Pnt,
both markers of EGFR activity. However, decreased EGFR levels do not rescue the
Uba1-defects. Instead, partial rescue of cell death and proliferation abnormalities
is seen when the level of Ras is reduced, suggesting that Uba1 may affect cell sig-
naling by ubiquitinating a protein downstream of EGFR, maybe even Ras (Pfleger
et al. 2007; Yan et al. 2009). Indeed, experiments in S2 cells showed that mono- and
di-ubiquitinated species of Ras are present in Drosophila cells (Yan et al. 2009).
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Rabex-5 Ubiquitinates Ras

Rabex-5 (also known as RABGEF1) is an E3 ligase that places Ub on Ras. Rabex-
5 was originally identified as a GEF for Rab5, a molecule known to function in
endosomal trafficking (Horiuchi et al. 1997). Rabex-5 also has Ub ligase activity
through an atypical A20-type zinc finger (A20_ZF) domain (Lee et al. 2006; Mattera
et al. 2006). In mammalian cells, the level of Ras ubiquitination is directly related
to the level of Rabex-5 and only deleted versions of Rabex-5 proteins that contain
the A20_ZF domain led to Ras ubiquitination (Xu et al. 2010). In Drosophila S2
cells, overexpression of Rabex led to increased Ras ubiquitination (Yan et al. 2010).
Finally, Rabex-5 is able to ubiquitinate Ras in vitro, suggesting that the interaction
is direct (Xu et al. 2010).

Ubiquitination of Ras changes its subcellular localization and attenuates Ras activ-
ity (Jura et al. 2006; Fig. 1c). In mammalian cells, increased Rabex-5 activity leads
to increased trafficking of Ras to endosomes. The converse is also true—less Ras
is associated with endosomes in cells with less Rabex-5. Furthermore, the translo-
cation of Ras from the plasma membrane to the endosome is not dependent on the
Rab-GEF activity of Rabex-5 (Xu et al. 2010). Flies in which Rabex-5 has been
deleted or reduced using RNAi constructs have an impressive mutant phenotype.
Deletion alleles result in the death of abnormally large larvae with melanotic tumors.
Flies expressing reduced Rabex-5 survive to adulthood, but are larger than wild-type
flies. Conditional downregulation of Rabex-5 accomplished by expressing RNAi in
the eye results in large eyes, small eyes, and extra antennae due to cell-fate defects.
All these phenotypes are consistent with loss of Rabex-5 leading to an increase in
Ras signaling. In fact, molecular markers show that Ras is overactive in flies with
lower Rabex-5 function and reduction of Ras led to rescue of the defects due to
loss of Rabex-5 activity. Expression of Rabex-5 variants showed that the Ubiquitin
ligase activity of Rabex-5 is required for its function in regulating Ras (Yan et al.
2010). The identification of Rabex-5-mediated Ras ubiquitination highlights the role
of proteostasis in adjusting developmental signaling to allow seemingly opposing
outcomes such as growth, survival, and differentiation.

The Notch Signaling Cycle

Canonical Notch signaling depends on interaction between the Notch receptor and
a ligand, either Delta (Dl) or Serrate (Ser) in the fly eye, on the adjacent cell. Unlike
other signaling pathways, Notch is not activated by enzymatic signal transduction.
Instead, removal of an extracellular portion of the receptor (the ectodomain), usually
triggered by ligand binding, renders the receptor susceptible to proteolytic cleav-
ages by the metalloprotease Kuzbanian and γ-secretase. Cleavage releases a portion
of the Notch intracellular domain (NICD) that, upon transport to the nucleus, in-
teracts with Suppressor of Hairless (SuH) and Mastermind to activate transcription
of downstream effectors (Artavanis-Tsakonas and Muskavitch 2010; Fig. 3a). The
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Fig. 3 Ligand-dependent Notch signaling requires adequate pools of Epsin and Clathrin for ac-
tivation of receptor by ligand endocytosis. a Notch receptor is cleaved to release the NICD, a
transcription regulator. b A population of Dl is ubiquitinated by Neur or Mib1 and recruited to spe-
cialized Clathrin-coated endocytic vesicles by Epsin. c Epsin is inactive when ubiquitinated. In the
eye, the DUB Faf is required to increase the level of active Epsin by removing Ubiquitin from Epsin.
d Epsin and Clathrin levels are increased by Aux and Hsc70 activity in uncoating Clathrin-coated
vesicles

nonenzymatic nature of Notch signaling renders the pathway more sensitive than
other signaling mechanisms to levels of receptor activation because there is a di-
rect relationship between the number of activated receptors and the number of NICD

molecules available to activate transcription.
Notch activation is used repeatedly for patterning the fly eye. It is required for

proliferation of early eye progenitors (Amore and Casares 2010; Dominguez et al.
2004; Kenyon et al. 2003), origin of the morphogenetic furrow (Kumar and Moses
2001), establishment of the boundary between dorsal and ventral compartments
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(Cho and Choi 1998; Domínguez and de Celis 1998; Singh et al. 2012), selection of
R8 photoreceptors (Baker et al. 1996; Cagan and Ready 1989), ommatidial polarity
by distinguishing R3 from R4 (Cooper and Bray 1999; Fanto and Mlodzik 1999;
Tomlinson and Struhl 1999), selecting R7 from the R1/R6/R7 equivalence group
(Cooper and Bray 2000; Tomlinson and Struhl 2001; Tomlinson et al. 2011), and
the identity of non-neural ommatidial cells (Nagaraj and Banerjee 2004). Because
Notch signaling occurs between two adjacent cells, the main function of Notch in
all these developmental decisions is to make one cell different from its neighbor.
The outcome of many of these cell-fate decisions relies on context; the downstream
effects of Notch activation are different depending on the coordinated action of
several pathways and the production of other regulatory molecules depends on
developmental history (Nagaraj and Banerjee 2004). In addition, Notch pathway
proteins are modulated by proteostatic mechanisms. In the fly eye, adjustment of the
quantity and quality of Notch signaling through ER modification and Ub-mediated
degradation is essential for specific developmental outcomes.

Adjusting Notch Quality via ER Function

The Notch receptor is a single-pass transmembrane protein with two functional do-
mains in the extracellular region: a series of 36 EGF-like repeats and the negative
regulatory region (NRR). EGR-like repeats 11 and 12 are involved in ligand binding
(Rebay et al. 1991). The NRR is made up of three Lin12/Notch repeats (LNRs) and
a heterodimerization region. The structure of the NRR blocks access to the prote-
olytic cleavage site and prevents Notch activation in the absence of ligand. Casual
interaction between Notch and ligand is not sufficient to activate signaling. Instead,
current models propose that tight receptor ligand binding followed by endocytosis of
both into their respective cells results in sufficient force to alter the structure of the
LNR domain and expose the site for proteolytic cleavage (Musse et al. 2012). Both
ligand-binding and proteolytic cleavage depend on proper folding and modification
of Notch in the ER.As Notch is transported through the secretory pathway, it is modi-
fied with O-linked fucose and glucose moieties on the EGF repeats and characteristic
disulfide bonds are introduced in the EGF repeats and the LNRs. Regulation of ER
function is important for Notch signaling during eye development for two reasons:
(1) retention of improperly folded receptor prevents spurious Notch activation and
(2) regulation of at least one ER protein results in tissue-specific regulation of Notch
signaling.

Ero1L

Ero1L is a thiol oxidase involved indirectly in disulfide bond formation. In many
tissues, loss of Ero1L function causes Notch-like phenotypes. Genetic interactions
and mosaic clone analysis indicate that Ero1L function is Notch pathway-specific and



214 K. D. Patterson and J. A. Fischer

required in signal-receiving cells. Experiments in S2 cells and an in vitro oxidation
assay show that Ero1L is required for disulfide bond formation in Notch LNRs, but
not in EGF repeats. Cells lacking Ero1L retain Notch in the ER and activate the UPR.
Notch is likely a major Ero1L target because the UPR is much less robust in Ero1L
mutant cells that also lack Notch (Tien et al. 2008). The disulfide bonds formed
in the LNR region are critical for regulating activation by proteolytic processing.
Therefore, it is proposed that ER retention of improperly folded Notch in Ero1L−
cells prevents detrimental Notch activation by ligand-independent cleavage.

Glycosylation by OFUT1 and Fng

O-fucosyltransferase-1 (OFUT1) is a soluble ER enzyme that modifies proteins by
placing an O-fucose moiety on a consensus sequence found in most EGF repeats,
including those in Drosophila Notch. OFUT1− animals display an array of Notch-
like defects in the eye and elsewhere, implicating OFUT1 in diverse Notch signaling
events. Further inquiry into OFUT1 function was carried out using the wing or
S2 cells as models. In cells lacking OFUT1, the Notch receptor fails to reach the
plasma membrane and instead accumulates in the ER. Overexpression of either wild-
type OFUT1 or OFUT1 that is enzymatically inactive rescues Notch trafficking
defects caused by loss of OFUT function. Therefore, independent of its function as
a glycosylase, OFUT1 probably has a chaperone function required for the folding
or trafficking of Notch from the ER to the plasma membrane (Okajima et al. 2005;
Okajima et al. 2008).

O-fucosylated Notch is also a substrate for further glycosylation by Fringe (Fng).
Notch glycosylated by Fng has increased affinity for Dl, but cannot be activated by
Ser (Brückner et al. 2000; Okajima and Irvine 2002; Okajima et al. 2003; Panin
et al. 1997; Sasamura et al. 2003; Xu et al. 2007). Differential ligand binding
is particularly important early in eye development when the dorsal–ventral (D/V)
boundary is established. At that time, Notch and Dl are ubiquitous while Ser and Fng
are localized to the ventral half of the eye disc. Notch receptors in ventral cells are
glycosylated by Fng and are not activated by Ser. Instead, Notch in one row of cells
on the ventral side of the D/V border is activated by Dl on the surface of cells on the
dorsal side of the border. The converse is also true: Notch that is not glycosylated
by Fng is not activated by Dl in the dorsal compartment, but is activated at the D/V
boundary by ventral cells expressing Ser. Therefore, although Notch and its ligands
are widely expressed in the early eye disc, modification in the ER by Fng results in
tissue-specific activation of signaling to form a stable D-V border.

Glucosylation by Rumi

Loss of the ER protein Rumi causes temperature-sensitive Notch-like defects in
all tissues, including the eye. Mosaic analysis indicates that Rumi is required in
signal-receiving cells. Rumi is an O-glucosyltransferase that attaches a glucose
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moiety to multiple EGF repeats in the Notch receptor; the glucose serves as substrate
for further modification by xylosyltransferases (Rana and Haltiwanger 2011). Notch
receptors isolated from cells with reduced Rumi have lower levels of glucosylation.
In Rumi-depleted wing disc clones, Notch accumulates throughout the cell and only
a fraction of the receptor is trafficked to the plasma membrane. The ER, however,
appears normal, the UPR is not activated, and Notch is able to bind ligand. Notch
signaling is rescued in rumi mutants by overexpression of an active form of Notch
(NECN), indicating that Rumi functions upstream of Notch receptor activation
(proteolytic processing). These results, combined with the temperature-sensitive
nature of the rumi mutant phenotype, lead to the hypothesis that glucosylation
by Rumi assists the Notch receptor to fold into a structure that can be activated
by proteolytic cleavage (Acar et al. 2008; Leonardi et al. 2011). Notch receptor
maturation requires Rumi generally; it remains to be determined if glucosylation
results in tissue-specific Notch regulation in the eye.

Notch Ligand Endocytosis Depends on Epsin Homeostasis

Notch ligands are perpetually placed on the cell surface and removed by endocytosis
to maintain homeostasis. Unlike other signaling pathways, activation of the Notch
receptor requires endocytosis of ligand into the signal-sending cell. How does the cell
internalize Dl constitutively, yet avoid persistent, high levels of Notch activation?
Not all ligand endocytosis leads to signal activation. Signaling competent Notch
ligand endocytosis depends on Neuralized (Neur), Mind-bomb (Mib1 in Drosophila),
and Epsin (Weinmaster and Fischer 2011). Neur and Mib1 are E3 Ub ligases for
Notch ligands and their abilities to bind and ubiquitinate Dl are correlated with
Notch activation in flies (Daskalaki et al. 2011; Weinmaster and Fischer 2011 and
references therein; Fig. 3b). Epsin is an endocytic protein implicated in recruitment
of ubiquitinated cargo to endocytic vesicles in many contexts, including the fly eye
(Overstreet et al. 2003; Overstreet et al. 2004; Sen et al. 2012; Tian et al. 2004; Wang
and Struhl 2004). The requirement for Neur or Mib1 and Epsin activities suggests that
a specialized endocytic pathway, dependent on Notch ligand ubiquitination, leads to
signaling.

Ubiquitination of Epsin by Faf

In the Drosophila eye, regulation of Epsin homeostasis by Ub and chaperones is
important for a subset of Notch signaling events. Epsin proteins in eye discs are
ubiquitinated by an unknown E3 ligase and deubiquitinated by Faf (Fig. 3c). In eye
discs lacking Faf, a greater fraction of Epsin is ubiquitinated and that translates to
at least a twofold reduction in Epsin levels (Chen et al. 2002). Loss of Faf results in
ommatidia with extra photoreceptors, indicative of a Notch signaling defect posterior
to the morphogenetic furrow (Fischer et al. 1997; Fischer-Vize et al. 1992). Genetic
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interaction and mosaic analysis show that Faf function is required in a subset of
signal-sending cells to facilitate Dl endocytosis (Cadavid et al. 2000; Overstreet
et al. 2004). Therefore, deubiquitination of Epsin by Faf increases the level of active
Epsin available for Dl endocytosis. The requirement for Faf in only a subset of
Notch signaling events suggests that Epsin is not always limiting. Two mechanisms
are proposed to explain the inactivity of ubiquitinated Epsin: ubiquitinated Epsin may
be targeted for proteasomal degradation, or perhaps Ub moieties on Epsin interfere
with Epsin’s ability to recruit Dl to endocytic vesicles by blocking the Epsin UIMs.

Auxilin and Hsc70

The level of available Epsin protein is also controlled by cytoplasmic chaperone ac-
tivity. A mutagenesis screen for genes that interact with lqf uncovered an interaction
between lqf and auxilin (aux; Eun et al. 2007). Auxilin is a co-chaperone that binds
to Clathrin and recruits Hsc70 to Clathrin-coated endocytic vesicles (Ungewickell
et al. 1995). Hsc70 activity at each of three Clathrin arms causes a change in Clathrin
conformation and results in vesicle uncoating (Rothnie et al. 2011; Xing et al. 2010).
In flies, loss of Auxilin causes widespread Notch-like developmental defects. Mo-
saic analysis in the eye demonstrates that Auxilin is required in signal-sending cells
during all Notch signaling events. Overexpressing Clathrin or Epsin in the fly eye
partially rescues the eye phenotype and overexpressing both proteins together in the
eye compensates for the lack of Auxilin almost completely (Eun et al. 2008; Kan-
dachar et al. 2008). The implication is that at least in the eye, the functions of Auxilin
and Hsc70 in uncoating Clathrin-coated vesicles are crucial for maintenance of an
adequate pool of Clathrin and Epsin for use in Dl endocytosis (Fig. 3c).

Control of Ligand-Independent Notch Activation During
Endocytic Trafficking

The population of Notch on the cell surface is not static; endocytosis internalizes
many Notch receptors whether or not they are bound to ligand. Therefore, cells
have a heterogeneous mix of endocytic vesicles that contain full-length and pro-
cessed Notch. Full-length Notch can be processed during endosomal trafficking
leading to ligand-independent signaling. A study of Notch receptor trafficking in
eye discs indicates that most Notch receptors are internalized, trafficked through
the early endosome, and either recycled to the plasma membrane or directed to the
MVB for further trafficking to the lysosome for degradation (Vaccari et al. 2008).
The mechanistic details concerning Notch receptor regulation after endocytosis are
not well understood, but the E3 Ub ligases Deltex (Dx) and Suppressor of Deltex
[Su(dx)] have been implicated in stimulation and inhibition of ligand-independent
Notch signaling through direct interactions with the Notch receptor during trafficking
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Fig. 4 Some robust cell-fate decisions depend on ligand-independent Notch signaling. a Adjacent
cells with equal levels of Notch and Dl on the cell surface are shown. Internalization of Notch
into either cell can lead to ligand-independent signal activation. Trafficking after endocytosis is
shown in one cell, but ligand-independent signaling is controlled in either cell or in both cells.
b Su(Dx) and interaction between Dx and Krz encourage polyubiquitination of full-length Notch
followed by degradation in the lysosomal lumen to prevent ligand-independent Notch activation.
c In contrast, Dx monoubiquitinates Notch resulting in trafficking to the lysosomal membrane.
Subsequent partial degradation of the ectodomain in the lysosome permits production of NICD and
increases ligand-independent Notch signaling

(Mukherjee et al. 2005; Sakata et al. 2004). In addition, Ral GTPase plays a role
in preventing ligand-independent Notch signaling (Cho and Fischer 2011). In some
developmental contexts in the eye, modulation of ligand-independent signaling is
critical for robust cell-fate choices (Fig. 4a).
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Nedd-4 E3 Ligases

The Nedd-4 family of E3 Ub ligases include three members in flies, DNedd-4,
Su(dx), and Dsmurf. Available evidence suggests that they function redundantly to
downregulate Notch activity by shuttling the receptor into a Ub-dependent endo-
cytic degradation pathway. First, Su(dx) and DNedd-4 function as suppressors of
Notch activity; they both interact genetically with Notch, and overexpression of ei-
ther protein results in defects typical of too little Notch activity and less expression
of molecular markers of Notch activation (Mazaleyrat et al. 2003; Sakata et al. 2004;
Wilkin et al. 2008). Both proteins are capable of binding to Notch and, at least in
the case of DNedd-4, ubiquitinating it in vitro (Sakata et al. 2004). Antibody uptake
experiments in S2 cells and imaginal discs show that, in cells overexpressing Notch
and Su(dx), Notch is trafficked to the lumen of Rab7-positive late-endosomes. In
contrast, overexpression of a Su(dx) variant that lacks E3 ligase activity results in
accumulation of Notch nearby, but not inside, the late-endosomes. The localization
of Notch to the lumen of the late-endosome correlated with reduced Notch activ-
ity, while accumulation outside of the late-endosome increased ligand-independent
Notch activation (Wilkin et al. 2008). Loss-of-function mutations in Su(dx) and
DNedd-4 lead to surprisingly weak, tissue-specific defects. One explanation for the
weak and localized effect on Notch signaling is that the three Nedd-4 family members
are differentially expressed during development and they have redundant function
when expressed in the same cells. In fact, flies having mutations in both Su(dx) and
Dsmurf have a more severe Notch gain-of-function eye phenotype (Wilkin et al.
2008). Therefore, the Nedd-4 family of Ub ligases may function redundantly as
antagonists of ligand-independent Notch signaling by encouraging the trafficking
of Notch-containing early-endosomes to late-endosomes and directing the Notch
receptor toward a degradation pathway (Fig. 4b).

Dx and Ral

Targeted regulation of ligand-independent Notch activation is important in eye de-
velopment for interpretation of planar cell polarity (PCP) signals, including Frizzled
(Fz) that is expressed in a gradient from the D/V boundary. On either side of the
boundary, facets develop with opposite chirality defined by the asymmetric posi-
tioning of the R3 and R4 photoreceptors. The presumptive R3 cell is closer to the
boundary so it has a higher level of Fz activation than the presumptive R4. Asym-
metric development depends on activation of Notch in R4 by Dl in R3 in response to
Fz (Cooper and Bray 1999; del Alamo and Mlodzik 2006; Fanto and Mlodzik 1999;
Tomlinson and Struhl 1999). However, it appears that ligand-dependent activation
of Notch in R4 is not sufficient to generate a robust response to PCP signals. The E3
Ub ligase Dx and the GTPase Ral may amplify R3/R4 asymmetry because of Fz in
different ways.

Dx is required at several points for the endocytosis and subsequent trafficking of
the Notch receptor (Yamada et al. 2011). Increased Dx, unlike the Nedd-4 family
described previously, prolongs the time Notch spends in the endosomal pathway and
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increases activation of molecular markers downstream of Notch signaling (Hori et al.
2004). Wilkin et al. (2008) extended the analysis of trafficking in Notch signaling
to show that Dx supports the trafficking of Notch to the limiting membrane of the
late-endosome/lysosome, where the ectodomain of Notch is degraded and cleavage
by γ-secretase releases the NICD to activate signaling. Therefore, Dx diverts Notch
from a degradation path to support a lysosomal- and γ -secretase-dependent mecha-
nism of ligand-independent Notch activation (Fig. 4c). The ability of Dx to stimulate
ligand-independent Notch activation is in turn regulated by the nonvisual β-arrestin
Kurtz (Krz) and the ESCRTIII component Shrub (Matsuno et al. 2002; Mukher-
jee et al. 2005). A model emerges from these studies whereby Dx alone enhances
ligand-independent activation by monoubiquitinating Notch and directing it to the
lysosomal membrane. In contrast, Notch receptors bound to Dx and Krz become
polyubiquitinated, interact with ESCRTIII, and are translocated into the lysosomal
lumen for degradation (Mukherjee et al. 2005; Fig. 4). In flies lacking Dx, the eyes
develop almost normally, but a small percentage of facets are symmetrical and have
two R3 cells (Fuwa et al. 2006). This makes sense if Dx-mediated ligand-independent
Notch activation in R4 assists PCP signals in breaking Notch symmetry during the
R3/R4 cell-fate decision. However, it is not known if Dx is required in R4 and the
regulation of Dx activity by PCP signals has not been studied in the eye.

Hypomorphic alleles of the Ral GTPase result in ommatidia with Notch-like de-
fects, including many that are symmetrical and misrotated. More detailed study of
the chirality defects in Ral− mosaic eyes determined that Ral activity in pre-R3 cells
results in increased Notch activation in pre-R4 cells. Furthermore, Ral transcription
is upregulated in the pre-R3 cell in response to Fz signaling and Ral exerts its effect
by downregulating ligand-independent Notch activation in the pre-R3 cell. When
Ral is equal in both cells or over expressed in R4, only a small fraction of facets are
symmetrical or have reversed chirality suggesting that Ral activity is one of several
mechanisms needed to bias facet polarity (Cho and Fischer 2011). Ral has been
implicated in membrane trafficking in other systems and it is localized to internal
vesicles in the fly eye, suggesting that it may regulate the trafficking of Notch (Cho
and Fischer 2011; Wu et al. 2008). Further experiments are needed to determine how
Ral downregulates ligand-independent Notch activation. Regardless of mechanism,
it is interesting that control of ligand-independent Notch signaling in R3 by Ral is
required for reliable facet asymmetry.

Modulation of Visual Signal Transduction

Light is detected in the fly eye by the Rh family of G-protein-coupled receptors. Each
Rh is composed of a transmembrane Opsin protein and the chromophore 3-hydroxy
11-cis-retinal in Drosophila. Isomerization of the chromophore upon activation by
light results in signal transduction through the G-protein Gq and phospholipase C
(PLC) to ultimately open the transient receptor potential (TRP) and TRP-like (TRPL)
cation channels (Montell 2012; Stamnes et al. 1991). The visual response in flies is
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one of the fastest signaling cascades known, ten times faster than signaling in human
rod photoreceptors. In addition, fly photoreceptors successfully adapt to a wide-range
of light intensities (Hardie and Raghu 2001). The speed and adaptability of the fly
visual system is important for flies to detect and fly away from movement in variable
light conditions, thereby increasing survival (Hardie 2007; Mishra et al. 2007).
Proteostasis contributes to the unusual features of Drosophila visual signaling in
several ways. First, many Rh molecules are folded in the ER and trafficked with TRP
channels to the specialized membrane of the rhabdomere. Second, phototransduction
components are organized and retained in the rhabdomere by the regulatory protein
scaffold inactivation-no-afterpotential D (INAD).And third, adaptation to light levels
depends on continued protein trafficking into and out of the rhabdomere.

Folding and Cotrafficking of Rh and TRP

The six outer photoreceptors express a single Rh, Rh1. Each photoreceptor cell
contains about 100 million Rh1 molecules. Because Rh1 is synthesized in massive
quantities, environmental variation or mutations that affect Rh1 folding in the ER or
trafficking to the rhabdomere lead to dramatic cellular consequences, including the
induction of a strong UPR and neurodegeneration (Mendes et al. 2005; Montell 2012;
Stamnes et al. 1991). Studies of Rh1 in flies have identified three ER chaperones that
assist Rh1 folding and trafficking: neither activation nor afterpotential A (NinaA),
Calnexin (Cnx), and Exit Protein of Rh and TRP (XPORT). NinaA is a cyclophilin, a
protein with peptidyl prolyl isomerase activity. NinaA may catalyze protein folding,
however, NinaA also has noncatalytic chaperone activity in Rh-1 maturation (Colley
et al. 1995). Cnx binds to glycoproteins, including Rh1, to decrease aggregation of
unfolded proteins and retain them in the ER (Molinari et al. 2004; Rosenbaum et al.
2006; Ware et al. 1995). XPORT interacts not only with Rh1 and TRP, but also with
the chaperones Hsp27 and Hsp90, suggesting a role for XPORT as a co-chaperone
that recruits protein-folding and/or -trafficking molecules to a complex with Rh1 and
TRP. Rh1 and TRP are both trafficked to the rhabdomere through Rab11-containing
endosomes, suggesting the possibility that XPORT functions in a process that ensures
the maturation and cotrafficking of two important members of the phototransduction
pathway (Rosenbaum et al. 2011). Photoreceptors lacking NinaA, Cnx, or XPORT
fail to produce and transport normal quantities of mature Rh1 to the rhabdomere. In-
stead, Rh1 is retained in the ER and eventually degraded by activation of the UPR. In
some cases, the UPR cannot relieve ER stress and a cell death pathway leads to neu-
rodegeneration (Colley et al. 1991; Rosenbaum et al. 2006; Rosenbaum et al. 2011).

Control of Signal Termination by INAD

Organization of visual signal transduction components in the rhabdomere contributes
to the rapid kinetics of the visual response (Montell 2012; Stamnes et al. 1991). Pho-
totransduction components are trafficked to and physically coupled in the rhabdomere
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by the scaffold protein INAD (Chevesich et al. 1997; Tsunoda et al. 1997). INAD has
five PDZ (Postsynaptic density 95, Discs Large, Zona Occludens 1) protein-binding
domains. The core components of the INAD complex include PLC, TRP, and eye-
PKC (an eye-specific protein kinase C involved in negative feedback regulation; Li
and Montell 2000). Other phototransducing molecules, such as TRPL and Rh1, may
bind INAD as well (Chevesich et al. 1997; Xu et al. 1998). Single-cell patch-clamp
recordings indicate that cells without INAD have a slow, weak response to light
(Scott and Zucker 1998). Therefore, coupling of signal activators by INAD explains
the quick, robust visual response in flies.

INAD is not only a passive scaffold protein; the PDZ5 domain also functions as
a redox-switch in the regulation of signal termination (Hardie 2007; Liu et al. 2011;
Mishra et al. 2007; Montell 2007). In the dark, PDZ5 assumes one conformation
with a functional binding domain. Upon stimulation by light, two cysteines in PDZ5
transiently form a disulfide bond, resulting in a structure change that eliminates the
binding domain. Studies have suggested that the alternate PDZ5 structure prevents
binding to PLC and the TRP channel; therefore, light exposure uncouples signal
transduction from membrane depolarization (Liu et al. 2011; Tsunoda et al. 1997).
Recent work provides evidence that the acidic environment produced during signal
activation favors the conformation change that terminates signaling (Liu et al. 2011).
A point mutation in INAD that prevents disulfide bond formation results in prolonged
signal activation and defective escape behavior in flies (Mishra et al. 2007).

Cellular Adaptation to Light Is Mediated by Protein Trafficking

The subcellular localization of phototransduction proteins is a dynamic process.
Movement of proteins into and out of the rhabdomere in response to light explains
the ability of flies to adapt to very dim or very bright light. When flies are kept in
the dark, signal-activating proteins such as Rh1, TRP, TRPL, and Gq are primarily
located in the rhabdomere. In contrast, the visual arrestins, Arr1 and Arr2, proteins
involved in adaptive signal attenuation, are located in the cell body. When exposed to
light, Arr1 and Arr2 move into the rhabdomere and interact with Rh1. Arr1 facilitates
Rh1 endocytosis and colocalizes with a fraction of Rh1 in MVBs (Elsaesser et al.
2010; Lee et al. 2003; Satoh and Ready 2005; Satoh et al. 2010). Light exposure
also leads to translocation of the signal-enhancing proteins TRPL and Gq from the
rhabdomere to the cell body. TRPL is transported in two phases; the first occurs within
minutes of light activation and is probably due to diffusion from the rhabdomere to
the nearby membrane, the second requires hours and may involve Rab5- and RabX4-
dependent endocytic trafficking (Bahner et al. 2002; Cronin et al. 2006; Lieu et al.
2012; Oberegelsbacher et al. 2011). Translocation of Gq to the cell body requires
from minutes to hours and is readily reversible upon removal of light (Cronin et al.
2004; Frechter et al. 2007; Kosloff et al. 2003). For the most part, the mechanisms
involved in protein transport during visual adaptation are undefined.
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Conclusion

We have provided examples that show the extent to which protein homeostasis reg-
ulates signaling in developmental and functional contexts in the fly eye. Drosophila
eye development depends on the iterative use of a few signaling pathways as well
as cells’ ability to control the timing and level of response to signaling. In most
cases, widespread synthesis of signaling and transduction molecules primes many
cells to respond quickly to signal. However, the level of activation is controlled
both positively and negatively by several proteostatic mechanisms, including fold-
ing and modification in the ER, subcellular localization, and proteolytic processing
or degradation. Throughout eye development, proteostasis mechanisms turn signal-
ing pathways on and off, allowing iterative use of the same signal in the restricted
confines of the eye disc. Posttranslational protein processing and modification also
results in qualitatively different signals from the same pathway. The result is con-
version of an undifferentiated epithelium into a highly ordered and functional organ
comprising many different cell types. Visual signal transduction in the adult eye
continues to depend on proteostatic mechanisms to respond quickly and adapt to
different light levels.
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Drosophila Eye as a Model to Study Regulation
of Growth Control: The Discovery
of Size Control Pathways
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Introduction

In the biological sense, the term growth has intricate ramifications that we have only
started to comprehend. Growth is the overall increase in cell mass or size of a tissue
or organism (Conlon and Raff 1999; Cook and Tyers 2007; Edgar 1999; Raff 1996).
Growth may be due to increase in cell number resulting from cell division (cell
proliferation), increase in cellular mass without cell division (cell enlargement), or
due to release of more extracellular matrix (cell accretion). These processes are inti-
mately linked and it is clear that if coordinated growth has to occur in an organism, it
is necessary for various biological pathways to interact and relay appropriate signals
to proper cell types. Growth regulation is precisely controlled and affected by several
intrinsic and extrinsic factors (Cooper 2004; Crickmore and Mann 2008; Grebien
et al. 2005; Johnston and Gallant 2002). The intrinsic factors mainly involve synthe-
sis and secretion of signals or ligands, which bind to their cognate receptors to relay
downstream signals. These signals consist of variety of molecules such as hormones,
mitogens, apoptosis-inducing signals, patterning and axis determining signals, etc.
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which eventually determine organ size and tissue homeostasis (Johnston and Gallant
2002; Mitchison et al. 1997; Montagne 2000; Tumaneng et al. 2012a). Growth of a
tissue or organ is impacted not only by cell division but also by regulated cell death
(apoptosis or programmed cell death; Bangs and White 2000; Jacobson et al. 1997;
Martin et al. 2009; Oldham et al. 2000a; Richardson and Kumar 2002; Rusconi et al.
2000).

In this chapter, we will focus on growth regulation in imaginal discs (epithelial sacs
that are precursors of adult appendages) in D. melanogaster (Bergantinos et al. 2010;
Bryant 1978; Bryant 1987; Bryant 2001; Bryant and Schmidt 1990). The obvious
advantages that Drosophila has to offer as a model organism include short life cycle,
high fecundity, low cost maintenance, and lack of redundancy in genome (Bier 2005;
Blair 2003; Boutros and Ahringer 2008; Pagliarini et al. 2003; St. Johnston 2002;
Vidal and Cagan 2006). Furthermore, the sophisticated tools available in fly genetics
provide great deal of versatility in terms of designing experiments. The plethora
of knowledge thus generated through exhausting efforts of scientists has not only
revealed to us the classic information about how growth occurs but has also lead to
better understanding of growth-related diseases such as cancer.

Drosophila Eye as a Model to Study Regulation of Growth

The compound eyes of Drosophila arise from the eye-antennal imaginal discs, a
monolayer epithelial sheet of cells that is responsible for the development of the
eyes, the antennae, the ocelli, and a major part of the adult head cuticle. Each eye
of the adult fruit fly on an average consists of about 800 ommatidia (Wolff and
Ready 1993). Ommatidia arise from a set of 19 precursor cells that are generated
by spatially and temporally coordinated cellular processes such as cell-proliferation,
cell-differentiation, and cell-death in the eye imaginal discs. Eighteen of these cells
contribute to the eye per se, whereas the nineteenth cell gives rise to a sensory bristle
(Cagan 1993). A key feature that distinguishes eye from the rest of the organs is its
ability to perceive light and relay the signal to distinct areas in the brain called the
optic lobes. The eye imaginal discs arise from about 50 primordial cells that express
the Drosophila PAX 6 gene eyeless (ey) during mid-to-late embryogenesis. Two
such discs develop in each larva and differentiate into two compound eyes, antennae,
ocelli, and the head cuticle in the adult.

Much is known about the regulation of growth and differentiation of the eye-
antennal imaginal discs (Baker 2001; Cagan 1993; Dominguez and Casares 2005;
Hafen 1991; Kramer and Cagan 1994; Kumar 2001). Until the second larval instar
of development, the cells of the eye-antennal discs proliferate without differentia-
tion (Baker 2001; Wolff and Ready 1993). During the second instar stage, a unique
process of cell differentiation begins in the eye-antennal disc that paves the way
for formation of photoreceptor neurons in the posterior region of the eye-antennal
imaginal disc (Wolff and Ready 1993). The differentiation occurs in the wake
of a so-called “morphogenetic furrow”—a front marked by apical constriction of
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epithelial cells in response to complex developmental signaling from the Hedgehog
(Hh), Decapentaplegic (Dpp), Wingless (Wg), and Epidermal growth factor receptor
(EGFR) pathways (Acquisti et al. 2009; Chen and Chien 1999; Firth et al. 2010;
Harvey et al. 2001; Kango-Singh et al. 2003; Penton et al. 1997). Posterior to the
morphogenetic furrow, the cells begin to acquire particular photoreceptor cell fates
and organize into ommatidial clusters.

Anterior to the furrow, the cells divide asynchronously and do not differentiate,
however, in the morphogenetic furrows, cells arrest in the G1 phase of the cell cycle,
synchronize, and either start to differentiate into photoreceptor cells as they leave
the furrow or undergo one additional round of cell division, referred to as the second
mitotic wave (SMW) before differentiating into the remaining photoreceptor, cone,
pigment, and bristle cells (Baker 2001; Dickson and Hafen 1993; Wolff and Ready
1993). The cells posterior to the morphogenetic furrow enter G1 arrest caused by
Dpp (decapentaplegic) signaling that is maintained by the roughex (rux) gene, which
negatively regulates G1-S transition. The cells that are temporarily trapped in the G1
phase begin differentiation with specification of the R8 (photoreceptor) cell due to
expression of the proneural protein Atonal (Ato) (Baker et al. 1996; Chen and Chien
1999; Daniel et al. 1999; Dominguez 1999; Greenwood and Struhl 1999; Jarman
et al. 1994). R8 recruits other photoreceptor cells-R2, R3, R4, and R5 to form a
cluster of five photoreceptor precursors. Once specified, these cells never enter cell
cycle or cell division again. All other nonspecified cells re-enter cell cycle only once
at the SMW (Baker 2001; de Nooij and Hariharan 1995). Cells in the SMW undergo
G2/M phase that is mediated through local signaling from Spitz (Spi). Binding of
Spi to its cognate receptor EGFR in precursor cells causes activation of downstream
string (stg) that completes the G2-M transition during mitosis. Local Spi-EGFR
signaling also plays an important role limiting the progression of SMW. For instance,
on an average the Spi signal from one precluster can span to a length of seven cells
only causing these cells to divide whereas the remaining cells remain arrested in G2
phase and fail to divide (Baker 2001; Brumby and Richardson 2003; de Nooij and
Hariharan 1995; Jarman et al. 1994; Price et al. 2002; Wolff and Ready 1991). The
progression of the morphogenetic furrow is complete by the mid-third instar of larval
development, and the eye-antennal disc is fully grown to about 50,000 cells (Kumar
2009; Kumar and Moses 2000; Kumar and Moses 2001; Sun 2007).

Following development in larval stages, supernumerary cells are eliminated via
apoptosis during pupal development. This event is mediated through Notch signal-
ing (Bonini and Fortini 1999; Burke and Basler 1997; Sawamoto and Okano 1996;
Treisman and Heberlein 1998; Zipursky 1989). By contrast, survival of pupal cells
is brought about by EGFR expression that mediates its cell survival function through
suppressing the transcriptional activity of the proapoptotic gene head involution de-
fective (hid) (Bonini and Fortini 1999). In addition, survival signals emanating from
cone or primary pigment cells in each ommatidium play a role in survival and prolif-
eration of secondary and tertiary pigment cells, and secondary bristle organs (Cagan
1993, 2009; Rubin 1989; Singh et al. 2012; Tsachaki and Sprecher 2012; Yamamoto
1993). During metamorphosis, the two eye-antennal imaginal discs fuse at the dorsal
midline to form the fly head with three ocelli, two antennae, and compound eyes.



232 S. Verghese et al.

Thus, the eye-antennal disc is ideal for the study of organogenesis, morphogenesis,
pattern formation, and several cell biological processes including the regulation of
cell cycle, cell death, cell junctions and adhesion, transport of molecules, cell sig-
naling, and metabolism. Recently, the eye discs have been used as an experimental
system for genetic screens to discover postembryonic lethality, and for screening
small molecule inhibitors in chemical and drug screens.

The Mosaic Analysis Systems and the Drosophila Eye

Mutagenesis screens are a very well-established tool for gene discovery in flies (for
review, see Bellen et al. 1989, 2011; Blair 2003; Pfeiffer et al. 2010; St. Johnston
2002; Venken and Bellen 2012; Xu and Rubin 1993). Over the years, the mosaic tech-
niques have evolved to include the Flipase(FLP)-Flipase recognition target (FRT ),
eyGAL4 UASFlp EGUF, Flp-out clones, and Mosaic Analysis with Repressible Cell
Marker MARCM (for review, see Blair 2003; St. Johnston 2002). One of the first
tissue-specific mosaic systems was developed in the eye-antennal discs where the
mosaic clones were restricted to the eye-antennal discs by virtue of expression of
the Flippase gene under the control of the Eyeless Promoter (commonly referred
to as the ‘ey-FLP system’, Newsome et al. 2000). This tissue-specific system was
further refined by the development of the “cell-lethal” system, where effects of
loss of function of a gene could be surveyed more clearly because the wild-type
twin-clones are eliminated due to the presence of cell-lethal mutations (the cell-
lethal FLP-FRT system; Newsome et al. 2000). We focus on the genetic screens
performed about 10–12 years ago (simultaneously in many labs) that led to the iden-
tification of many new genes that were shown to belong to the two major growth
regulatory networks: the Hippo pathway and the Tuberous Sclerosis Complex/Target
of Rapamycin—TSC-TOR pathway.

Genetic Screens for Genes That Regulate Growth:
The “Big-Head” and “Pin-Head” Mutations

Barry Dickson’s group (Newsome et al. 2000) improved the traditional FLP-FRT
approach developed in the Rubin Lab (Xu and Rubin 1993), to allow generation of
essentially mutant eye discs by eliminating the wild-type twin clone via a cell-lethal
mutation (the cell-lethal FLP-FRT system) (Fig. 1a). This so-called “cell-lethal”
approach allows the mutant clones to grow to their highest potential due to elimination
of competitive interactions between the mutant cells and their wild-type neighbors.
Using this system, several groups carried out mutagenesis screens in flies (on the X,
2L, 2R, 3L, 3R chromosomes) and found mutations that affected patterning, growth,
cell death, and differentiation (for review, see St. Johnston 2002).

Of special interest were the genes mutations which caused a remarkable effect on
growth without disrupting the patterning process (Conlon and Raff 1999; Johnston
and Gallant 2002; Mitchison et al. 1997; Oldham et al. 2000a; Raff 1996; Su and
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Fig. 1 Genetic screens for eye-specific mosaics lead to the identification of several Hippo and
TSC-TOR pathway mutants. a Modified mutagenesis scheme where * represents a point mutation
induced by a mutagen (e.g., Ethyl Methane Sulphonate (EMS)), b Typical phenotypes of Hippo
and TSC-TOR pathway mutant from the mutagenesis screen

O’Farrell 1998; Tumaneng et al. 2012a). Characterization of these mutants revealed
the mechanisms that regulate growth and tissue size by controlling cell number
(Hippo pathway) (Zhao et al. 2011b) or cell size (InR/TSC-TOR pathway) (Kim
and Guan 2011; Loewith 2011; Montagne 2000; Potter et al. 2003; Soulard et al.
2009) in a developing organ. Typically, loss of function mutations in positive
regulators of these pathways caused development of enlarged heads that showed
overgrowth—referred to as the “big head” mutations (Fig. 1b) (Hafen 2004; Oldham
and Hafen 2003; Pan 2007, 2010). In contrast, loss of function of negative regulators
of these pathways caused reduction in head size and development of smaller organs,
which may be due to cell death or reduction in cell size, and were referred to as the
“pin head” mutations (Fig. 1b).

The Hippo Signaling Pathway

The Hippo signaling pathway was first discovered in flies following characterization
of “big-head” mutants identified from genetic screens (for review, see Edgar 2006;
Pan 2007; Saucedo and Edgar 2007). Analysis of the loss of function phenotypes
revealed that a fundamental function of the Hippo pathway was the regulation of
organ size (Boggiano and Fehon 2012; Harvey and Hariharan 2012; Schroeder and
Halder 2012; Staley and Irvine 2012). Interestingly, the pathway received its name
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just after some growth regulatory genes (warts (wts), salvador (sav, aka shar-pie,
shrp)) were characterized. Warts (wts) was named based on the bumpy “warts-like”
phenotype of the mutant cells in mitotic (mosaic) clones on the body of the adult
flies that were reminiscent of the warts on toads (Justice et al. 1995). Another group
led by Xu et al. (1995) also independently found warts in the initial FLP/FRT -
based screen and named it large tumor suppressor (LATS) (Xu et al. 1995). Two
independent groups identified the gene encoding the adaptor protein Salvador (Sav
aka Shar-pie, Shrp after the dog species of the same name as the mutant flies showed
a characteristic phenotype of folded dark cuticle on the overgrown heads) from
complementation groups isolated from the big-head genetic screens (Kango-Singh
et al. 2002; Tapon et al. 2002). Interestingly, both Wts and Sav regulated growth
by suppressing proliferation and promoting apoptosis. Hippo (Hpo) was the name
given to another complementation group from the “big-head” screens that showed
a phenotype that was very similar to Wts and Sav mutants (Harvey et al. 2003; Jia
et al. 2003; Pantalacci et al. 2003; Udan et al. 2003; Wu et al. 2003).

Molecular analysis of the three genes revealed that Wts and Hpo genes en-
code for serine-threonine (S-T) kinases whereas Sav is a WW domain containing
adaptor protein. By this time it was clear that Warts, Salvador, and Hippo all
show similar loss of function phenotypes and control organ size by a common
signaling pathway that promotes apoptosis and restricts cell proliferation (Edgar
2006; O’Neill and Kolch 2005; Rothenberg and Jan 2002), and the pathway got
its name from the last member of this trio of genes. A complete pathway that
relays a growth regulatory signal from the plasma membrane to the nucleus has
emerged over the last decade. Although genetic mutagenesis screens led to the
initial discovery of this pathway, several components were identified by other
genetic screening strategies and biochemical approaches (e.g., yeast-two hybrid
screens, TAP-TAG based protein interaction assays; for review, see Halder and
Johnson 2011; Kango-Singh and Singh 2009; Staley and Irvine 2012; Tumaneng
et al. 2012a; Varelas and Wrana 2012). Today the Hippo pathway has grown to a
large network of tumor suppressor genes that function upstream and downstream
of the three initial members of the Hippo pathway (also known as the core kinase
cascade) that control several aspects of tissue homeostasis. Overall, the Hippo sig-
nalling pathway is a key size regulatory pathway that controls organ size in flies and
vertebrates, and misregulation of Hippo signalling is implicated in several diseases
including cancer (for review, see Harvey and Hariharan 2012; Schroeder and Halder
2012; Staley and Irvine 2012; Zhao et al. 2011b; Fig. 2).

Regulation by Core Kinase Cascade of the Hippo Pathway

The molecular analysis of the three initial members of the Hippo pathway in
Drosophila revealed that Hpo codes for an S-T kinase of the mammalian Sterile-
20 family of kinases (Harvey et al. 2003; Jia et al. 2003; Pantalacci et al. 2003; Udan
et al. 2003; Wu et al. 2003), and can physically associate with the WW-domain con-
taining adaptor protein Sav (Harvey et al. 2003; Jia et al. 2003; Pantalacci et al. 2003;
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Fig. 2 Schematic representation of the Hippo pathway in D. melanogaster. a Signaling interactions
when Hippo pathway is downregulated in response to extracellular signals. Hpo fails to phospho-
rylate Wts. Inactive Wts cannot phosphorylate Yki, and allows Yki to enter the nucleus to bind
cognate transcription factors and induce expression of target genes. b Signaling interactions when
Hippo pathway is activated by stress. Hpo is phosphorylated and in turn phosphorylates Wts with
the help of adaptor proteins Sav and Mats. Activated Wts phosphorylates Yki and prevents it from
entering the nucleus, thus preventing transcription of target genes. In addition, cell death is induced
when the pathway is hyperactivated

Udan et al. 2003; Wu et al. 2003). Wts is an S-T kinase protein of the dystrophia
myotonica protein kinase (DMPK) family that associates with another adaptor pro-
tein Mob as tumor suppressor (Mats; Justice et al. 1995; Lai et al. 2005; Shimizu
et al. 2008; Wei et al. 2007; Xu et al. 1995). Loss of function of these genes in
genetic mosaics revealed strong overgrowth phenotype caused by increased cell pro-
liferation and diminished sensitivity to apoptosis. Hyperactivation of the pathway
by over-expression of Hpo, Sav, Wts, or Mats leads to formation of smaller organs
due to increased apoptosis (Harvey et al. 2003; Pantalacci et al. 2003; Udan et al.
2003; Wei et al. 2007; Wu et al. 2003). Biochemical analysis showed that the Hpo
kinase phosphorylates and can physically associate with Sav, Wts, and Mats to form
protein complexes in vitro (Wei et al. 2007). However, Hpo associates with its cog-
nate adaptor protein Sav to form the Hpo-Sav complex for efficient activation of the
downstream kinase Wts (Huang et al. 2005; Wu et al. 2003). Wts itself associates
with Mats to form the downstream Wts-Mats complex of the core kinase cascade of
the Hippo pathway (Wei et al. 2007). Association of these adaptor proteins is known
to stimulate the catalytic activity of the Hpo and Wts kinases (Dong et al. 2007;
Pan 2007; Wei et al. 2007). Moreover, phosphorylation of Mats by the Hpo kinase
increases its affinity for the Wts kinase (Dong et al. 2007; Pan 2007; Pan 2010;
Wei et al. 2007). Wts is activated by autophosphorylation and phosphorylation by
Hpo-kinase. Activated Wts associates with Mats (thus Mats cannot simultaneously
associate with Hpo and Wts), which acts as a coactivator for the kinase activity of
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Wts (Dong et al. 2007; Huang et al. 2005; Oh and Irvine 2008; Oh and Irvine 2009).
A major output of the core kinase cascade is to inhibit the growth-promoting activity
of Yorkie (Yki), the Drosophila homolog of the mammalian Yes-associated protein
(YAP) oncogene that acts as a transcriptional coactivator (Dong et al. 2007; Huang
et al. 2005). Yki was identified via a yeast two-hybrid screen as an interactor of
Warts. Over-expression of Yki phenocopies the loss of function of hpo, sav, wts,
and mats (all genes of the core kinase cascade) and causes over-growth (Dong et al.
2007; Wei et al. 2007). Loss of function of yki results in formation of smaller organs
due to induction of cell death (Huang et al. 2005).

Yki activity is regulated by controlling its subcellular localization via
phosphorylation-dependent and -independent interactions with the core kinase cas-
cade of the Hippo pathway (Oh and Irvine 2008, 2010; Ren et al. 2010b). Yki
associates with Wts, and one mechanism by which the Wts-kinase restricts Yki ac-
tivity is via phosphorylation at Ser168 that creates a 14-3-3 protein-binding site
(Goulev et al. 2008; Peng et al. 2009; Ren et al. 2010b; Wu et al. 2008; Zhang
et al. 2008b; Zhao et al. 2008b). Interestingly, only phosphorylated forms ofYki can
associate with 14-3-3 proteins. Yki is phosphorylated at multiple sites (e.g., Ser 111
and S250), making it less sensitive to Hpo/Wts-mediated inhibition. These phos-
phorylation events act in parallel to phosphoYki/14-3-3 mediated mechanisms and
inhibit Yki nuclear localization and activity. It is suggested that nuclear export is
required for shuttlingYki to the nucleus in response to Hpo signaling, and binding of
14-3-3 proteins is thought to impede nuclear import and/or promote nuclear export
thereby facilitating nucleocytoplasmic shuttling of target proteins (Brunet et al. 2002;
Kumagai and Dunphy 1999). Nuclear transport of Yki depends on its binding with
cognate transcription factors as Yki does not have an intrinsic nuclear localization
signal (NLS) (Goulev et al. 2008; Zhang et al. 2008b). Currently, it is unclear if bind-
ing of 14-3-3 proteins to Yki prevents its binding with cognate transcription factors,
or masks the NLSs or promotes export from the nucleus. Nevertheless, coactivator
Yki/YAP is the critical downstream regulatory target of the Hpo kinase cascade, and
regulation of its subcellular localization is the primary mechanism by which the Hpo
pathway influences target gene expression (Goulev et al. 2008; Huang et al. 2005;
Oh and Irvine 2008, 2009, 2010; Oh et al. 2009; Peng et al. 2009; Ren et al. 2010b).

Yki (like Sav) is a WW-domain-containing protein and interacts with the PPxY
(where P = Proline; x = any amino acid; Y = Tyrosine) motifs in Wts (Huang
et al. 2005). Besides Wts, the WW-domains of Yki interact with the PPxY motifs
present in other components of Hippo signaling pathway like Expanded (Ex),
Hpo, WW-domain-binding protein 2, and Myopic to regulate Hippo signaling
via phosphorylation-independent mechanisms (Badouel et al. 2009; Gilbert et al.
2011; Oh et al. 2009; Zhang et al. 2011b). Another protein that acts via its
WW-domains is Kibra which associates with the PPxY motifs in Ex (and binds
Mer in a WW-domain independent manner; Baumgartner et al. 2010; Genevet
et al. 2010). The identification of multiple proteins that act through the interaction
between WW-domains and PPxY motifs in the Hippo pathway suggests that these
motif-specific interactions are important for regulation of Hippo signaling (reviewed
in Sudol (2010); Sudol and Harvey (2010)).
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Yki Activity and Regulation of Expression of Target Genes

Hyperactivation of the pathway, for example, by overexpression of Hpo, leads to
phosphorylation and activation of Hpo and Wts with the help of adaptor proteins Sav
and Mats. Wts, in turn, phosphorylates the transcriptional coactivatorYki, which as-
sociates with 14-3-3 proteins and remains sequestered in the cytoplasm (Dong et al.
2007; Huang et al. 2005; Oh and Irvine 2008; Oh et al. 2009; Ren et al. 2010b).
Analysis of adult and imaginal disc phenotypes reveals that over-expression of Hpo
results in induction of ectopic apoptosis early in development in imaginal disc cells
due to induction of caspase-dependent cell death (Hamaratoglu et al. 2006; Harvey
et al. 2003; Udan et al. 2003; Verghese et al. 2012a). In mammalian cells, activa-
tion of MST (Mammalian Sterile-20 like kinase)1/2 and hyperphosphorylation of
YAP2 by MST2 and LATS1 kinase leads to activation of cell death. Interestingly,
MST1/2 are known targets of caspases and YAP1/2 are known to interact with p73
via a PDZ domain in YAP, and induce apoptotic target genes (Bertini et al. 2009;
Sudol 2010; Sudol and Harvey 2010). However, these mechanisms of regulating
apoptosis may not be conserved in flies because the site for caspase cleavage is not
conserved in Drosophila Hpo (Wu et al. 2003), and Drosophila Yki does not have
the conserved PDZ domain (Sudol and Harvey 2010). Nevertheless, Hpo overex-
pression in flies induces apoptosis through an alternate mechanism that does not
involve caspase cleavage or p73. Recently, it was shown that the effector caspase
Dronc (Drosophila homolog of mammalian Caspase 9) is induced in conditions
when Hippo pathway is hyperactivated. Further, using reporter genes, it was shown
that dronc transcription is induced during gain-of-function and downregulated dur-
ing loss-of-function conditions of the Hippo pathway, suggesting that dronc is a
transcriptional target of the Hippo pathway (Verghese et al. 2012a). However, the
molecular mechanism by which Yki interacts with Dronc remains unclear. Both
phosphorylation-dependent (e.g., with 14-3-3 by phosphorylation-dependent mech-
anisms) and phosphorylation-independent mechanisms (binding with Hpo, Wts, or
Ex) result in cytoplasmic retention of Yki in multiple protein complexes. Thus, the
possibility remains that hyperactivation of Hippo pathway, releases Yki from one or
more cytoplasmic complexes to allow its binding to transcription factors and shut-
tle into the nucleus to induce dronc transcription. Alternatively, hyperactivation of
the Hippo pathway involves a transcriptional repressor that acts together with or
independent of Yki to control dronc expression. Thus, although it is clear that hy-
peractivation of the Hippo pathway leads to induction of apoptosis, the molecular
mechanisms underlying this process are yet unidentified.

When the pathway is downregulated, the genes of the core kinase cascade act
as tumor suppressors by suppressing the growth-promoting activity of Yki. Un-
der these conditions, Yorkie can partner with transcription factors like the TEAD
family protein, Scalloped (Sd) and enter the nucleus and cause transcription of
target genes which regulate cell proliferation and apoptosis. Sd was identified as
the transcriptional factor of the pathway via yeast two-hybrid screen, and in-
vitro Yki activity assays (luciferase assay) (Goulev et al. 2008; Wu et al. 2008;
Zhang et al. 2008b). Sd is required for wing development (Campbell et al. 1992;
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Liu et al. 2000), whereas Yki is required for regulating growth of all imagi-
nal disc cells. Other transcription factors that bind Yki to regulate growth via
Hippo signaling have since been discovered. These include Mothers Against
Dpp (Mad) (Alarcon et al. 2009; Oh and Irvine 2010; Peng et al. 2009),
Homothorax (Hth), and Teashirt (Tsh) (Peng et al. 2009). Mad is a known tran-
scription factor within the Dpp/tumor growth factor (TGFβ) signaling pathway,
and Mad and Hth were shown to control the activity of the bantam miRNA (Alarcon
et al. 2009; Peng et al. 2009). Mad, Hth, and Tsh are known transcription factors
that respond to other signals and are required for patterning of imaginal discs during
development.

Yki activity is controlled by the upstream signals (Grusche et al. 2010; Oh and
Irvine, 2010). A large number of target genes have been identified over the past
decade, which include the cell cycle regulators E2F1, and cyclin E, A, B, D; the growth
promoter Myc, and cell survival-promoting miRNA bantam, genes regulating cell
death like the Drosophila inhibitor of apoptosis diap1, hid, dronc; and cytoskeletal
proteins like f-actin, which drive cell proliferation and cell survival (Fig. 3)(Goulev
et al. 2008; Harvey et al. 2003; Huang et al. 2005; Jia et al. 2003; Kango-Singh et al.
2002; Neto-Silva et al. 2010; Nolo et al. 2006; Pantalacci et al. 2003; Peng et al.
2009; Tapon et al. 2002; Thompson and Cohen 2006; Udan et al. 2003; Wu et al.
2003; Wu et al. 2008; Zhang et al. 2008a; Ziosi et al. 2010). Yki also controls the
expression of several upstream components of the Hpo pathway like Ex, Mer, Kibra,
Crumbs (Crb) and Four-jointed (Fjose et al. 1984) by a negative feedback loop (Cho
et al. 2006; Fjose et al. 1984; Genevet et al. 2009, 2010; Hamaratoglu et al. 2006).
Recently, Yki was shown to affect the expression of components of other signaling
pathways, such as ligands for the Notch, Wnt, EGFR, and Jak-Stat pathways (Cho
et al. 2006; Karpowicz et al. 2010; Ren et al. 2010a; Shaw et al. 2010; Staley
and Irvine 2010, 2012; Zhang et al. 2009a). These interactions suggest that Hippo
pathway interacts with the major signal transduction pathways, and these points of
contact between different pathways may play an important role in controlling correct
tissue sizes and maintaining homeostasis (Fig. 4).

Genetic and biochemical studies thus provide a basic premise for howYki activity
is modulated when Hippo signaling is downregulated or upregulated (Halder and
Johnson 2011; Harvey and Hariharan 2012; Schroeder and Halder 2012; Staley
and Irvine 2012). Studies in imaginal discs and other cell types like intestinal
stem cells and fat cells revealed that Hippo signaling is needed in all cell types to
regulate growth, and that the activity of the pathway is modulated to achieve tissue
homeostasis (Halder et al. 2012; Halder and Johnson 2011; Harvey and Hariharan
2012; Tumaneng et al. 2012a; Zhao et al. 2008a; Zhao et al. 2010a). Whether Hippo
signaling pathway is regulated by other global instructive signals (e.g., morphogen
gradients) or if the pathway is constitutively active remains unknown. However,
several inputs that communicate a growth regulatory signal to the core kinase
cascade have been identified. We will discuss the key inputs, and their connection
to the core kinase cascade in the following sections.
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Fig. 3 Hippo pathway target genes regulate cell proliferation and apoptosis. (a–d) GMRGAL4
UASHpo third instar eye-antennal imaginal disc showing affect on target proteins upon pathway
hyperactivation in the GMR domain. a Cyc E is downregulated, b DIAP-1 levels remain unaffected,
and c Drice is activated (Drice is the homolog of Drosophila Caspase3* and is a read-out of active
Dronc), d Dronc is upregulated in the GMR domain upon Hpo overexpression. e Loss of function
clones of ft (GFP negative) made with yw hsFLP; UbiGFP [hsFLP; FRT40A ftfd/FRT40A ubiGFP]
show upregulation of Cyc E in the mutant cells. This effect is very strong in the region of the SMW.
(f–h) GMRGAL4 UASYki third instar eye-antennal imaginal discs. f DIAP-1 is up-regulated, g
Caspase3* staining is not observed, and h Dronc is down-regulated in the GMR domain consistent
with overproliferation and no apoptosis

Upstream Regulators of the Hippo Pathway

Since the discovery of the core kinase cascade, several upstream regulators of the
Hippo pathway were identified. These discoveries highlighted two remarkable prop-
erties of the Hippo pathway—one, that the Hippo pathway is a signaling network
with multiple points of signal integration rather than a linear system of epistatic
genes; and two, the interactions between various protein complexes (at the signal
integration points) may play a decisive role in shaping the outcome, i.e., Yki activity
levels. Although our understanding of the network is incomplete in both these areas,
it is clear that signaling interactions within this pathway are shaped by several distinct
inputs.

I. Fat signaling and the Hippo Pathway Fat (ft) alleles were spontaneous muta-
tions first described by Mohr (1923, 1929). Subsequent analysis of mutations in the
ft locus revealed both viable and lethal alleles, of which the null alleles are larval
lethal and show hyperplastic overgrowth of imaginal discs thereby acting as tumor
suppressor genes (Bryant et al. 1988). Molecular cloning of ft revealed that it codes
for a transmembrane protein, which is an atypical Cadherin (Mahoney et al. 1991).
Loss of ft affects two distinct aspects of imaginal disc growth and development,
restriction of cell proliferation and generation of correctly oriented cells within the
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epithelial sheet, phenotypes that were mapped to two distinct signaling pathways—
the Hippo and the Planar Cell Polarity (PCP) pathway (see (Brittle et al. 2010; Cho
et al. 2006; Matakatsu and Blair 2006; Matakatsu and Blair 2008; Matakatsu and
Blair 2012)). Ft is ubiquitously expressed, however its functions are regulated by two
genes, Dachsous (Ds) and Fj, which are expressed in gradients in developing tissues
(Matakatsu and Blair 2004; Reddy and Irvine 2008). Ds is another proto-cadherin
in flies that acts as the ligand for Ft for both the Hippo and PCP pathways (reviewed
in (Thomas and Strutt 2012)). Fj is a Golgi-localized kinase that phosphorylates the
extracellular Cadherin domains of Ft and Ds to promote their binding (Ishikawa et al.
2008; Simon et al. 2010). Phosphorylation of Fat by Fj increases its affinity to Ds
while phosphorylation of Ds reduces its affinity to Ft. One way in which Fat regulates
growth and PCP is based on the slope and vector of the Ds and Fj gradients (Halder
and Johnson 2011; Willecke et al. 2008; Zecca and Struhl 2010) .

Several years after Ft was discovered, it was realized that the growth regulatory
functions of Fat were tied to the Hippo pathway (Bennett and Harvey 2006; Cho et al.
2006; Silva et al. 2006; Willecke et al. 2006). Loss of ft in mutant clones phenocopied
the loss of function phenotypes of genes within the core kinase cascade of the Hippo
pathway. Imaginal discs containing somatic clones of ft mutant cells continued to
proliferate when normal cells had stopped, thereby forming large overgrown discs.
Transcriptional targets of Hippo pathway are induced within the ft mutant cells,
a phenotype similar to loss of function of positive regulators of Hippo pathway
(e.g., wts, hpo, sav, mats). Ft affects the levels and localization of Hippo pathway
components, including Wts, Ex, andYki (Bennett and Harvey 2006; Cho et al. 2006;
Oh and Irvine 2008; Silva et al. 2006; Tyler and Baker 2007; Willecke et al. 2006). Ft
influences Hippo signaling independent of other upstream regulators like expanded,
merlin (mer), and kibra which form a heteromeric complex (Ex-Mer-Kibra), and
other genes like the Tao-1 kinase (Boggiano et al. 2011; Poon et al. 2011) that act
upstream of Hpo (Boggiano and Fehon 2012). However, several other genes were
recently identified, which specifically act downstream of Ft and integrate with the
Hippo pathway by influencing the activity of the downstream kinase Wts. Thus, the
Fat branch of the Hippo pathway has emerged, which independently influences Wts
activity and tissue growth (Halder and Johnson 2011; Kango-Singh and Singh 2009;
Reddy and Irvine 2008; Staley and Irvine 2012).

Several components of the Ft branch influence the intracellular domain of Ft—the
region critical for transducing the signal within cells. These include the Drosophila
Discs overgrown (Dco), a homolog of Casein Kinase I, that phosphorylates the Ft
intracellular cytoplasmic domain in a Ds-dependent manner (Cho et al. 2006; Feng
and Irvine 2009; Sopko et al. 2009); and the unconventional myosin Dachs (D)
(Cho et al. 2006; Cho and Irvine 2004; Mao et al. 2006). Loss of function of dco3,
a hypomorphic allele, in homozygous discs and in somatic clones result in tissue
overgrowth, and shows elevated levels of Fj and Diap-1 (Bryant and Schmidt 1990;
Feng and Irvine 2009; Guan et al. 2007). Dco binds to the cytoplasmic domain of
Fat, and in dco mutants, Fat intracellular domains fail to phosphorylate. Ds enriches
availability of Fat at the point of cell contacts by forming cis-dimers with Fat. This
promotes the transphosphorylation of Fat by Dco. Lowfat is a novel protein that
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interacts with the intracellular domains of Fat and Ds, and stabilizes the Fat-Ds
interaction (Mao et al. 2009). Lowfat was identified in a genome-wide yeast two-
hybrid screen as a Fat- and Ds-interacting protein (Mao et al. 2006, 2009). In addition,
the palmitoyltraserase Approximated (App) acts downstream of Ft, and Ft regulates
the localization of D to the membrane through APP (Matakatsu and Blair 2008).
Recently, the apical-basal polarity gene scribble (scrib) (Verghese et al. 2012b) and
the LIM (Lin-1; Isl-1; Mec-3)-domain protein zyxin 102 (zyx) (Rauskolb et al. 2011)
were shown to act in the Fat branch of Hippo signaling pathway (Bennett and Harvey
2006; Cho et al. 2006; Meignin et al. 2007; Polesello and Tapon 2007; Reddy et al.
2010; Silva et al. 2006; Willecke et al. 2006).

The differences in Ds and Fj expression between neighboring cells stimulate
Yki activity, whereas the vector property of the gradients effects PCP signaling.
Localization of D to the membrane is regulated by Fj, Ds, and Ft (Cho et al. 2006;
Mao et al. 2006; Rogulja et al. 2008; Willecke et al. 2008). D controls Yki activity
by two alternative mechanisms, one, involves post-translational effects of Ft on
Wts, and the second involves the localization of Ex to the subapical membrane
(Bennett and Harvey 2006). The apical basal polarity gene scrib and the atypical
myosin D are responsible for partitioning the growth regulatory signal from Ft to
downstream genes. Genetic epistasis experiments placed Ft upstream of D, and the
apical regulator of the pathway—Ex (Cho et al. 2006; Mao et al. 2006; Silva et
al. 2006; Willecke et al. 2008; Verghese et al. 2012b). D can reverse the effects
of loss of ft on growth, and expression of Fat target genes like wg, serrate, and fj
(Mao et al. 2006). Scrib was also placed upstream of D and Ex, and downstream
of Ft based on genetic epistasis experiments (Verghese et al. 2012b). When Ft is
inactive, D is regulated by Approximated (App) (Matakatsu and Blair 2008). App
post-transcriptionally modifies D and affects its localization at the apical cell cortex.
Hence, App functions in the Hippo pathway by affecting the availability of D at
the apical cell cortex. When Ft is activated, D is released from App and binds to
Zyxin (Zyx), which in turn interacts with Wts and stabilizes Wts activity (Rauskolb
et al. 2011). Genetic epistasis experiments placed Zyx downstream of Ft and Dco,
and upstream of Wts (Feng and Irvine 2007, 2009; Rauskolb et al. 2011). Thus,
influencing Wts stability is a primary mechanism by which Ft controls growth via
Hippo signaling. The other input via Ex remains less clear although there is clearly
an input from Ft to Ex that also contributes to the Fat-branch-related phenotypes and
regulation of the Hippo signaling pathway. Does Fat signaling simultaneously signal
through Ex (and the core kinase cascade) and D; or the signals downstream of Ft
are partitioned to allow maximum and more efficient signal transduction to the core
kinase cascade remains unknown. Currently, the possibility that certain extracellular
signals preferentially transmit the signal to Ex or D downstream of Ft has not been
addressed.

II. Apical membrane proteins of the Hippo pathway Over the last 5 years, it has
become clear that membrane-localized proteins are an intrinsic part of the Hippo
signaling pathway (Genevet and Tapon 2011; Grusche et al. 2011; Halder et al.
2012; Schroeder and Halder 2012). Amongst these are the cell polarity proteins and
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proteins required for maintaining the cytoskeleton. The FERM (N-Terminal Globular
domain (Band4.1, Ezrin, Radixin, Moesin)) domain-containing adaptor proteins Ex
and Merlin (Mer) were amongst the earliest Hippo pathway components that were
known to localize to the apical membrane (Hamaratoglu et al. 2006; McCartney
et al. 2000). Ex and Mer act upstream of the Hpo kinase and regulate pathway
activation (Hamaratoglu et al. 2006). Loss of mer and ex together in somatic clones
caused dramatic overproliferation of cells leading to overgrowths. These effects were
synergistic because loss of function of ex or mer alone does not cause similar defects.
These genes function together to control proliferation by regulating expression of
transcriptional targets of Hippo pathway (e.g., Cyclin E and DIAP1). Expanded can
also regulate the pathway by independently interacting with Yki and sequestering it
in the cytoplasm (Badouel et al. 2009; Oh et al. 2009).

Another protein that binds Ex and Mer, and acts upstream of Hpo is the WW-
and C2-domain-containing adapter protein Kibra. Ex, Mer, and Kibra form a com-
plex at the apical membrane in epithelial cells, which then activates the downstream
core kinase cascade (Baumgartner et al. 2010; Cho et al. 2006; Genevet et al. 2010;
Hamaratoglu et al. 2006; Pellock et al. 2007; Tyler and Baker 2007; Yu et al. 2010).
Kibra was identified via a genome wide screen in Drosophila and in S2 cells for can-
didates that modified Yki activity (Baumgartner et al. 2010; Genevet et al. 2010; Yu
et al. 2010). Genetic epistasis experiments placed Kibra upstream of Hpo andYorkie.
Kibra affects the phosphorylation of Hpo and Yorkie. Kibra acts synergistically with
Ex and Mer to regulate Wts phosphorylation, and Kibra binds to Sav, and Hpo in a
Sav-dependent manner (Baumgartner et al. 2010; Genevet et al. 2010;Yu et al. 2010).

Cell-polarity genes have been well characterized in flies and mammalian model
systems, and recent studies reveals a role for cell polarity genes in the regulation
of Hippo signaling (Genevet and Tapon 2011; Grusche et al. 2010; Grzeschik et al.
2007; Grzeschik et al. 2010a; Grzeschik et al. 2010b; Schroeder and Halder 2012).
Crumbs (Crb), a trans-membrane protein is the upstream regulator that regulates Ex
activity (Chen et al. 2010; Ling et al. 2010; Robinson et al. 2010). Crb is required for
proper localization of Ex. Crb regulates Yki activity by interacting with Expanded
(Chen et al. 2010; Grzeschik et al. 2010a; Robinson et al. 2010). Crb was found
through a genetic screen, and loss and gain of function of Crb cause overgrowth
of tissues and up-regulation of the Hippo pathway target genes. Echinoid (Ed) is
another upstream regulator of the Hippo pathway, that like kibra interacts with both
Ex and Yki (Baumgartner et al. 2010; Genevet et al. 2010; Yu et al. 2010; Yue et al.
2012). Cells mutant for ed cause mislocalization of Sav from the subapical membrane
without affecting Ex or Mer localization. Ed also interacts physically with Hpo, Ex,
Mer, and Kibra (Yue et al. 2012).

F-actin acts as an upstream regulator of the Hippo pathway. Increased levels of
F-actin inhibit the pathway and activation of Hippo pathway inhibits F-actin accu-
mulation (Fernandez et al. 2011; Richardson 2011; Sansores-Garcia et al. 2011).
Tao-1 phosphorylates Hpo at T195 and acts upstream of Hpo (Boggiano and Fehon
2012; Boggiano et al. 2011; Poon et al. 2011). RNAi knockdown of Kibra, Ex, and
Mer resulted in a significant decrease of endogenous Hpo protein in the membrane
fraction (Boggiano and Fehon 2012; Boggiano et al. 2011; Poon et al. 2011). Thus,
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the apical proteins regulate Hpo at least in part by bringing the latter to the membrane,
where Hpo may be activated via mechanisms yet to be determined.

Negative Regulators of the Hippo Pathway

Several members of the Hippo pathway were identified based on their effects on
tissue growth, and the loss of function phenotypes of these components showed
dramatic outgrowths and benign lesions in fly epithelia. It was clear that additional
components that keep this pathway in check (for example, phosphatases or kinase
inhibitors) must exist, as Hippo activity would need to be modulated both positively
and negatively for maintaining tissue homeostasis. Thus, the search for negative reg-
ulators began, which yielded many important and critical regulators of the Hippo
pathway. Amongst the first genes identified in this category, was the Ras Associa-
tion Family (RASSF) gene, dRASSF1 (Polesello et al. 2006). The dRASSF protein
negatively regulates the pathway by inhibiting the phosphorylation of Hpo, thus inter-
rupting the Hpo kinase from signaling to the downstream kinase Wts (Polesello et al.
2006; Scheel and Hofmann 2003). Other inhibitors that act by dephosphorylating
Hpo are the phosphatases—Striatin-interacting phosphatase and protein phosphatase
2A (PP2A) (Ribeiro et al. 2010). A second mechanism of inhibition of Yki activity
was identified by the Drosophila Ajuba family gene, djub (Das Thakur et al. 2010).
Loss of djub in mutant clones in imaginal discs caused reduced proliferation and
increased apoptosis, akin to yki mutant clones. Genetic interaction studies showed
that djub acts downstream of Hpo but upstream of Yki and Wts (Das Thakur et al.
2010). Furthermore, Djub can physically associate with Wts and Sav and influence
the signaling activity of Yki. Thus, djub negatively regulates Hippo signaling by
interfering with Yki phosphorylation and its subcellular localization (Das Thakur
et al. 2010). Recently, another negative regulator, myopic (mop) was identified in a
genetic screen for conditional growth suppressors (Gilbert et al. 2011). mop encodes
the Drosophila homolog of human His-domain protein tyrosine phosphatase gene
(HD-PTP or PTPN23) (Toyooka et al. 2000). mop mutant cells show overgrowth
phenotypes due to a block in cell death. This growth is accompanied by upregula-
tion of a subset of Yki transcriptional targets but not the antiapoptotic gene diap1.
mop interacts genetically with yki and acts downstream of wts, but at the level of ex
and yki. Myopic PPxY motifs bind conserved residues in the WW domains of the
transcriptional coactivatorYorkie, and Myopic colocalizes withYorkie at endosomes
(Gilbert et al. 2011). Thus, several negative regulators of the Hippo pathway are now
known; however, much remains unknown about their mechanism of action and their
influence on growth regulation during development (Table 1).
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Hippo Pathway Cross-talks With Other Pathways

Hippo pathway is known to interact with other pathways to regulate growth. In mice
it has been shown that Mst2 interacts with Raf-1 of the ERK/MAPK pathway (Graves
et al. 1998). Raf-1 inhibits dimerization of Mst2 and recruits a phosphatase to de-
phosphorylate Mst2, thereby inactivating it, a function independent of the MAPK
pathway (O’Neill and Kolch 2005). More recently, many points of intersection be-
tween Hippo and other signaling pathways have come to light. For example, in the
last 5 years, Hippo pathway was shown to interact with JNK pathway to regulate
compensatory proliferation, regeneration, and tumor progression (Chen et al. 2012;
Doggett et al. 2011; Grzeschik et al. 2010a; Staley and Irvine 2010; Sun and Irvine
2010, 2011; Tyler et al. 2007; Varelas et al. 2010a). Furthermore, Hippo pathway
interacts with Wingless/Wnt pathways in flies and mammals (Varelas et al. 2010a).
Hippo pathway restricts Wnt/beta-Catenin signaling by promoting an interac-
tion between TAZ and dishevelled (DVL) in the cytoplasm. TAZ inhibits the
CK1delta/epsilon-mediated phosphorylation of DVL, thereby inhibiting Wnt/beta-
Catenin signaling (Azzolin et al. 2012; Tsai et al. 2012; Varelas et al. 2010a). In
Drosophila, Hippo signaling modulates Wg target gene expression (Varelas et al.
2010a). More connections of Hippo signaling with pathways that control morpho-
genetic patterning and growth have been uncovered which include the discovery of
the regulation of TGF-beta Transforming Growth Factor/SMAD (refers to a family
of transcription factors: Sma from Caenorhabditis elegans, Mad 1 from Drosophila,
and SMAD1 from human) complexes byYAP/TAZ (transcriptional co-activator with
PDZ) in mammalian models and Yki in flies (Chan et al. 2011; Meignin et al. 2007;
Polesello and Tapon 2007; Rogulja et al. 2008; Sudol and Harvey 2010; Varelas
et al. 2010b). Dpp (Decapentaplegic) signaling interacts with D to maintain Fj and
Ds gradient in order to regulate proliferation in the wing (Rogulja et al. 2008). Hippo
pathway also intersects the phosphoinositide 3-kinase (PI3K)/TOR pathway via mul-
tiple interactions (Bellosta and Gallant 2010; Collak et al. 2012; Karni et al. 2008;
Kim et al. 2010; Mills et al. 2008; Sekido 2008; Strassburger et al. 2012; Tumaneng
et al. 2012a; Tumaneng et al. 2012b; Wehr et al. 2012); with G-protein coupled re-
ceptor signaling (Yu et al. 2012) and Receptor Tyrosine Kinase signaling (Gadd et al.
2012; Garami et al. 2003). In fact, the web of interactions has grown exponentially
over the last few years such that oftentimes the Hippo pathway is referred to as a
network or superhighway (Barry and Camargo 2013; Table 2).

Mammalian Hippo Pathway

In vertebrate models, Hippo pathway is responsible for regulating organ size, and
is involved in regeneration (Bertini et al. 2009; Hiemer and Varelas 2013; Hong
and Guan 2012; Liu et al. 2012a). The core kinase pathway is highly conserved in
mammals (Hong and Guan 2012; Liu et al. 2012a; Zhao et al. 2008a), and consists of
Mst1/2 (Hpo homolog) and LATS1/2 (Wts homolog) along with their adaptor pro-
teins WW45 (Sav) and MOB1 (Mats homolog), which control growth by regulating
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Table 2 Pathways known to interact with the Hippo network

Pathway
interactions

Responses References

JNK pathway Cell-competition, compensatory
proliferation, regeneration, cytoskeletal
integrity, tumorigenesis

Chen et al. 2012; Sun et al. 2011;
Densham et al. 2009; Enomoto
et al. 2011

Wingless pathway Growth control Varelas et al. 2010a
EGFR pathway Growth control Herranz et al. 2012
Decapentaplegic

pathway
Growth control Rogulja et al. 2008

Hedhehog pathway Growth control, neuronal differentiation Kagey et al. 2012; Lin et al. 2012
Notch pathway Neural stem-cell maintenance, polar cell

fate during oogenesis,
cell-differentiation, proliferation

Li et al. 2012; Chen et al. 2011;
Yu et al. 2008

TSC-TOR pathway Wehr et al. 2013; Tumaneng et
al., 2012a, b; Strassburger et
al., 2012

Fig. 4 Hippo pathway is linked to many biological and developmental processes. Hippo signaling
has been shown to participate in generating myriad cellular responses that are aimed at attaining tis-
sue homeostasis in addition to regulating organ size. Thus, the role of Hippo signaling is implicated
not only during organ development but also in differentiated tissues. Further, tumorigenesis has
also been attributed to dysregulation of Hippo signaling pathway placing it in the global network
of regulatory mechanisms required for proper growth

phosphorylation of YAP (Yki homolog) and TAZ (transcriptional coactivator with
PDZ-binding domain); Hong and Guan 2012; Liu et al. 2012a; Zhao et al. 2008a).
Ft1-4 (Ft homolog), Dchs1-2 (Ds homolog), and Fjx1 (Fj homolog) are known to
regulate PCP; however, their connection to other Hippo pathway components still
needs to be explored (Brittle et al. 2010; Hiemer and Varelas 2013; Skouloudaki
et al. 2009; Sopko et al. 2009; Zhao et al. 2007). The other downstream components
like Dco and Lowfat homolog have not been shown yet to function within the Hippo
pathway (Sopko et al. 2009; Zhang et al. 2008a, 2011a; Zhao et al. 2010a). However,
Dco homolog CK1δ/ε has been shown to be involved inYAP/TAZ degradation (Zhao
et al. 2010b).
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Neurofibromatosis type II (NF2), the Mer homolog is the most extensively studied
upstream regulator in mammals (Sekido 2011; Striedinger et al. 2008; Zhang et al.
2009b; Zhao et al. 2007). NF2 interacts with CD44 and adherens junction to relay
the signal downstream to other Hippo pathway components during contact inhibition
(Li et al. 2012; Morrison et al. 2001; Zhao et al. 2007). Kibra is known to interact
with LATS2 to promote its phosphorylation (Zhang et al. 2012). It also protects
LATS2 from proteosomal degradation by preventing its ubiquitination. Kibra is also
the transcriptional target of Hippo pathway (Angus et al. 2012; Ishiuchi and Takeichi
2012; Visser-Grieve et al. 2012; Xiao et al. 2011). Angiomotin family interacts with
its PPxY domain to YAP WW domain and TAZ PDZ domain independent of the
upstream components. This interaction inhibits the activity of YAP/TAZ (Chan et al.
2011; Paramasivam et al. 2011; Skouloudaki and Walz 2012; Wang et al. 2012a;
Wang et al. 2009; Zhao et al. 2011a). Ex1/FRMD6/Willin (Ex homolog) interacts
with upstream Hippo pathway components like Mer (Angus et al. 2012; Ishiuchi
and Takeichi 2012; Visser-Grieve et al. 2012). Crb interacts with YAP/TAZ and
promotes its phosphorylation, which is dependent on cell density and at the same
time inhibits TGF-beta SMAD pathway (Varelas et al. 2010b). Unlike Drosophila
RASSF1, mammalian RASSF homologs activate MST1/2 (Avruch et al. 2012; Guo
et al. 2007; Hergovich 2012; Hwang et al. 2007; Polesello et al. 2006; Ribeiro et al.
2010; Schagdarsurengin et al. 2010; Seidel et al. 2007).

Nephronophthisis4 (NPHP4), a known cilia-associated protein that is mutated in
the severe degenerative renal disease nephronophthisis, acts as a potent negative reg-
ulator of mammalian Hippo signaling (Habbig et al. 2011, 2012). NPHP4 directly
interacts with the kinase LATS1 and inhibits LATS1-mediated phosphorylation of the
YAP and TAZ, leading to derepression of these proto-oncogenic transcriptional regu-
lators. Moreover, NPHP4 induces release of YAP and TAZ from 14-3-3 binding and
their nuclear translocation promoting TEA domain (TEAD)/TAZ/YAP-dependent
transcriptional activity (Habbig et al. 2011). ITCH interacts with LATS to negatively
regulate its stability (Ho et al. 2011; Salah et al. 2011; Wang et al. 2012a). α-catenin
interacts with YAP and affects its stability by stabilizing the YAP/14-3-3 complex
to restrict YAP activity, and by preventing PP2A to interact with YAP (Azzolin
et al. 2012; Schlegelmilch et al. 2011; Silvis et al. 2011; Tsai et al. 2012; Varelas
2010a; Konsavage 2013; Mauviel 2012). Zona occludens-2 (ZO-2) promotes the
pro-apoptotic function of YAP (Oka et al. 2010). The ASPP (apoptosis-stimulating
protein of p53) family of proteins can function in the nucleus to modulate the tran-
scriptional activity of p53, with ASPP1 and ASPP2 contributing to the expression
of apoptotic target genes (Vigneron et al. 2010). ASPP increases YAP/TAZ nuclear
availability by preventing LATS interaction with YAP/TAZ (Vigneron et al. 2010).
Similarly, PP1A interacts with ASPP1 to dephosphorylate TAZ leading to increased
TAZ nuclear availability (Liu et al. 2010, 2011).

In mammalian cell lines, E-cadherin acts as an upstream regulator of the pathway,
which activates the pathway in response to contact inhibition. YAP and TAZ interact
with several transcriptional factors. YAP/TAZ interacts with TEAD1/4 and Runx2.
TAZ interacts with thyroid transcription factor-1, peroxisome proliferator-activated
receptor gamma (PPARγ), Tbx5, Pax3, and Smad2/3/4.Yap interacts with p73 to me-
diate its pro-apoptotic functions. Various target genes are as follows: CTGF, AREG,
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BIRC5–2, GLI-2 (Liu et al. 2012b; Zhao et al. 2008a, 2010a). YAP1 interacts with
Sonic Hedgehog pathway to promote the proliferation of cerebellar granule neuron
precursors (CGNPs). TAZ inhibits Wnt signaling by inhibiting the phosphorylation
of DVL by CKIδε. YAP/TAZ has also been shown to interact with SMAD to regulate
tumorigenesis (Zhang et al. 2011a, b). Thus, our understanding of the mammalian
Hippo pathway continues to grow with new insights on its molecular and signaling
interactions with components from Hippo and other pathways.

The Insulin-Receptor Signaling Pathway: Regulation of Cell Size

The pin-head screens showed a large number of mutations that primarily caused
decreased growth due to formation of smaller cells (Oldham et al. 2000a; Stocker
and Hafen 2000). These mutants were subsequently categorized into two well-studied
signaling pathways—the insulin/Phospho inositol 3 kinase (PI3K) pathway and the
Target of Rapamycin (TOR) pathway. Using genetic and biochemical strategies, the
epistatic and molecular interactions were elucidated for genes that comprise these
pathways.

The Regulation of Cell Size and Not Cell Numbers

The PI3K Pathway Drosophila has one insulin/insulin-like growth factor (IGF)
receptor homolog known as dINR (Drosophila insulin receptor) (Chen et al. 1996;
Fernandez et al. 1995), and several insulin-like peptides (Brogiolo et al. 2001).
These together control the carbohydrate metabolism and growth in flies (Ikeya et al.
2002; Rulifson et al. 2002). Through a mechanism that involves phosphorylation of
its carboxy-terminal end, the dINR recruits downstream signaling molecules with-
out the need for adaptor proteins. The signaling also involves the insulin receptor
substrate protein Chico, which contains a phosphotyrosine binding domain, which
facilitates its binding with activated dINR (Bohni et al. 1999; Poltilove et al. 2000).
Subsequently, the pathway functions by activating the PI3K pathway, via activation
of the Drosophila PI3K—Dp110 and its adapter subunit Dp60 (Leevers 2001; Leev-
ers et al. 1996; Weinkove et al. 1999). Dp110/Dp60 heterodimers are recruited to
the plasma membrane following the binding of p60 SH2 domain to phosphorylated
dINR and Chico, which allows the PI3K access to the phosphinositide substrates in
the plasma membrane. This sets up a signaling cascade in which PIP3 (phosphatidyl
inositol (3, 4, 5 triphosphate)) transduces the signal to downstream effectors that con-
tain the PIP3-binding PH (Pleckstrin homology) domains, and causes relocalization
of these proteins to the plasma membrane.

In flies, two such effectors exist, which are the Drosophila homolog of
phosphoinositide-dependent kinase 1 (PDK1) and its substrate AKT (AK: mouse
strain that develops thymic lymphomas; T: thymoma) aka protein kinase B (PKB).
PDK1 localizes to the membrane during low levels of PI3K activity via its affinity
to PIP3, whereas AKT requires high levels of PI3K activity to become membrane
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localized, through a process involving binding of PIP3 to its PH-domain and phospho-
rylation by PDK1 (Vanhaesebroeck and Alessi 2000). In flies, the activity of dAKT
is reduced in the absence of Dp110 and coexpression of dPDK1 and dAKT activates
dAKT and induce growth (Cho et al. 2001; Radimerski et al. 2002b; Rintelen et al.
2001).

A negative regulator of the PI3K activity is the lipid phosphatase PTEN (phosphate
and tensin homolog), which removes the 3’ phosphate from three phosphoinosi-
tides generated by PI3K (Gao et al. 2000; Goberdhan et al. 1999; Huang et al.
1999). Genetic interaction studies support the model where PTEN directly antag-
onizes PI3K. Loss of PTEN leads to overgrowths due to increased levels of PIP3
(Oldham et al. 2002). Recently, the FOXO (Forkhead box)family of transcription
factors was identified as the target that enabled AKT to regulate growth (Tran et al.
2003). AKT-mediated phosphorylation of FOXO antagonizes its transcriptional ac-
tivity by creating a 14-3-3 binding site that leads to cytoplasmic sequestration of
FOXO (Brunet et al. 1999, 2002; Burgering and Kops 2002). Drosophila has one
FOXO family transcription factor (dFOXO)—which functions downstream of AKT.
Interestingly, loss of function of dFOXO has no apparent effect on cell size or growth
as flies homozygous mutant for dFOXO are viable and normal in size (Junger et al.
2003).

The loss of function of Dp110, p60, chico, dINR, dPDK1, and dAKT show similar
effects on cell size and tissue growth. For example, twin-spot analysis revealed that
loss of function clones of mutations in these genes are smaller than the correspond-
ing wild-type twin clones that lead to formation of smaller structures (Bohni et al.
1999; Brogiolo et al. 2001; Rintelen et al. 2001; Verdu et al. 1999; Weinkove et al.
1999). Overexpression of PI3K pathway components like Dp110 leads to increased
insulin/PI3K signaling and a corresponding increase in cell size, cell number, and tis-
sue growth (Goberdhan et al. 1999; Huang et al. 1999; Leevers et al. 1996). Overall,
changes in levels of insulin/PI3K signaling have profound effects on organ and or-
ganismal size due to effects on cell growth and cell division throughout development
and affect the final body/organ size (Fig. 5).

The TSC-TOR Pathway

Two TOR genes, TOR1 and TOR2, were initially identified in yeast, and were shown
to be kinases that regulate growth in all organisms by acting as nutrient sensors
that couple signaling to nutrient availability (Gingras et al. 2001). Drosophila TOR
(dTOR) promotes growth by stimulating translation via promoting the activity of the
Drosophila S6Kinase (Montagne et al. 1999), and inhibiting the Drosophila 4E-BP1
(a homolog of the Eukaryotic translation initiator 4E)—the translational inhibitor
of eIF4E, which is a part of the translation initiation complex (Gingras et al. 2001;
Lasko 2000). Hyperphosphorylation of d4E-BP1, which is in part controlled by the
TOR kinase, relieves its interaction with eIF4E leading to translation initiation.

TOR signaling is negatively regulated by a complex formed by the tuberous scle-
rosis complex tumor suppressors, TSC1 and TSC2 (Marygold and Leevers 2002).
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Fig. 5 Model depicting regulation of INR/TOR signaling pathway governed by nutritional status
in Drosophila. Cellular growth in part is also dependent on the availability of nutrients. This
aspect of growth regulation is mainly regulated by the insulin/TOR signaling pathway. Some of the
well-studied players of the pathway include phosphatidylinositide 3-kinase and Akt that integrate
upstream signaling from growth factor receptors and relay it to TSC1 and TSC2 to regulate ribosomal
and protein biosynthesis in addition to actin organization. Other energy sensing and amino-acid
sensing mechanisms are also thought to interact with the core TSC/TOR pathway. However, the
exact role or the mechanism by which this takes place remains largely unknown

Mutations in Tsc1/Tsc2 cause formation of large cells, and are implicated in the in-
herited benign hamartomas observed in the tuberous sclerosis patients (Kandt 2002;
Montagne et al. 2001). The Drosophila Tsc1/2 genes show similar effects on cell size,
and were identified by several groups in the eyFLP cell lethal screens as mutants with
overgrown heads (Gao and Pan 2001; Potter et al. 2001; Tapon et al. 2001). Loss of
TSC1/2 causes increased growth whereas overexpression of TSC1/2 causes reduced
growth due to slow cell cycle progression in the mutant cells. Growth regulation via
TSC1/2 happens through preventing dS6K activation via dTOR (Gao et al. 2002;
Radimerski et al. 2002a; Radimerski et al. 2002b). Another important component
of this pathway is the GTPase (guanosine triphosphate hydrolase) Rheb, which is
a target of TSC (Saucedo et al. 2003; Stocker et al. 2003; Zhang et al. 2003). The
Rheb-GTP levels play a central role in regulating the activity of TOR pathway, and
the TOR protein that exists in two large multimeric complexes in the cell, viz., the
rapamycin-sensitive TORC1 complex, and the rapamycin-resistant TORC2 complex
(Hara et al. 2002; Kim et al. 2002; Kim et al. 2003; Loewith et al. 2002; Sarbassov
et al. 2004).
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The TORC1 complex consists of TOR, Raptor, and GßL, and responds to the
presence of growth factors and nutrients to control protein synthesis. The small
GTPase protein Rheb (Ras homolog enriched in brain) is a direct activator of TORC1
(Long et al. 2004; Saucedo et al. 2003; Stocker et al. 2003), and the TSC complex
(TSC1/TSC2) negatively regulates TORC1 by functioning as a GTPase-activating
protein for Rheb (Potter and Xu 2001; Zhang et al. 2003). Growth factors such as
insulin or IGFs activate TORC1 signaling upstream of the TSC1/TSC2 (TSC1/2)
complex through the insulin receptor (InR)/PI3K/AKT signaling pathway (Inoki
et al. 2002; Potter et al. 2002). TORC1 also senses nutrient availability. Amino acids
regulate TORC1 through mechanisms independent or downstream of TSC complex,
and recently the Rag small GTPases have been shown to interact with TOR and
promote TORC1 activity by controlling its subcellular localization (Nellist et al.
2008; Sancak et al. 2010).

TORC2 complex consists of TOR, rictor, Sin1 (stress-activated map kinase-
interacting protein 1) and GßL; and phosphorylates and activates several AGC family
kinases, including AKT, serum and glucocorticoid-regulated kinase (SGK), and
protein kinase C, and thereby regulates cell survival, cell cycle progression, and
metabolism (Pearce et al. 2010; Li 2010; Gao 2010). In contrast to TORC1, little
is known about the upstream activators of mTORC2. Although the general mecha-
nisms have not been accepted, PI3K, TSC, and Rheb have been shown to regulate
TORC2 activity, and Rictor has been identified as a substrate of S6 kinase (S6K),
suggesting possible regulation of TORC2 through the TORC1 pathway (Dibble et al.
2009; Treins et al. 2010; Yang et al. 2006). Nevertheless, it is generally thought that
growth factors may control TORC2, either directly or indirectly (Zinzalla et al. 2011).
TORC2 has been proposed to function independent of amino acid availability (Jac-
into et al. 2006); however, recent findings show that amino acids may also activate
TORC2 (Tato et al. 2011).

The central role of TOR in cell growth has been largely attributed to TORC1, but
mounting evidence points to a role for TORC2 as well in this basic cellular process.
For instance, TORC2 localizes in polysomal fractions and associates with ribosomal
proteins, indicating a potential role for TORC2 in protein synthesis and maturation
(Cybulski and Hall 2009; Zinzalla et al. 2011). lst8 knockout flies are viable but
small, similar to rictor mutants but dissimilar to files with tor or rheb mutations,
which are lethal (Avruch et al. 2009; Liao et al. 2008; Wang et al. 2012b). Neither
loss nor overexpression of LST8 affected the kinase activity of TORC1 toward S6K
or autophagy, whereas the kinase activity of TORC2 toward AKT was completely
lost in the lst8 mutants (Avruch et al. 2009; Liao et al. 2008; Wang et al. 2012b).

In terms of effects of TOR signaling on growth phenotypes in Drosophila, loss
of dTOR leads to a decrease in larvae size; however, the larvae fail to mature and
die before reaching adulthood. In mosaic Drosophila, loss of dTOR leads to a de-
crease in cell size while maintaining the general organization of the tissue (Oldham
et al. 2000b; Zhang et al. 2000). However, it is less clear how cell size is regulated
downstream of mTOR. One of the most potent candidates in this regulation is S6K.
In Drosophila, knockout of S6K results in high rates of embryonic lethality. In the
surviving adults, however, there is a decrease in body size. Knockdown of either
dPTEN or dTSC1is sufficient to increase cell size; however, a double knockdown
of dPTEN and dTSC1 has additive effects on cell size regulation. This suggests that
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in Drosophila, the pathways may have independent components in the regulation of
cell size (Gao and Pan 2001). It may also highlight the differences in the regulation
of TSC2 by AKT in Drosophila as seen by mutations of the AKT phosphorylation
sites on TSC2 (Dong and Pan 2004; Pan et al. 2004). Loss of either dPTEN or
dTSC1 can lead to increase in cell size; however, a report has suggested that only
knockdown of dTSC1 leads to increase in dS6K (Radimerski et al. 2002a), whereas
other reports have also seen increases in dS6K with the knockdown of dPTEN (Sar-
bassov et al. 2004; Yang et al. 2006). It is possible that dTSC1 regulates cell size
in a dTOR-dependent manner, whereas dPTEN partially regulates cell size in a
dTOR-independent manner (Radimerski et al. 2002b).

In conclusion, the TOR signaling pathway is a complex network of cell size
regulators that is also implicated in tumorigenesis and cell survival. Several path-
ways interact and intersect with the TOR pathway at multiple points upstream and
downstream of TOR.

Growth Regulation: A Network of Tumor Suppressors

Overall, growth control occurs through the Hippo and TSC-TOR pathways in con-
junction with pathways regulating pattern formation during development. These
pathways intersect in complicated signaling networks in all cell types, and coordi-
nately regulate overall growth of an organism. Our progress in understanding of these
pathways has lead the way to find molecules and interactions important for regener-
ative growth and wound healing—phenomena that have been well-documented but
not well-understood at the molecular level for a long time. In addition, the establish-
ment of these growth regulatory networks has generated many insights in the fields
of cancer (e.g., the underlying genetics and biology link between hamartomas and
TSC genes; Schwannomma’s and NF2;YAP and Hepatocellular carcinoma; TAZ and
Breast cancer etc.). In the future, it will be interesting to learn about the regulation
of these pathways by extracellular and intracellular mechanisms, an area expected
to expand rapidly with our increased understanding of the integration points in the
circuitry of these networks.
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Human Neurodegenerative Diseases

A complex class of debilitating brain diseases afflicting humans is characterized by
mid- to-late onset and progressive neuronal loss. Among these, Alzheimer’s disease
(AD) and Parkinson’s disease (PD) are the most prevalent and the source of serious
economic and societal burdens in advanced societies. Like AD and PD, the most
prevalent proteinopathies in humans are sporadic in which the neurotoxic agents are
misfolded, aggregated conformers of wild-type (WT), proteins in different parts of
the brain. These so-called protein misfolding disorders or proteinopathies involve
structurally and functionally diverse proteins that contain aggregation-prone, amy-
loidogenic domains (Aguzzi and O’Connor 2010). Some widely recognized WT
amyloids include the amyloid-β peptide (Aβ) in AD, α-Synuclein (α-Syn) in PD,
superoxide dismutase 1 (SOD1) in amyotrophic lateral sclerosis (ALS) as well as
Tau and transactivation response (TAR) DNA-binding protein 43 (TDP-43) in sev-
eral memory and movement disorders. In addition, a large number of brain disorders
present with dominant familial inheritance. The most representative examples are
Huntington’s disease (HD), at least 15 spinocerebellar ataxias (SCA), and several
frontotemporal dementias (FTD) as well as familial forms of AD, PD, and ALS. In
addition to these diverse proteinopathies, non-coding RNAs bearing repeat expan-
sions are responsible for several neurodegenerative conditions, including Fragile X
syndrome, myotonic dystrophy (MD), SCA8, and SCA10. Finally, a small class
of disorders such as Friedrich’s ataxia and several storage disorders are linked to
loss-of-function (LOF) mutations. Although this is a diverse group of diseases, the
common denominator is the activation of quality control and stress pathways and the
induction of progressive neuronal loss.

Most protein and RNA pathologies are dominant and implicate gain-of-function
(GOF) mechanisms. Thus, these pathogenic agents easily replicate their deleterious
effects upon misexpression, not only in traditional mammalian models, but also in
alternative models such as the round worm Caenorhabditis elegans, the fruit fly
Drosophila, and the zebrafish Danio rerio. In those cases where the pathogenic
genes are conserved, alternative laboratory animals can model the LOF disorders,
thanks to the existence of large collections of mutant strains (Drosophila) or the easy
generation of mutants (all three). Here, we review the use of the Drosophila eye to
better understand how these disease-related genes cause progressive neuronal loss.

The Drosophila Eye as a Gateway to Discoveries

Here, we briefly describe the features that make the eye so powerful to model neu-
rotoxicity. More detailed descriptions of the development of the eye are available in
a recent review (Kumar 2012) and in other chapters of this book. The first important
feature of the Drosophila eye is that it develops from a simple epithelial monolayer
in the eye-antenna imaginal disc that grows during the larval stages. Specification of
photoreceptor (R1–8) cells follows a wave of coordinated cell divisions through the
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combined activity of the Notch and Epidermal growth factor receptor (EGFR) path-
ways. When all the cone and pigment cells are recruited to complete the ommatidia,
the leftover cells undergo apoptosis. Final differentiation of the eye involves complex
changes in cell morphology that create a precisely arranged three-dimensional eye
(Fig. 1a-b) from an essentially uniform two-dimensional imaginal disc.

The features described earlier (simple origin, complex structure) make the eye a
very attractive organ to study both developmental and neurodegenerative processes.
First, the precise lattice of the 800 ommatidia makes the adult eye very sensitive to
small developmental disruptions visible under a dissecting stereoscope, saving time-
consuming manipulations. Second, the adult eye has very robust external (lenses
and bristles) and internal (retina) structures that undergo little change during normal
aging, a precious quality for detecting aberrant degenerative changes. Third, the
detailed knowledge of the genetic and cellular events regulating eye development
enables the easy interpretation of any perturbation. Fourth, the eye is dispensable for
fertility and survival, thus strong perturbations of its structure or physiology can be
documented in adult flies.

Modeling Neurodegenerative Diseases in Drosophila

Early Models of Neurodegeneration in the Eye

The potential for modeling monogenic, dominant diseases in flies was finally realized
in 1998, when two independent groups expressed polyglutamine (polyQ) expansions
linked to Machado–Joseph disease (MJD or spinocerebellar ataxia type 3 (SCA3))
and HD (Jackson et al. 1998; Warrick et al. 1998). Quite appropriately, both groups
expressed the disease genes in the eye, hoping to exploit this easily accessible organ.
In fact, Jackson expressed mutant Huntingtin (Htt) directly under the control of eye
regulatory sequences, betting that those flies would display abnormal eyes. In con-
trast, Bonini expressed mutantAtaxin (Atx)3 under the control of upstream activation
sequence (UAS), which provides the flexibility of expressing the construct under dif-
ferent neuronal patterns, including the eye (Brand and Perrimon 1993). Interestingly,
expression of these two genes bearing polyQ expansions induced distinct eye pheno-
types. Flies expressing Htt-120Q eclosed with normal eyes, but the retina underwent
aggressive loss of photoreceptors over the next 20 days (Jackson et al. 1998; Fig. 1j).
In contrast, Atx3–78Q led to highly disorganized and depigmented eyes (Warrick
et al. 1998; Fig. 1l) that experienced little change over time. These results confirmed
the toxicity of the polyQ-bearing proteins in flies, supported the specific deleterious
consequences of each mutant protein, and validated the use of flies for modeling
neurodegenerative diseases. In all, these high profile papers launched the interest for
disease-oriented research in an animal model that, until then, had produced substan-
tial contributions to basic biological questions, particularly genetics, development,
cell biology, and neurobiology (Bellen 2010).
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Fig. 1 Representative eye phenotypes induced by neurotoxic proteins involved in neurodegenera-
tive diseases. a Micrograph of fresh eyes from wild type (WT) flies display the neat arrangement
of ∼ 800 ommatidia. b–d Sections of resin-embedded eyes. b and c are frontal sections showing
the vertical position of rhabdomeres in each ommatidium (red box in c). The retina (ret) con-
tains photoreceptors, pigment cells, and lens-secreting cone cells (b). The lamina (lam) consists
of the axonal projections of the photoreceptors and glial projections. The medulla and lobula
receive the synaptic terminals of the photoreceptors and process the visual information for the
brain. d A tangential (cross) section of the retina provides a view of the highly organized om-
matidia and the stereotyped arrangement of the seven visible rhabdomeres. e and g Micrographs
of fresh eyes from flies expressing (Aβ42) (e) and Tau (g) under the control of gmr-Gal4. Both
Aβ42 and Tau induce small, highly disorganized, and depigmented eyes and are characterized by
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Other Drosophila Models of Proteinopathies in the Eye

Over the ensuing decade, multiple Drosophila models focused on inherited dis-
eases in which the neurotoxic agents were proteins with expanded polyQ stretches
(Rincon-Limas et al. 2012). Expression of full-length Atx1–82Q induced dramati-
cally disorganized and depigmented eyes, a phenotype reminiscent of the Atx3–78Q
phenotype, but slightly stronger due to the lack of interommatidial bristles in Atx1
flies (Fernandez-Funez et al. 2000; Fig. 1k). Marsh and Thompson later expressed
Htt exon 1 with 93Q under the control of UAS, resulting in phenotypes similar to
those described by Jackson, but with the flexibility of inducing expression in neuron-
specific patterns using elav-Gal4 (Steffan 2001). This N-terminal fragment of Htt
contains the polyQ expansion and is known to accumulate in nuclear inclusions in
HD patients. But, Htt is a large protein (3,144 amino acids) involved in vesicular
trafficking and different cleavage products are present in HD patients (Ross and
Tabrizi 2011). Additional models of HD containing longer N-terminal fragments
of Htt (90, 171, 336 amino acids)—as well as full-length Htt—also showed eye
phenotypes, with the longer constructs showing weaker phenotypes (Romero et al.
2008; Mugat et al. 2008; Branco et al. 2008). These models are highly relevant
to understand the physiological function of Htt and the mechanisms leading to Htt
cleavage and neurotoxicity. A later model of SCA3 expressing full length Atx3 also
demonstrated the importance of caspase-dependent cleavage for neurotoxicity (Jung
et al. 2009). In a model of spinal and bulbar muscular atrophy (SBMA), expression
of the human X-linked androgen receptor (AR) with 52Q or 112Q resulted in small,
disorganized, and depigmented eyes, but only in the presence of its male-specific lig-
and (Chan et al. 2002; Takeyama et al. 2002), which supports the male-linked nature
of SBMA. These results also indicate that mutant AR is toxic only after ligand-
dependent nuclear translocation. In the case of SCA17, which is linked to the TATA
box-binding protein (TBP), expression of human TBP with 34Q, 54Q, or 80Q induced
disorganized and depigmented eyes that progressively worsened over 20 days,

fusion of ommatidia (arrows). f and h The retinas of these flies are thin and lack proper orga-
nization of the different cell types of each ommatidium. The rhabdomeres are poorly organized
and differentiated. i–p Micrographs of fresh eyes from flies expressing human amyloids under the
control of gmr-Gal4. i Expression of APPswe; (BACE) induces disorganization of the eye with
fused ommatidia (arrow) similar to but weaker than Aβ42. Expression of Htt-93Q results in well-
organized eyes with slight depigmentation than lose pigmentation over time (not shown). k and l
Expression of (Atx)1–82Q and Atx3–78Q produce depigmented eyes with thin retinas. In addition,
Atx1–82Q has small interommatidial bristles and necrotic spots (arrow), whereas Atx3–78Q shows
a better external structure. m and n A 53Q construct results in weak depigmentation in young
flies, but progresses to strong depigmentation and necrotic spots over 15 days. o and p WT and
mutant (α-Syn) and prion protein (PrP) (only WT shown) have no effect on the eye in young and
older flies. Methods: Fresh eye images were collected as Z-stacks with a Leica Z16 APO using
a 2 × Plan Apo objective and single projections were produced with Leica Application Software
Montage Multifocus. Eye sections were collected with AxioVision (Zeiss) in an Axio-Observer Z1
microscope (Zeiss) with 20 × air numerical aperture (NA): 0.8, 40 × air NA: 0.75, and 63 × oil
NA: 1.4 objectives
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with the longer repeats showing the stronger phenotypes (Ren et al. 2011). PolyQ ex-
pansions in Atrophin-1 are linked to dentatorubral-pallidoluysian atrophy (DRPLA).
Expression ofAtrophin-75Q induced slightly disorganized eyes that showed progres-
sive loss of photoreceptors and increased autophagy (Nisoli et al. 2010). Finally, the
Marsh and Kazemi-Esfarjani laboratories demonstrated early on that polyQ-only
peptides were highly toxic in flies, resulting in small, glassy, and depigmented eyes
(Kazemi-Esfarjani and Benzer 2000; Marsh et al. 2000; Fig. 1m, n), although these
models lost their appeal after disease-specific constructs showed distinct pheno-
types. Overall, these results supported the idea that, although the polyQ expansion
is responsible for pathogenesis in these diseases, the protein context determines the
cellular phenotypes.

In addition to these models of polyQ toxicity, Feany and Bender created a fly model
of α-Syn toxicity based on the expression of WT and mutant α-Syn (A30P, A53T)
(Feany and Bender 2000). All three forms of α-Syn showed subtle phenotypes in the
central nervous system (CNS) and in the eye: flies eclosed with normal eyes, but the
retina showed a slight increase in vacuolation after 30 days. This weak-eye phenotype
(Fig. 1o) has precluded the screening for suppressors of α-Syn neurotoxicity in high-
throughput conditions. In contrast, expression of WT and mutant leucine-rich repeat
kinase 2 (LRRK2), another gene linked to familial PD, induced severe disruption of
ommatidia, depigmentation, and poor differentiation of photoreceptors (Venderova
2009; Liu et al. 2008).

Tau is a protein with key roles in several neurodegenerative diseases, including
AD, FTD, and several movement disorders. Two independent models of tauopathies
appeared in 2001 and 2002, but only one was expressed in the eye (Jackson et al.
2002; Wittmann et al. 2001). Jackson expressed WT and FTDP-17-linked mutant
human Tau with four repeats in the eye with the gmr regulatory region. Both WT and
mutant Tau induced smaller, disorganized eyes with fused ommatidia (Fig. 1g, h) that
accumulated insoluble, hyperphosphorylated Tau (Jackson et al. 2002). In addition
to Tau, the other main pathological hallmark of AD is the Aβ peptide, which is the
main component of amyloid plaques. One model of Aβ neurotoxicity successfully
replicated the production of Aβ42 from human amyloid precursor protein (APP)
bearing the Swedish mutation (K595N/M596L) (Greeve et al. 2004). Since APP
does not undergo amyloid processing in flies, the investigators introduced human
beta-site amyloid precursor protein cleaving enzyme (BACE) and mutant Presenilin
(Psen). These flies accumulated Aβ42 two days after eclosion, which induced age-
dependent degeneration of the retina (Fig. 1i) and the axonal projections of the
photoreceptors. Although this model reproduced closely the physiology of Aβ42 in
the human brain, the weak eye phenotype and the dual construct made it inadequate
for genetic screens. Consequently, several groups followed an alternative strategy:
express Aβ fused to an efficient signal peptide. The first model expressing Aβ40 and
Aβ42 induced weak eye phenotypes that required multiple copies to produce robust
phenotypes (Finelli et al. 2004). Later models expressing higher levels or pathogenic
mutants of Aβ42 induced small, disorganized, and depigmented eyes (Fig. 1e, f),
phenotypes compatible with further genetic and pharmacologic manipulations
(Crowther et al. 2005; Iijima et al. 2008; Casas-Tinto et al. 2011).
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Mutations in SOD1 were the first clue to familial ALS, while WT SOD1 ac-
cumulates in aggregates in sporadic forms of ALS. Surprisingly, misexpression of
human WT or mutant SOD1 in the eye did not lead to retinal degeneration (Watson
et al. 2008). But, misexpression of TDP-43 or FUS (Fused in sarcoma/translated in
liposarcoma), two RNA-binding proteins recently linked to ALS, resulted in aber-
rant phenotypes in the fly eye (Lanson et al. 2011; Li et al. 2010). While WT FUS
induced weak depigmentation, mutant FUS alleles induced a range of defects includ-
ing small, disorganized, and completely depigmented eyes (Lanson et al. 2011). WT
TDP-43 induced retinal degeneration in a dose-dependent fashion and pathogenic
mutants resulted in slightly stronger depigmentation (Li et al. 2010). Interestingly,
combinations of WT and mutant TDP-43 and FUS constructs resulted in stronger
eye phenotypes, arguing for deleterious effects on the same pathway (Lanson et al.
2011). Finally, expression of WT Ewing sarcoma breakpoint region 1 (EWSR1), a
new gene recently associated to ALS and structurally related to TDP-43 and FUS,
also resulted in eye depigmentation and a thinner retina (Couthouis et al. 2012).
Missense mutations in EWSR1 found in ALS patients enhanced the eye phenotype,
as was observed for FUS mutants. These studies suggest that these three related
proteins cause pathogenesis by perturbing the same cellular mechanisms.

Most SCAs are linked to repeat expansions, but SCA5 is a rare example associated
with point mutations in β-III-spectrin. Expression of either human or fly WT β-III-
spectrin did not affect the eye, but β-III-spectrin carrying the American or German
mutations resulted in severely disorganized and depigmented eyes reminiscent of
SCA1 (Lorenzo et al. 2010).

Overall, the intrinsic susceptibility of these amyloidogenic proteins to form toxic
assemblies allowed the generation of a wide array of disease models with highly
unique perturbations of the eye (Fig. 1). Thus, amyloid proteins do not simply
kill photoreceptors as toxins, they actually interfere with specific aspects of eye
development and physiology. Thus, the fruit fly may be an excellent model to identify
the cellular mechanisms responsible for these specific perturbations. Intriguingly,
several amyloids induce more potent neuronal loss in flies than in rodent models
(e.g., Aβ42, APP), making Drosophila a unique tool for AD research. However, not
all amyloidogenic proteins induce eye phenotypes. The WT Prion protein (PrP) is a
well-known amyloid involved in prion diseases that induces neuronal dysfunction and
cell loss in the Drosophila brain (Fernandez-Funez et al. 2009), but neither WT nor
pathogenic mutants induce eye degeneration (Fig. 1p). The lack of eye phenotype
in the PrP model has considerably limited our ability to validate candidate genes
or screen for new modifiers. These exceptions, although rare, support the specific
phenotypes of other amyloids and further prove the advantages of the eye.

Modeling RNA Toxicity in the Eye

In addition to the highly prevalent and well-known protein misfolding diseases,
non-coding RNA repeat expansions also play a significant role in several brain and
neuromuscular disorders in humans. These mRNAs bearing repeat expansions are
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retained in the nucleus, producing the so-called nuclear foci, and lead to aberrant
interaction with the splicing machinery. Fragile X is a common form of mental re-
tardation caused by long (200+) CGG repeats in the 5′-UTR of the Fragile X mental
retardation 1 (FMR1) gene associated with LOF on the FMR1 protein. However,
smaller expansions (premutations) are linked to progressive neurodegeneration with
ataxia and dementia. Expression of a CGG repeat in an intronic sequence preced-
ing the green fluorescent protein (GFP) induced disorganized and depigmented eyes
in flies (Jin et al. 2003). This was the first in vivo demonstration that non-coding
RNA repeats are neurotoxic. Non-coding expansions also play a key role in neuro-
muscular diseases. Myotonic dystrophy 1 (MD1) is a relatively common (1:8,000)
neuromuscular disorder linked to a non-coding CTG repeat in the 3′-UTR of DMPK
(dystrophiamyotonica protein kinase). Expression of 480 uninterrupted CTG repeats
induced smaller and slightly disorganized eyes with nuclear foci pathology (de Haro
et al. 2006). Another example of the complexity of the cerebellar ataxias is SCA8,
which is mediated by noncoding CTG repeats. Expression of the human SCA8 gene
with 9 and 112 interrupted CTG repeats induced similar eye disorganization with
underdeveloped retinas (Mutsuddi et al. 2004). The toxicity of these non-coding
triplet repeats suggested that polyQ-encoding CAG repeats might also exert RNA
toxicity. Bonini demonstrated that CAACAG repeats also encoding polyQ showed
weaker toxicity in the eye than pure CAG repeats (Li et al. 2008). Moreover, expres-
sion of non-coding CAG repeats in the 3′-UTR of DsRed induced retinal and brain
degeneration, supporting a role for RNA toxicity in polyQ diseases.

Modeling Loss-of-Function Diseases

Neurodegenerative diseases are enriched in dominant and sporadic etiologies in
which the toxic agents are inherently toxic proteins and mRNAs. However, LOF
mutations can also cause progressive neuronal loss, although these disorders are
less common because they require two mutant alleles to induce disease. Interest-
ingly, LOF mutations lead essentially to the same neurotoxic phenotypes as dominant
misfolded proteins and expanded RNAs, suggesting that they perturb the same mech-
anism of neuronal protection and survival. In some cases, LOF mutations may cause
pathologies within the spectrum of complex disorders, such as PD and the broader
parkinsonian syndrome. In fact, Parkin, Pink1, and DJ-1 LOF cause early onset
familial PD, as do dominant mutations in α-Syn and LRKK2 (Hardy et al. 2009),
which illustrate the complexity of PD. So far, 44 genes controlling neural integrity
have been identified in Drosophila as (i) regulators of lifespan, locomotion, or be-
havior, (ii) candidate genes with a known role in human disease, or (iii) serendipitous
findings (Lessing and Bonini 2008). These diverse genes seem to play a major role in
five cellular processes: protein degradation, lipid homeostasis, mitochondria, signal-
ing, and cytoskeleton. Approximately half of these genes have human orthologues
involved in disease or are functionally related to processes important for human dis-
ease. The other half with no direct human disease connection may still contribute to
the identification of novel mechanisms important for neuronal integrity in humans.
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Thus, these LOF diseases play a critical role in uncovering key physiological func-
tions that prevent neuronal loss, an activity comparable to that of tumor-suppressor
genes in cancer.

Among the LOF genes, the contribution of the eye to the study of genes asso-
ciated with autosomal recessive PD deserves special consideration. For instance,
inactivation of dj-1 and pink1 using specific RNA interference (RNAi) constructs
led to abnormal eyes and retinal degeneration, although dj-1 LOF was more criti-
cal for eye development, resulting in very small and disorganized eyes (Wang et al.
2006; Yang et al. 2005). Interestingly, both dj-1 and pink1 increased the accumu-
lation of reactive oxygen species, supporting their antioxidative function linked to
the mitochondria. Overexpression of pink1 also induced aberrant eye morphology, a
phenotype that was suppressed by parkin LOF alleles and enhanced by coexpression
of parkin (Whitworth et al. 2008). This genetic interaction supported observations
in Drosophila muscle and sperm cells that Parkin functions downstream of Pink1 to
regulate mitochondria morphology (Clark et al. 2006; Park et al. 2006; Yang et al.
2006). Moreover, mutations in mitochondria fission genes also rescued the pink1 mi-
sexpression phenotype in the eye, indicating the role of Pink1/Parkin in mitochondria
fission (Poole et al. 2008). Similar genetic epistasis experiments indicated that LOF
alleles of high temperature requirement A2 (htrA2/omi), another gene linked to PD,
rescued the pink1 misexpression phenotype in the eye, but functions independently
of parkin. In addition, Rhomboid-7, a mitochondrial kinase not previously impli-
cated in PD, showed strong genetic interactions with pink1, parkin, and omi in the
eye, and demonstrated to be an upstream regulator of the Pink1 pathway in the mi-
tochondria (Whitworth et al. 2008). Finally, pink1, parkin, and dj-1 misexpression
partially suppressed the abnormal eye induced by LRKK2 misexpression, supporting
the involvement of all these PD genes in a common pathway (Venderova et al. 2009).

LOF approaches have contributed to model other recessive neurodegenerative
conditions in the eye. Disruption of endogenous Ataxia telangiectasia mutated
(ATM), a gene implicated in ataxia telangiectasia, resulted in disorganized eyes with
fused ommatidia and progressive degeneration of photoreceptors that was suppressed
by LOF mutations in cell cycle regulators (Rimkus et al. 2008). These results sug-
gested that loss of ATM induces cell cycle reentry (Khurana et al. 2006). Similarly,
LOF mutations in pantothenate kinase (Pank)/fumble induced retinal and brain vac-
uolation, phenotypes that were rescued only by expression of human or fly PanK in
the mitochondria, suggesting that Pantothenate kinase-associated neurodegeneration
is a mitochondrial disease (Wu et al. 2009). Another LOF mutation in a mitochon-
drial protein, Methionyl-tRNA synthetase (Aats-met), was identified in a screen for
genes that induce progressive photoreceptor dysfunction (Bayat et al. 2012). In-
terestingly, the human homologue turned out to be affected in autosomal recessive
spastic ataxia with leukoencephalopathy, indicating the prowess of Drosophila in
identifying candidate genes in human diseases. Deficiency in succinate dehydro-
genase (SdhA) is linked to Leigh Syndrome, an early-onset disease characterized
by mitochondrial encephalopathy. Flies mutant for SdhA eclose with normal eyes,
but the photoreceptors degenerate over the next few days associated to the loss of
mitochondria, while antioxidant therapy prevented degeneration of the retina (Mast
et al. 2008). Another large category of LOF mutants characterized in the eye involves
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aberrant lysosomal function. Niemann–Pick disease type C is a lipid storage disease
associated with mutations in the NPC1 gene. LOF in the fly dnpc1a gene induced
potent retinal degeneration that was rescued by both neuronal and glial expression of
dnpc1 (Phillips et al. 2008). Mutations in the Transient receptor potential mucolipin 1
(TRPML1) channel cause another lipid storage disorder, mucolipidosis type IV. LOF
mutations in the fly trpml 1 gene induced progressive photoreceptor loss, defective
autophagy, and was suppressed by heat shock protein 70 (Hsp70) misexpression
(Venkatachalam et al. 2008). Infantile neuronal ceroid lipofuscinoses (INCL) are
caused by LOF mutations in Palmitoyl-protein thioesterase 1 (Ppt1). Interestingly,
misexpression of Ppt1 in flies led to small and disorganized eyes, suggesting that
both up- and down-regulation of Ppt1 can induce neurodegeneration (Korey and
MacDonald 2003). Finally, LOF in benchwarmer, which encodes a multipass mem-
brane transporter, caused retinal degeneration associated to lysosomal storage deficits
(Dermaut et al. 2005).

Elucidating the Mechanisms of Neurodegeneration

Assays to Analyze Eye Degeneration

The main advantage of the eye is the direct visualization of the cellular and devel-
opmental perturbations induced by these neurotoxic agents. Gross analysis under
the stereoscope allows for fast inspection of changes in the eye, which is very use-
ful in large modifier screens (see below). However, this rapid visualization offers
low resolution, which hinders the ability to interpret the molecular mechanisms un-
derlying the structural damage. A variety of structural, functional, and molecular
assays provide additional resolution toward the study of eye degeneration. Lessing
and Bonini 2009), including molecular markers of cell fate and differentiation by
immunofluorescence, semithin sectioning for gross morphology, and ultrathin sec-
tioning for subcellular detail. However, the adoption of rapid assays that indirectly
reflect eye structure and/or function allowed carrying out high-throughput screening
for novel genes involved in progressive neuronal degeneration. For instance, a fast
technique for evaluating the integrity of photoreceptors is optical neutralization (also
known as pseudopupil assay), which allows the visualization of photoreceptors in live
specimens by transmission of bright light (Franceschini 1972). Complex, but highly
specific functional assays are also available, including electroretinogram (Bayat et al.
2012) and vision-dependent behavioral assays (phototaxis) (Benzer 1967).

Identification of Intrinsic Mechanisms Mediating Neurotoxicity

Fly models of proteinopathies have been instrumental in the discovery of mechanisms
regulating the toxicity of several pathogenic proteins, particularly those associated
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with posttranslational modifications reviewed in (Rincon-Limas et al. 2012). For
instance, phosphorylation plays a key role in regulating the misfolding, aggrega-
tion, and toxicity of several amyloid proteins, including Tau, α-Syn, and Atx1. Tau
is a large protein with 79 potential Ser/Thr phosphorylation sites, making its in
vivo analysis very complex. Manipulation of the activity of GSK-3 and Cdk5 in
the eye demonstrated that these kinases phosphorylate Tau and regulate its aggrega-
tion (Jackson et al. 2002; Shulman and Feany 2003; Steinhilb et al. 2007a). Also,
mutant analysis indicated that the 14 Ser-Pro/Thr-Pro sites seemed to work coordi-
nately (mutating a few had no effect); in contrast, the non-Ser-Pro sites S262 and
S356 played key roles by promoting the phosphorylation of Ser-Pro/Thr-Pro sites
(Nishimura et al. 2004; Steinhilb 2007b; Chatterjee et al. 2009). Along the same
line, α-Syn phosphorylation at T125 and S129 had opposite effects, the first being
neuroprotective and the second neurotoxic, thus providing reversible mechanisms to
modulate α-Syn toxicity (Chen et al. 2009). Finally, Atx1 phosphorylation at S776
by Akt1 promotes binding to 14-3-3, aggregation, and neurotoxicity (Chen et al.
2003). As a consequence, Akt LOF mutations suppress the toxicity of Atx1–82Q in
flies, offering clear therapeutic opportunities. Other relevant posttranslational mod-
ifications have been also uncovered using the fly eye. For instance, elimination of
three SUMOylation (small ubiquitin-related modifier) sites completely abrogated the
toxicity of Htt-93Q in the eye and CNS (Steffan et al. 2004).

Since polyQ expansions induce different eye phenotypes alone or in the context
of a disease-related protein, the protein context was found to be a key determi-
nant of polyQ toxicity (Jackson et al. 1998; Warrick et al. 1998; Fernandez-Funez
et al. 2000; Kazemi-Esfarjani and Benzer 2000). In addition, CAG expansions in
SCA1 promote the formation of complexes containing RNA-binding motif protein
17 (RBM17), which contributes to Atx1–82Q toxicity, whereas they attenuate the
formation of complexes with Capicua, which causes a LOF mechanism (Lim et al.
2008; Lam et al. 2006). Interestingly, genetic interactions revealed that the activity
of Atx2 (SCA2) enhances the toxicity of both expanded Atx1 and Atx3, suggest-
ing common mechanisms of neurodegeneration relevant for therapeutics (Lessing
and Bonini 2008; Al-Ramahi et al. 2007). To illustrate the complexity of the repeat
expansions, a non-coding CTG implicated in MD1 was found to transcribe in both
directions, resulting in a CUG/CAG RNA duplex that is cleaved into small RNAi
fragments that target endogenous genes carrying CAG repeats, including Atx2 and
TBP (Yu et al. 2011; Lawlor et al. 2011).

Finally, the eye was crucial to shed light on the pathogenesis of TDP-43 and FUS,
two related proteins that contain similar domains, including RNA-binding domain,
nuclear export signal (NES), and nuclear localization signal (NLS). The analysis
of these motifs led to the following key results in the eye: (i) deletion of the FUS
NES suppressed degeneration, (ii) only cytoplasmic accumulation of TDP-43 was
neurotoxic in the eye, while nuclear TDP-43 was also toxic in the CNS, and (iii)
FUS genetically interacts with TDP-43 in a mutation-dependent fashion (Lanson
et al. 2011; Miguel et al. 2011).
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Understanding the Function of Disease-Related Genes

Since most disease genes induce pathology through dominant mutations or sponta-
neous protein misfolding, the mechanisms mediating this GOF toxicity receive the
most attention. However, it is also important to understand the physiological func-
tion of these proteins to determine how they contribute to diseases. An example of
this approach is the generation of an ingenious sensor of APP proteolysis to identify
factors that regulate γ-secretase activity (Guo et al. 2003). The fusion of Gal4 to
the intracellular domain of APP resulted in the regulation of a proapoptotic protein
(Grim) under the control of γ-secretase activity. As expected, the size of the eye
was highly sensitive to the components of the γ-secretase complex, including Psen,
Aph1, Pen2, and Nicastrin (Guo et al. 2003). Moreover, this assay was utilized to
identify other factors regulating the release of the APP intracellular domain (AICD):
Ubiquilin (Ubqln, see later) and X11-L (Gross et al. 2008). Interestingly, Ubqln had
been identified previously as a risk locus for AD in genome-wide association studies
(GWAS) (Bertram et al. 2005) and its function had been linked to Psen function and
APP processing. Two independent studies demonstrated that Ubqln binds Drosophila
Psen and antagonizes its activity, although both studies failed to show that Ubqln
promotes proteasome-dependent degradation of Psen (Ganguly et al. 2008; Li et al.
2007). Based on the progressive eye degeneration induced by Ubqln misexpression,
Guo proposed the existence of amyloid-independent neurodegenerative pathways
mediated by Psen LOF or Ubqln GOF variants (Ganguly et al. 2008).

As described earlier, polyQ expansions in Atrophin-1 (Atro-1) lead to DRPLA.
In addition to its role in DRPLA, Atro-1 seems to exert a complex activity as a
nuclear hormone receptor, including several developmental processes. Since Atro
LOF caused embryonic lethality, researchers generated somatic mosaics of Atro− that
reduced the size of the eye and induced abnormal specification and differentiation of
photoreceptors (Zhang et al. 2002). Further studies identified the cadherin Fat as a
strong interactor ofAtro, a partner mediating planar polarity and specification of R3 in
the eye through repression of four-jointed expression (Fanto et al. 2003). In addition,
Atro was identified as a negative regulator of EGFR signaling in the wing and eye,
phenotypes possibly mediated through the activity of the transcriptional repressor
Yan (Charroux et al. 2006). Overall, these studies on Atro in the eye provided new
insight into its function as a transcriptional corepressor in multiple developmental
processes, including early embryogenesis and the development of adult epithelial
structures (wing and eye) through inhibition of EGFR activity.

Using the Eye to Validate Candidate Genes

One of the main contributions of Drosophila to the field is the efficient validation of
genes suspected to be involved in neurodegeneration. Early on, Drosophila played
a big role in examining the protective activity of molecular chaperones. Mounting
evidence suggested the protective activity of the (Hsp70) against misfolded proteins
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in purified folding assays and in cell culture. Then, Bonini demonstrated that mis-
expression of human Hsp70 (HSP1AL) suppressed the eye phenotype of Atx3–78Q
and AR-112Q (Chan et al. 2002; Warrick et al. 1999). In contrast, Hsp70 LOF
mutations enhanced the eye phenotype of Atx1–82Q and AR-112Q (Fernandez-
Funez et al. 2000; Chan et al. 2002). Moreover, the Hsp70 co-chaperone Hsp40
demonstrated its protective activity against the highly toxic polyQ-only (Kazemi-
Esfarjani and Benzer 2000), which we also identified as a genetic suppressor of
Atx1–82Q (Fernandez-Funez et al. 2000). NMNAT (NAD synthase nicotinamide
mononucleotide adenyltransferase) is a chaperone with known neuroprotective ac-
tivity that is upregulated following Atx1–82Q expression, and binds and suppresses
Atx1–82Q neurotoxicity in the eye independently of its catalytic activity (Zhai et al.
2008). Recognition of these toxic proteins by chaperones is typically followed by
degradation through the ubiquitin-proteasome system. Overexpression of the E3 lig-
ase CHIP (C-terminus of Hsc-70 interacting protein) interacted with and rescued
Atx1–82Q pathology in the eye (Al-Ramahi et al. 2006). CHIP also rescued the eye
phenotype of Htt-127Q, but not of 127Q-only, further arguing for the importance of
the protein context in polyQ toxicity.

Another significant contribution was the identification of several acetyltrans-
ferases as targets of polyQ toxicity (Steffan et al. 2001). To compensate for this LOF,
several authors demonstrated the protective activity of overexpressing Creb-binding
protein, a key histone acetyltransferase in neurons, or mutating histone deacetylases
(HDAC) (Steffan et al. 2001; Taylor et al. 2003). Further studies showed that inhi-
bition of the classic HDAC Rpd3 as well as Sir2 and Sirt2 by RNAi exert the best
neuroprotective effects against Httt-93Q (Pallos et al. 2008). However, overexpres-
sion of HDAC6, a microtubule deacetylase, prevented the toxicity of AR-52Q by
activating autophagy (Pandey et al. 2007).

Another likely pathway involved in neurodegeneration is cell death/apoptosis. It
is obvious that the end stage of these diseases is neuronal cell death, so the relevant
question is whether inhibiting apoptosis can exert neuroprotection despite being a
distal pathway. For instance, Apaf-1 is a key regulator of apoptosis activated by
Cytochrome c released from mitochondria. LOF mutations in Dark1/Apaf1, the fly
homologue, rescued the toxicity of 108Q-only, Htt-93Q, and Atx1–82Q in the eye
(Sang et al. 2005). Expression of Aβ42 also induced prominent cell death during eye
development that was rescued by the baculovirus Caspase inhibitor p35 (Tare et al.
2011). Interestingly, Aβ42 also induced c-Jun N-terminal kinase (JNK) signaling,
another pathway involved in apoptosis. Inhibiting JNK signaling in combination
with p35 led to normal eyes, arguing for the protective activity of antiapoptotic
interventions.

The expanded RNA disorders are characterized by the aberrant interaction with
RNA-binding proteins, which are proposed to cause LOF in key RNA processing
functions. Overexpression of Muscleblind 1 (MBNL1) and CUG binding protein 1
(CUGBP1) rescued the eye phenotype of CUG repeats in a model of MD1, which
confirmed their LOF as a disease mechanism (de Haro et al. 2006). Similarly, over-
expression of CUGBP1 and hnRNP rescued the eye phenotype of CGG repeats in a
model of fragile X-associated tremor/ataxia syndrome (FXTAS) (Sofola et al. 2007a).
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In addition, RNAi directed against the CGG repeat was also protective, opening an
interesting therapeutic avenue (Sofola et al. 2007b).

Unleashing the Beast: Insight from Genetic Screens

Without a doubt, unbiased genetic screens have played a significant role in expand-
ing our understanding of the molecular mechanisms that regulate protein misfolding
and progressive neuronal loss. These modifier screens are the main distinguishing
feature of Drosophila, providing this little fly a special place in the search for dis-
ease mechanisms. The fruit fly offers many options for large-scale screens for genes
involved in neuronal development, differentiation, and physiology. Among the most
successful are screens that assess the role of genes in viability, longevity, locomotion,
vision, and other complex behaviors (Bellen et al. 2010). The eye has been particu-
larly useful because it combines a complex structure sensitive to small perturbations
with easy detection, allowing the efficient screening of thousands of strains. The first
large-scale screen of modifiers of neurotoxic genes was performed in flies expressing
Atx1–82Q. Since these flies showed a strong eye perturbation (see Fig. 1k), they were
combined with 4,500 insertions that cause LOF or misexpression of nearby genes.
This screen identified a handful of suppressors of theAtx1–82Q phenotype, including
multiple components of the protein quality control pathways (chaperones, ubiquitin-
dependent protein degradation, and cellular detoxification) (Fernandez-Funez et al.
2000). Along with those expected modifiers, we also found several RNA-binding
proteins and transcription factors as specific modifiers of Atx1–82Q, suggesting new
roles for Atx1 in RNA metabolism and transcriptional regulation (Fernandez-Funez
et al. 2000). Interestingly, these new mechanisms implicated in Atx1 toxicity also
showed potent interaction with Htt-128Q in the eye, suggesting that both polyQ dis-
eases share common mechanisms (Branco et al. 2008). However, other modifiers
had distinct effects on the two models, supporting the implication of disease-specific
pathways. Few of these modifiers affected the Tau phenotype in the eye, but Atx2
was a potent enhancer of Tau neurotoxicity (Shulman and Feany 2011). Interestingly,
a genetic screen for modifiers of Atx3 neurotoxicity yielded the same classes of sup-
pressors as the Atx1 screen, underscoring the key role of RNA metabolism, cellular
detoxification, and transcriptional regulation in several polyQ diseases (Bilen and
Bonini 2007). However, one suppressor of Atx3–78Q (bantam) revealed a new role
for miRNA pathways in the prevention of cell death (Bilen et al. 2006).

A search for genetic modifiers of Tau toxicity in the eye uncovered the involvement
of various kinases and phosphatases, which did not modify Atx1 toxicity (Shulman
and Feany 2003), and several cytoskeleton proteins including filamin, myosin VI,
and paxillin (Blard et al. 2007). A genetic screen for modifiers of Aβ42 identified
components of the secretory pathway, cholesterol homeostasis, chromatin regulation,
and copper transport as mediators of neurotoxicity (Cao et al. 2008). A few of
these genes also interacted with Tau and Htt-93Q, suggesting that alterations in
vesicular trafficking are common to various neurodegenerative conditions. We also
characterized X-box binding protein 1 (XBP1), a key ER stress response factor,
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as a suppressor of Aβ42 neurotoxicity in the eye (Casas-Tinto et al. 2011). Since
XBP1 misexpression reduced calcium release from the ER and transcriptional down-
regulation of the ER-associated ryanodine calcium channel, we showed that LOF of
Rya-r was also protective.

Fewer modifier screens have been performed in models of LOF diseases, but a
search for modifiers of Ppt1-induced degeneration implicated endo-lysosomal traf-
ficking, synaptic vesicle cycling, and synaptic development in the pathogenesis of
INCL (Buff et al. 2007).

An alternative to the classic screens based on genetic interactions is the application
of genomic technologies to uncover perturbations in gene expression. Microarray
on mice expressing FTD-linked TauP301L led to the identification of Puromycin-
sensitive aminopeptidase (PSA) as a candidate suppressor of Tau pathology (Karsten
et al. 2006). Coexpression of TauP301L and PSA in the fly eye demonstrated the
protective activity of PSA, thus serving as a fast method for validating the microarray
data. Microarray performed with flies overexpressing noncoding CAG repeats
identified several common pathways between RNA and polyQ toxicity, including
chaperones, transcriptional regulation, and RNA metabolism (Shieh and Bonini
2011). Similarly, microarray analysis in flies expressing non-coding CAG, CUG,
and AUUCU found common alterations in GSK3 signaling (Eyk et al. 2011). A
targeted expression profiling of miRNAs detected elevated levels of mir-277 in
flies expressing non-coding CGG repeats, while mir-277 LOF suppressed the eye
phenotype of the CGG repeats (Tan et al. 2012). Furthermore, 15 risk loci for
AD identified by GWAS were assayed for functional interaction with Tau in the
Drosophila eye, resulting in six genes that modified Tau neurotoxicity, including a
glucose transporter (glut1) (Shulman et al. 2011).

More recently, we have witnessed the original and powerful combination of in
vitro screening platforms with genetic manipulations in the fly eye. For instance,
parallel identification of Htt-binding proteins in yeast two-hybrid and affinity pull-
down assays led to a comprehensive Htt interactome (Kaltenbach et al. 2007). Then,
the functional relevance of these interactors was confirmed in a Drosophila model of
HD, which identified 17 highly relevant targets for therapeutics. A different approach
consisted in identifying genes that regulate Htt aggregation in a genome-wide cell-
based RNAi screen, which yielded new and known genes related to nuclear transport,
nucleotide processing, and signaling (Zhang et al. 2010). Then, the authors validated
the new modifiers, including chaperone Hsp110 and the transcriptional regulator
Tra1, in the eye. Altogether, these studies highlight the value of integrating complex
platforms of gene discovery with genetic manipulation in the fly eye.

Role of the Fly Eye in Drug Discovery

Testing Candidate Drugs

The generation of disease models with neurotoxic phenotypes sensitive to genetic
modifiers raised the next challenge: can we exploit these fly models to identify new,
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more effective drugs with disease-modifying activity? Initial evidence for the ef-
fectiveness of this approach came from feeding flies with the histone deacetylase
(HDAC) inhibitors suberoyl anilide hydroxamic acid (SAHA) and butyrate, which
protected against Htt neurotoxicity (Steffan et al 2001). Other pharmacologic sup-
pressors of Htt toxicity in the eye include: the mTOR inhibitor rapamycin, which
promotes autophagy, a key clearance pathway (Ravikumar et al. 2004); the transg-
lutaminase 2 inhibitor ZDON, which reverts the aberrant transcriptional repression
induced by Htt-dependent up-regulation of transglutaminase 2 (McConoughey et al.
2010); inhibitors of the protein deacetylase Sirtuin 2 (Pallos et al. 2010; Luthi-Carter
et al. 2010); activation of ERK signaling by the polyphenols fisetin and resveratrol
(Maher et al. 2011); reduction of oxidative stress by meclizine, a Food and Drug Ad-
ministration (FDA)-approved drug (Gohil et al. 2011), and expression of intracellular
single chain antibodies (intrabodies) against Htt (Wolfgang et al. 2005).

Other contributions of the eye system in different models include the suppression
of Atx3 and Htt neurotoxicity by stimulating heat shock factor 1 (HSF1) with the
Hsp90 inhibitor 17-AAG (Fujikake et al. 2008), the suppression of CGG repeat
toxicity with histone deacetylase inhibitors in a fly model of FXTAS (Todd et al.
2010), the inhibition of Pink1-dependent retinal degeneration with the antioxidant
vitamin E (Wang et al. 2006), and the modulation of Aβ42-induced toxicity with
zinc/copper chelators (Hua et al. 2011) or with a mixed extract from 15 crude herbs
known as KSOP1009 (Hong et al. 2011).

Combinatorial Therapies and Secondary Drug Screens

Neurodegenerative diseases cause multiple cellular perturbations, an indication of
their mechanistic complexity. Therefore, the development of disease-modifying ther-
apies may require the elimination of the toxic agents by targeting disease-associated
alleles or conformations. However, these ideal therapies have proven hard to achieve.
In the meantime, the next best option is to target several independent targets simul-
taneously. The flexible manipulation and rapid turnaround of flies allow for testing
drug combinations with the objective of inhibiting multiple targets with synergis-
tic effects. Proof of principle for this approach came from testing combinations of
compounds with unique mechanism of action: SAHA, the amyloid dye Congo red,
the transglutaminase inhibitor cystamine, the Hsp90 inhibitor geldanamycin, and the
rho-associated coil kinase (ROCK) inhibitor Y-27632. This seminal work identified
combinatorial regimens of SAHA and either Congo red, cystamine, Y-27632, or gel-
danamycin at low concentrations that alleviated the degeneration of photoreceptor
neurons in a fly model of HD (Agrawal et al. 2005). Also, the combined inhibition of
HDAC3 and Sirtuins (Rpd3 and Sir2) with low doses of butyrate and nicotinamide
enhanced neuroprotection against Htt-induced neurotoxicity (Pallos et al. 2008).
Moreover, the combination of rapamycin and lithium-enhanced neuroprotection in
HD flies through the stimulation of mTOR-dependent and -independent autophagy
(Sarkar et al. 2008). More recently, feeding cystamine to adult HD flies improved
the protection exerted by anti-Htt intrabodies (Bortvedt et al. 2010).
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In addition to validating known targets, the fly eye can also play a significant
role in assessing the in vivo function of compounds identified in high-throughput, in
vitro platforms. For instance, a fluorescence resonance energy transfer-based cellular
aggregation assay allowed screening over 2,800 small molecules that inhibit polyQ
aggregation (Pollitt et al. 2003). Y-27632, one of the strongest hits, reduced protein
aggregation and photoreceptor loss in a fly model of HD and improved rotarod
performance in a mouse model of HD (Li et al. 2009). In another study, researchers
used a yeast-based Htt aggregation assay to screen 16,000 compounds and later tested
the positive hits in multiple secondary assays that included analysis of photoreceptor
neurons in HD flies (Zhang et al. 2005). This led to the identification of C2–8, whose
therapeutic potential was later confirmed in a mouse model of HD (Chopra et al.
2007), although the mechanism of action is unknown. These studies demonstrate
that the use of Drosophila in secondary screens not only saves time and funds,
but also helps identify the most promising candidates with good pharmacokinetic
properties for clinical trials.

Concluding Remarks

In this chapter, we illustrated the vast contributions and potential of the Drosophila
eye as a model for understanding the cellular and molecular mechanisms of neu-
rodegeneration. The eye has been a productive tool for candidate validation, gene
discovery efforts, and drug testing in vivo. Remarkably, the inclusion of the eye
as validation tool in the drug discovery pipeline has gained momentum in recent
years, contributing to speedup the identification of compounds likely to be effective
in mammalian models. Therefore, genetic and pharmacological screens in the fly
eye are likely to be an instrumental tool in this field for many years, particularly if
researchers continue their inventive approaches to exploit this little fly.
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Genetic Regulation of Early Eye Development
in Non-dipteran Insects

Markus Friedrich, Ying Dong, Zhenyi Liu and Iris Yang

Comparative analyses of eye development in Drosophila and distantly related phyla
have fundamentally changed the way we think about the evolution of animal eyes
today. On the one hand, it is clear that select eye-patterning mechanisms have deep
evolutionary roots, such as the involvement of Pax6 and an ever-extending catalogue
of additional transcription factors with selector gene-like functions in development
(Donner and Maas 2004; Gehring 2002; Kozmik 2008; Pichaud and Desplan 2002).
On the other hand, the diversity of distinct eye types in extant animals implies the
evolution of lineage-specific patterning processes, superimposed onto the ancient
gene interactions inherited from the prototype eye at the dawn of animal evolution
(Lamb 2011; Nilsson 1996; Salvini-Plawen and Mayr 1977; Zuker 1994). Therefore,
an important question to consider is how far back the regulatory program organizing
the development of the compound eye in Drosophila can be traced to arthropod
evolution.

Elaborate compound eyes are found in living representatives of all arthropod
phyla, namely Crustacea, Chelicerates, and Myriapods, in addition to the insects
(Buschbeck and Friedrich 2008; Fahrenbach 1969; Müller et al. 2003). The earliest
fossils of advanced compound eye design have been discovered in deposits of the
early Cambrian, which dates 515 million years before present (Lee et al. 2011;
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Paterson et al. 2011). This implies that the regulatory program patterning the
Drosophila compound eye retina is hundreds of millions of years of age. Comparative
analysis in arthropods, therefore, offers unique opportunities to dissect the conserved
and evolutionary younger components in the genetic control networks which pattern
the Drosophila eye. To this end, a number of gene-specific studies have been carried
out in representatives of other arthropod phyla, such as crustaceans and the horseshoe
crab Limulus polyphemus, the only extant chelicerate with compound eyes (Black-
burn et al. 2008; Duman-Scheel et al. 2002; Smith et al. 1993). Also, the cellular
organization of growth and differentiation of the visual system has been studied
in non-insect arthropods (Hafner and Tokarski 1998, 2001; Harzsch and Walossek
2001; Melzer et al. 2000). However, the most comprehensive comparative molecular
studies of compound eye development have focused on non-dipteran insect species
up to this point.

Here, I introduce the satellite model organisms in current comparative genetic
studies of insect compound eye development and their phylogenetic relationships.
This is followed by a systematic review of the molecular findings that concern
the patterning of the retinal precursor tissues in these organisms, which, at this
point, are based on gene expression pattern analysis and lack-of-function analyses
by RNA interference (RNAi)-mediated gene knockdown. The cellular assembly of
retinal precursor cells in the differentiating retina is strongly conserved in arthro-
pods and has been previously reviewed in depth (Buschbeck and Friedrich 2008;
Friedrich et al. 2006). It will not be further explored here. I will conclude pointing
out broader insights and the most important pending questions regarding the devel-
opmental evolution of the Drosophila compound eye, a story of profound sensory
organ primordium reorganization.

The Phylogenetic Framework

Against the backdrop of insect diversity, the number of non-dipteran species that have
been studied with comparative questions regarding the developing eye is dwindlingly
small (Fig. 1). Besides studies looking at the morphogenesis of very unusual visual
systems, such as stalk-eyed flies or the enigmatic Strepsiptera (Buschbeck 2005;
Buschbeck et al. 2001), molecular work boils down to five species. Two of these
belong to the same basal order of hemimetabolous insects. This refers to the bispotted
cricket Gryllus bimaculatus and the American desert locust Schistocerca americana,
both of which are members of the Orthoptera, although of distantly related subgroups.
G. bimaculatus belongs to the suborder Ensifera while S. americana is part of the
second orthopteran suborder, the Caelifera.

The insect order Orthoptera is one of the 22 currently recognized direct-developing
insect orders. The latter refers to the direct development of most adult body structures
in the embryo, which continue to gain size during the postembryonic growth stages
of the nymphs. Except for wing and genital appendages, the nymph disposes over all
essential body structures of the future adult form (Truman and Riddiford 2002).
The ancestral lack of wings distinguishes ametabolous direct-developers from
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Fig. 1 Phylogenetic framework. Arrowheads indicate groups that include model system used in
studies of insect eye development. Quotation marks indicate paraphyletic groups. Ametabolous
insects are primitively wingless and undergo less postembryonic changes than hemi- and
holometabolous forms. (Adapted from Friedrich et al. 2006)

hemimetabolous direct developers like orthopterans due to the final differentiation
of the wings in the transition from the last nymphal growth instar to the adult. The
Orthoptera are considered to have split at least 350 million years ago from the lineage
that eventually gave rise to the ancestor of the large superclade of endopterygote or
holometabolous insects, which transition through a larval growth stage and the pupal-
resting stage before acquiring adult morphology (Beutel et al. 2011; Kristensen 1999;
Figs. 1 and 2).



298 M. Friedrich et al.

Besides Drosophila, holometabolous insects include three further significant
models of insect eye development: the flour beetle Tribolium castaneum, the silk
moth Bombyx mori, and the tobacco hornworm Manduca sexta. As a representa-
tive of the Coleoptera (beetles), Tribolium represents one of the oldest orders in the
Holometabola, while the silk moth and tobacco hornworm, as representatives of the
order Lepidoptera, are more closely related to the dipteran order (Beutel et al. 2011;
Kristensen 1999; Wiegmann et al. 2009).

Comparing Drosophila Adult Eye Development
with Direct-Developing Species: Continuous Versus
Biphasic Visual System Development

The comparison of compound eye development between direct-developing species
and the holometabolous Drosophila requires the pointing out of homology rela-
tionships between specific phases of eye development, which are not obvious at first
glance (Fig. 2). In direct-developing species, a significant part of the adult compound
eye differentiates already in the embryo. As a result, about 20 % of the posterior adult
compound eye is of embryonic origin. The remaining anterior portion is added on
during postembryonic development (Friedrich 2006). This mode of compound eye
development is typical of direct-developing insects where larval and adult form shows
relatively mild body plan differences.

Importantly, although the embryonic phase of eye development contributes to
structures of the adult eye in direct-developing species, this developmental process
is not homologous to the development of the adult eye in the Drosophila eye disc.
The latter corresponds, instead, specifically to the postembryonic phase of com-
pound eye development in direct-developing insects (Fig. 2), while the embryonic
phase of compound eye development in direct-developing species is homologous
to the embryonic development of the larval eyes of holometabolous insects such as
the Drosophila Bolwig organs (see associated Chap. 12). These homology relation-
ships follow from comparative morphogenetic and molecular evidence (Friedrich
2006, 2008) and, as will emerge later, have important consequences regarding the
comparison of retinal primordium-patterning mechanisms.

The postembryonic phase of eye development in direct-developing insects is,
thus, the closest evolutionary reference point for comparisons with the development
of the Drosophila compound eye. Notwithstanding this, it remains a meaningful
and evolutionarily significant question to ask whether and to which extent mech-
anisms regulating the commitment and differentiation of retinal precursor cells
during the embryonic phase of eye development in direct-developing insects are
recapitulated in the de novo development of the retinal primordium of Drosophila
eye disc.

Direct-developing insects also differ from holometabolous insects with respect
to the transition from embryonic to postembryonic visual development. In direct-
developing insects, this transition proceeds with continued retinal differentiation.



Genetic Regulation of Early Eye Development in Non-dipteran Insects 299

Fig. 2 Homology of embryonic and postembryonic visual system development between direct-
developing species and Drosophila. Conceptual alignment of homologous phases of visual system
development in the direct-developing species and the holometabolous Drosophila. In direct-
developing species, ommatidia develop during both embryogenesis (blue backdrop shade) and
postembryogenesis (red backdrop shade). Ommatidia of both embryonic (orange cell bodies) and
postembryonic (red cell bodies) origin become part of the adult eye. In Drosophila, the develop-
ment of the visual system is split in two discrete phases. The embryonic phase produces larval eyes,
which are not integrated into the adult eye. The postembryonic phase begins with the initiation of
retinal determination and differentiation in the eye–antennal imaginal disc of the third (3’) larval
instar. As a result, the adult Drosophila eye consists entirely of postembryonic ommatidia. The
eye–antennal disc precursor disc separates from the larval epidermis during embryogenesis and
experiences continued growth during the first (1’) and second (2’) larval instar. During metamor-
phosis, the eye–antennal imaginal disc derivatives completely replace the larval epidermis during
pupation. Apoptosis of larval epidermis is indicated by dotted outlines. Color code of cellular com-
ponents: gray = epithelial cells which persist from the embryo into adult, black = epithelial cells
which are disposed during postembryogenesis, dark blue = cone cells, brown = pigment cells,
orange cones = embryonic photoreceptor cells, red cones = postembryonic photoreceptor cells,
green = mitotic cells. Progressing front of retinal differentiation is represented by forward pointing
green arrowhead

In holometabolous insects, however, larval and adult eye development are tempo-
rally and spatially separate processes (Fig. 2). It has been hypothesized that the
developmental evolution of this separation began with the transient arrest of retinal
differentiation (Dong and Friedrich 2010). In support of this, a transient arrest of
retinal differentiation can be enforced by the specific manipulation of eye develop-
mental regulators in direct-developing insects like grasshopper (Dong and Friedrich
2010). Of note, the transient arrest model of biphasic eye development evolution is
also consistent with the intermittent developmental arrest of other organs such as
the leg appendages in the larval stage of holometabolous insects (Singh et al. 2007;
Suzuki et al. 2009).



300 M. Friedrich et al.

The American Desert Locust Schistocerca americana

The American desert locust and closely related grasshopper species, including the
African desert locust Schistocerca gregaria, have a long history of serving as experi-
mental models in developmental and neurobiological research due to the accessibility
of neural elements in both the embryo and the adult form (Moreaux and Laurent 2007;
Rogers et al. 2010; Sanchez et al. 1995). More recently, the grasshopper system has
been adopted for the comparative developmental analysis of insect segmentation
(Dearden and Akam 2000), appendage development (Mahfooz et al. 2004), and the
development of the peripheral visual system (Dong and Friedrich 2005, 2010).

Organization of the Grasshopper Retina

Desert locusts are famous for their voracious food consumption, large body size,
and coordinated long distance flights, translating into their economic importance as
major pest species (Lomer et al. 2001). These features are supported by an enor-
mous visual system. First instar grasshopper nymphs hatch with compound eyes of
close to 2,500 ommatidia (Anderson 1978). This number increases to approximately
9,400 in the adult eye by the addition of new ommatidia at the anterior margin
of the eye during the total of 5–6 nymphal intermolt stages (Dong and Friedrich
2010). Grasshopper ommatidia contain a conserved set of 8 photoreceptor cells,
4 cone cells, and 2 primary pigment cells, surrounded by 16 secondary pigment
cells (Wilson et al. 1978). The photoreceptor cells exhibit three morphological sub-
types. There are two photoreceptors with proximally restricted rhabdomeres, five
photoreceptors with rhabdomeres extending along the entire proximodistal axis of
the ommatidium, and a single photoreceptor with a distally restricted rhabdomere
that corresponds to the Drosophila R7 cell (Wilson et al. 1978). Electrophysiolog-
ical data suggest the presence of green-sensitive, blue-sensitive, and UV-sensitive
photoreceptors (Bennet et al. 1967; Vishnevskaya et al. 1985). However, the spatial
patterns of opsin gene expression have not yet been investigated, despite the isola-
tion of green-sensitive and UV-sensitive opsin gene family paralogs (Towner et al.
1997). So, it is not yet known whether the grasshopper retina is subdivided into
specialized subcompartments. There is, however, a detailed analysis of the retinal
organization of the distinct dorsal rim area (DRA) at the dorsal margin of the eye
that is populated with anatomically specialized photoreceptor cells (Homberg and
Paech 2002). The DRA is a polarized light-sensitive compartment of the insect eye,
which is found with varying outlines including the DRA in Drosophila (Labhart and
Meyer 1999).
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Fig. 3 Embryonic eye development in the grasshopper S. americana. a–d Lateral stereomicroscopy
view of embryonic head at 30 % (a), 35 % (b), 65 % (c), and 80 % (d) of embryonic development.
e–g Laser-scanning confocal images of differentiating embryonic retina labeled with phalloidin,
which highlights cell morphogenesis by binding to f-actin, at respective stages of development. A
morphogenetic furrow-like differentiation front can be seen starting from 35 % of development (f)

Embryonic Phase of Grasshopper Eye Development

The embryonic development of grasshopper species like S. gregaria takes about
20 days, which means that development advances by approximately 5 % per day
(Bentley et al. 1979). At about 20 % embryogenesis, the grasshopper embryo has
formed a distinct head region with two prominent lateral extensions, i.e., the head
lobes. The posterior region of the head lobes will then transform to produce a sec-
ondary set of lobe-like compartments that are exclusively occupied by precursor
tissue of the visual system. These compartments are the eye lobes (Fig. 3a; Dong
et al. 2003; Roonwal 1936). The outermost epithelial layer of the eye lobes repre-
sents the precursor tissue, i.e., primordium of the retina. In addition, the optic lobes
house the developing outer and inner optic neuropiles: lamina, medulla, and lobula
(Dong et al. 2003).

Retinal differentiation initiates between 30 and 35 % of development, leading to
the formation of a morphogenetic furrow-like front of differentiation, which travels
across the eye lobe ectoderm from posterior to anterior (Fig. 3b, f). Of note, the
nonhomology of embryonic eye development in direct-developing insects and the
Drosophila eye–antennal imaginal disc implies that the similarity of the Drosophila
morphogenetic furrow and the differentiation front in the grasshopper embryonic
eye lobe ectoderm reflects generic cell morphological consequences of neurogenesis
in cellular epithelia.
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Fig. 4 Expression of eya and so in the grasshopper eye lobes. a, b, d, e Frontal view of grasshopper
embryonic head. Dorsal up. c, f Optical section of eye lobe from a lateral perspective at the level
of the peripheral ectoderm. Specimens labeled by whole mount in situ hybridization for transcript
detection of eya (a–c) and so (d–f). Black arrows indicate retinal front of differentiation. Dorsal up
and anterior to the right. ant antenna, elo eye lobe, lbr labrum, man mandible, sto stomodeum

Coexpression of so and eya in the Grasshopper
Embryonic Eye Lobes

The transcription factor genes eyes absent (eya) and sine oculis (so) represent the
earliest markers of the visual anlage in the Drosophila embryo, a neuroectermal field
in the median head that contains the precursor cells of the entire visual system (Chang
et al. 2001). Consistent with a conserved function of eya and so in the specification
of the embryonic visual anlagen, the grasshopper orthologs of so and eya are coex-
pressed in the periphery of the head lobes and, thus, soon after grastrulation (Dong
and Friedrich 2005; Fig. 4a, d). As the optic lobes emerge, eya and so continue to be
strongly coexpressed in the retina, lamina, and medulla tissue layers (Fig. 4b, c, e, f).

After the initiation of retinal differentiation, eya and so are detected throughout
the differentiating retina and the morphogenetic furrow as well as extending into a
wide area of the undifferentiated neuroectoderm ahead of the morphogenetic furrow
(Fig. 4d, f). The eya and so expressing field ahead of the furrow is limited to a
range defined by its distance to the morphogenetic furrow. This observation, and
the gradient-like decrease of the eya and so expression levels toward the anterior
margin of their coexpression domain, have been taken as circumstantial evidence
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that the expression of eya and so may be primarily transcriptionally activated by
signals emanating from the morphogenetic furrow in a manner comparable to the
induction of the preproneural (PPN) field in the Drosophila eye disc (Bessa et al.
2002; Dong and Friedrich 2005; Greenwood and Struhl 1999).

In Drosophila, the PPN field is activated through the long-distance signaling im-
pact by the Transforming Growth Factor β homolog decapentaplegic (dpp; Heberlein
et al. 1993), which is associated with the strong and specific expression of dpp
in the morphogenetic furrow. In the grasshopper, however, dpp is not expressed
in the morphogenetic furrow (Friedrich and Benzer 2000). Instead, a low tran-
script level of dpp is detected throughout the anterior eye lobe ectoderm ahead
of the morphogenetic furrow (Fig. 8). While dpp may function in this domain as
a growth activating factor, this pattern rules out a similar furrow movement orga-
nizing function as in the Drosophila eye–antennal disc. That leaves the signaling
factor hedgehog (hh) as a candidate inducer of the PPN expression domain in the
grasshopper based on the Drosophila paradigm (Heberlein et al. 1993; Ma et al.
1993). The expression of hh in the grasshopper eye lobe remains to be explored, but
this scenario is supported by the reported expression of hh in crickets (see further text;
Niwa et al. 2000).

Expression and Function of wg

The investigation of the complex expression patterns of the signaling factor wingless
(wg) in the grasshopper has produced evidence that wg functions as an antagonist of
eya and so transcription at the anterior poles of the embryonic eye lobes, very similar
to the situation in the anterior eye–antennal disc of Drosophila (Dong and Friedrich
2005; Pichaud and Casares 2000). In the embryonic eye lobe, wg is expressed in
two prominent polar domains (Friedrich and Benzer 2000; Liu et al. 2006). In these
areas, eya as well as so expression seems to be nonoverlapping with wg (Fig. 5).

The suggested repressive effect of wg in retinal specification and differentiation
was tested by LiCl incubation experiments with cultured embryonic eye discs (Dong
and Friedrich 2005). Through its inhibition of glycogen synthase kinase 3β, LiCl
application is known to stimulate Wg signaling (Stambolic et al. 1996). In cultured
eye lobes, the addition of LiCl caused a stalling of retinal differentiation. This was
associated with a strong increase of cell division anterior to the morphogenetic furrow
and strong increase of cell death, specifically posterior to the morphogenetic furrow
(Dong and Friedrich 2005). These findings are consistent with the role of wg as a
growth activator in the anterior Drosophila eye disc and its impact on differentiation
in the posterior Drosophila eye disc (Baonza and Freeman 2002; Lee and Treisman
2001; Treisman and Rubin 1995), suggesting deeply conserved functions of wg in
the control of retinal patterning.



304 M. Friedrich et al.

Fig. 5 Dorsoventral patterning gene expression in Drosophila and grasshopper. Schematic com-
parison of the expression domains of wg and fng as well as areas with overlapping expression
of wg with Iro-C or wg with Iro-C and pnr. Left column shows the Drosophila eye disc and the
grasshopper head hemisphere at an early developmental stage that precedes the onset of retinal
differentiation (2nd larval instar eye–antennal imaginal disc in Drosophila and 30 % stage of Schis-
tocerca). The right column compares the late 3rd larval instar eye imaginal disc of Drosophila with
the left grasshopper head hemisphere at about 45 % stage of Schistocerca embryo. Dorsal up and
anterior to the right. (Adapted from Dong and Friedrich 2005)

Dorsoventral Patterning

In Drosophila, the activation of focal Notch (N) signaling along the midline of the
early eye disc is essential for stimulating the rapid expansion of the eye primordium
by cell proliferation (Cho and Choi 1998; Dominguez and de Celis 1998; Dominguez
et al. 2004; Kenyon et al. 2003; Papayannopoulos et al. 1998). In addition, the differ-
ential expression of N-signaling components in, precisely, the dorsal or ventral half
of the eye disc anticipates the compartmentalization of the adult eye into dorsoventral
compartments (Reifegerste and Moses 1999). Together with wg, the analysis of the
expression of the grasshopper homologs of the N-signaling modifier glycosyltrans-
ferase fringe (fng), and the transcription factor genes Delta (Dl), pannier (pnr), and
Iroquois-C (Iro-C) provided insights into the dorsoventral patterning organization
of the grasshopper eye (Dong and Friedrich 2005).

Similar to the Drosophila situation (Cavodeassi et al. 1999, 2000; Maurel-Zaffran
and Treisman 2000), pnr and Iro-C are expressed in dorsal cell populations of the
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embryonic head. However, in contrast to Drosophila, the expression of pnr remains
outside the eye lobes, representing an extension of the dorsal margin cells. Further,
the expression of Iro-C extended only 10 % into the dorsal of the anterior embry-
onic eye lobe, consistent with a role in patterning the grasshopper DRA ommatidia
but incompatible with a role in subdividing the retina field into a dorsal and ven-
tral half. In combination, the data indicate conserved genetic mechanisms in DRA
specification but divergence with regards to the dorsoventral patterning in the retina
of grasshopper and Drosophila (Fig. 5). Also, in further support of the latter notion
as well as the lack of a N-induced growth-promoting organizer in the embryonic
grasshopper eye, the expression of Dl and fng shows no evidence of dorsoventral
compartmentalization ahead of the morphogenetic furrow or prior to its initiation
(Fig. 5; Dong and Friedrich 2005). Instead, the expression of these genes is associ-
ated with the initiation and progression of the morphogenetic furrow itself indicating
roles in regulating the progress of neural differentiation.

Postembryonic Phase of Grasshopper Eye Development

During the transition from embryonic to postembryonic development, the retinal
precursor cell population of the anterior eye lobe neuroectoderm transforms into
a growth zone margin, outlining the anterior edge of the nymphal eye in direct-
developing insects like S. americana (Figs. 2 and 6a, b; Dong et al. 2003; Friedrich
2006). The cellular organization of the growth zone, which is heavily enriched with
mitotic cells, has been described in early histological and experimental papers (An-
derson 1978; Bodenstein 1953). Today, it is interesting to note its organizational
similarity to the ciliary margin region of the fish or amphibian eye (Perron et al.
1998; Raymond et al. 2006). Posterior to the proliferation zone, the transition into
the fully differentiated retina is filled with intermediate stages of ommatidial de-
velopment defining the differentiation zone (Fig. 6b; Anderson 1978; Dong and
Friedrich 2010).

Unfortunately, the molecular organization of the grasshopper eye proliferation
zone is still little investigated.Yet, RNAi-mediated gene knockdown experiments tar-
geting eya and so produced first insights into the function of eye selector genes during
postembryonic eye development in the grasshopper (Dong and Friedrich 2010). For
both genes, a transient arrest of postembryonic retina differentiation was observed in
nymphs which completed development into adult form, generating adult eyes with a
pronounced vertical scar area (Fig. 6). These findings were interpreted as suggesting
that the downregulation of so and eya does not irreversibly affect the organization
of the mitotic activity in the growth zone (Dong and Friedrich 2010). Thus, eya and
so have been proposed to act in a similar manner in the postembryonic grasshopper
eye, as in the PPN zone of the Drosophila eye disc, by making cells responsive and
competent to undergo retinal differentiation.
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Fig. 6 Effect of eya and so knockdown on the postembryonic development of the grasshopper
compound eye. a Frontolateral view of fourth instar grasshopper nymphal eye. Relative position of
differentiation zone (DZ) and proliferation zone (PZ) are indicated and related to section plane of
panel b. The posterior dark pigmented region of the eye that is generated in the embryo is labeled
as the embryonic cap (ec). Numbers label pigment stripe areas formed during postembryonic retina
differentiation in the first two nymphal instars. b Toluidine blue stained sagittal semithin section
through the anterior compound eye of a first instar grasshopper nymph. Cells in the DZ elongate and
accumulate pigment. Cells in the PZ are densely packed and indifferentiated. c–e Lateral view of
the adult compound eye. c Untreated wild type animal. d Strongly affected eya knockdown animal.
Asterisk in panel d indicates position of scar between stripes 1 and 4. Arrowhead in d points at
disrupted anterior stripe pattern. e Phenotypic so knockdown animal. Asterisk indicates position of
scar between stripes 1 and 3. In all panels anterior is to the left and dorsal up. Numbers identify
specific lateral pigment stripes. ec embryonic cap, gen gena, oce ocellus. (Adapted from Dong and
Friedrich 2010)

The Bispotted Cricket Gryllus bimaculatus

Driven by a major effort in developing tools for molecular analysis, including whole
mount in situ hybridization, RNAi-mediated gene knockdown, and germline trans-
formation, the cricket G. bimaculatus has evolved into a versatile and efficient model
system for comparative development (Fig. 7; Mito and Noji 2008). With regards to
vision-mediated behaviors, it is noteworthy that crickets are generally crepuscular
and less prominent in the aerial insect fauna. Despite the fact that crickets do not
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Fig. 7 Eye morphology of the cricket Gryllus bimaculatus. a Stereomicroscope view of dorsal head
of white-eyed wild type (left) and transgenic (right) animal. b Epifluorescence image of the same,
note strong EGFP expression in the compound eye of the transgenic animal. (Kindly provided by
Dr. Sumihare Noji)

exhibit flight behavior under laboratory conditions unless artificially stimulated, fe-
male crickets are known for their extensive prereproductive flight dispersal, mostly
at evening hours (Lorenz 2007).

Organization of the Cricket Retina

The eyes of adult G. bimaculatus consist of approximately 4,600 ommatidia
(Labhart and Keller 1992). Like in the grasshopper, the G. bimaculatus eye includes
a structurally and functionally distinct DRA, which is populated by blue-opsin and
UV-opsin expressing photoreceptors (Blum and Labhart 2000; Henze et al. 2012).
The recent analysis of opsin gene expression patterns in the cricket uncovered
further compartmentalization in the retina (Henze et al. 2012). Accordingly, the
G. bimaculatus main retina encompasses a blue-opsin and green-opsin expressing
ventral area while the remainder of the retina expresses UV-opsin and green-opsin.
The photoreceptor-specificity, as well as the ecological significance of these
differential opsin expression patterns, awaits future study.

Patterning Gene Expression and Function During
the Embryonic Phase of Cricket Eye Development

The early developing cricket visual system is organized in the same way as the eye
lobe compartments in grasshoppers (Inoue et al. 2004). Likewise, in correspondence
to the organization in the grasshopper, retinal differentiation is initiated in the pos-
terior margin of the eye lobe ectoderm and a morphogenetic furrow-like front of
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Fig. 8 Summary of eye
developmental expression
patterns in orthopteran
species. Gray expression
domain in cricket, black
expression domain in
grasshopper. DF
differentiating retina, EP eye
primordium, MF
morphogenetic furrow

differentiation travels the cricket eye lobe neuroectoderm in posterior to anterior
direction (Inoue et al. 2004; Takagi et al. 2012).

The available expression data on the cricket homologs of wg, hh, and dpp suggest
that wg is expressed in the anterior margins of the eye lobe, while hh and dpp are
expressed in different dorsoventral domains across the eye (Fig. 8; Niwa et al. 2000).
hh, in particular, appears to be strongly expressed in the differentiating retina (Niwa
et al. 2000). These data are prima facie consistent with conserved roles of dpp and
hh in promoting eye development, and the grasshopper supported conserved role of
wg as tissue growth-stimulating antagonist of retinal differentiation (Friedrich 2006;
Liu et al. 2006).

At the transcription factor gene level, the expression of so and eya as well as
dachshund (dac) has been studied in detail (Fig. 8; Inoue et al. 2004; Takagi et al.
2012). The expression of dac is detected in the eye lobe neuroectoderm prior to
morphogenetic furrow initiation (Inoue et al. 2004). In the differentiating eye, dac
transcript levels are concentrated in the morphogenetic furrow yet below detection
level both anterior and posterior to the morphogenetic furrow (Inoue et al. 2004).

The so and eya orthologs of the cricket are strongly expressed in the nondiffer-
entiated area of the eye lobes prior to the initiation of eye differentiation (Takagi
et al. 2012). Thereafter, so and eya expression extends from the morphogenetic fur-
row uniformly across the differentiating retina in the posterior head lobe, much the
same as in grasshopper. However, the expression of so and eya seems more con-
fined anterior to the morphogenetic furrow raising the possibility of differences in
the transcriptional organization of retinal induction between the two species (Fig. 8).
Consistent with the predicted important function of eya in specification and dif-
ferentiation of the eye during embryonic development, parental RNAi-mediated
knockdown resulted in strong eye depletion phenotypes, including complete loss
(Takagi et al. 2012).
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Expression and Function of eya and so During the Postembryonic
Phase of Cricket Eye Development

The role of eya and so has also been studied in the nymphal eye of G. bimacu-
latus (Takagi et al. 2012). This analysis revealed the presence of defined anterior
proliferation and differentiation zones as in the nymphal eye of grasshopper. In situ
hybridization analysis of the expression of eya revealed the differential accumulation
of transcripts in the proliferation zone and posterior to it, in both differentiating and
differentiated pigment cells (Takagi et al. 2012). The RNAi-mediated knockdown of
eya or so by dsRNA injection into third instar nymphs resulted in highly informative
phenotypes. In the strongest eya knockdown animals, the proliferation zone appeared
completely missing in contrast to the preservation of the growth zone in the corre-
sponding eya knockdown experiments with grasshopper. Moreover, the posterior
retina region of the cricket, which had differentiated prior to injection, reorganized
into a nonsensory head cuticle (Takagi et al. 2012).

While these data are consistent with the expected role of eya in specification
and differentiation of the postembryonic cricket eye, the mechanism explaining its
role in the maintenance of the differentiated state will require further investigation.
In contrast to grasshopper, the data suggest that eya and so are not only essential
for the differentiation of the nymphal retina but also for the maintenance of the
proliferation zone. Before mechanistic conclusions can be drawn with confidence,
it will be important to address whether these differences reflect differences in gene
knockdown efficiencies, stage of the injected nymphs, or lineage-specific differences
in regulatory mechanisms.

Comparing Drosophila Adult Eye Development with Other
Holometabolous Species: Early Versus Late Eye Discs

The physical separation of the products of embryonic and postembryonic eye de-
velopment in holometabolous species dominates the comparison of Drosophila
to direct-developing species (Fig. 2). The comparison of eye development within
holometabolous species attracts interest because of the dramatic differences in the
morphogenetic organization of postembryonic eye primordium formation (Fig. 9).
In the most ancestrally organized Holometabola, the retina differentiates in the lat-
eral head epidermis of the adult-like head capsule of the eucephalic larva. Pending
the size of the prospective adult eye, this can be associated with the formation of
an eye disc during metamorphosis, i.e., the last larval instar and the pupa. This con-
trasts with the early formation of the Drosophila eye–antennal imaginal disc during
embryogenesis.

Correlated with this, there is a second fundamental morphogenetic difference be-
tween the ancestral late eye disc formation and the early eye disc development in
Drosophila. In the first case, the eye disc is the growth-accommodating intermediate
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Fig. 9 Early and late eye disc formation in holometabolous insects. Cell body color-coding as in
Fig. 2. Note the differentiation of photoreceptors with cone cells in M. sexta. In Tribolium, the adult
retina differentiates in the lateral head epidermis without eye disc formation. In Manduca, a later
eye disc is formed in the last larval instar and the pupa. The Drosophila eye–antennal imaginal disc
is an example of early imaginal disc formation in the embryo

structure of single organ. In the second case, the eye–antennal imaginal disc functions
as the precursor structures of many head cuticle structures and sensory organs (see
also Fig. 15). This has the effect that organ-specific primordium have to be patterned
via postembryonic regional specification in addition to their coordinated growth (for
review, see Dominguez and Casares 2005). This compaction of head patterning pro-
cesses into a single composite imaginal disc represents a derived state that emerged
during the evolution of the acephalic morphology of the maggot-type larva (Melzer
and Paulus 1989). The latter characterizes not only Drosophila and closely related
flies but also one of the larger groups of the Diptera: the Cyclorrhapha. The early eye
disc of Drosophila and other cyclorrhaphan flies, thus, represents an evolutionary
novelty at the level of developmental precursor tissue organization.

The Red Flour Beetle Tribolium castaneum

The publication of the genome sequence in 2008 cemented the pivotal position of
Tribolium in comparative evolutionary developmental biology (Klingler 2004;
Richards et al. 2008). The recent surge in Tribolium research benefited profoundly
from earlier genetic and population genetic studies exploring the biology of this
major economic pest (Sokoloff 1972). The taxonomic significance of Tribolium
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Fig. 10 Adult eye development in Tribolium. a Lateral view of last instar larval head before entering
the resting stage. Note position of larval eyes (ley) posterior to the antenna (ant) and the gena (gen).
b Lateral view of resting stage larva. The larval eyes have relocated from their antenna-associated
position toward the brain (not shown). The first two rows of photoreceptors, visible by virtue of
their pigment accumulation, have become visible in the posterior half of the lateral head capsule.
c–f Lateral view of pupal (c–e) and freshly hatched adult (f) Tribolium head. (Adapted from Liu
and Friedrich 2004; Yang et al. 2009b)

arises from representing the largest order of insects (Coleoptera) and the intermedi-
ate phylogenetic position between Drosophila and hemimetabolous insects (Fig. 1;
Kristensen 1999; Savard et al. 2006; Wiegmann et al. 2009). These aspects and the
short germband type of embryonic development have attracted considerable interest
by comparative developmental biologists, leading to the development of refined and
effective protocols for in situ hybridization, RNAi-mediated gene knockdown, trans-
genesis (Brown et al. 2009), and most recently, ectopic gene expression (Schinko
et al. 2012). Tribolium has been used to gain insights into early embryonic patterning
(Schroder 2003), segmentation (Maderspacher et al. 1998), appendage (Prpic et al.
2001), and head development (Posnien et al. 2010), including the visual system
(Liu and Friedrich 2004).

Organization of the Tribolium Compound Eye

A first notable difference of the Tribolium eye to Drosophila is its smaller size: an
average of 95 ommatidia in the Tribolium eye compared to the 800 ommatidia in
the Drosophila eye (Fig. 10f; Friedrich et al. 1996). This size difference can be
attributed to the crepuscular biology of Tribolium, which tends to spend much of
its life span burrowed in nutritional substrate (Park 1934). However, recent studies
document a previously underestimated frequency of flight-facilitated adult dispersal
(Perez-Mendoza et al. 2011; Ridley et al. 2011). A second eye-catching difference
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between the Tribolium and Drosophila eye is the midline notch at the anterior margin
of the Tribolium eye, accommodating a posteriorly extended gena (Fig. 10e, f).

At the cellular level, the fused rhabdom formed by the Tribolium photoreceptor
cells contrasts with the open rhabdom in Drosophila (Friedrich et al. 1996). Only
two compound eye vision-related opsin genes are conserved in the Tribolium genome
(Richards et al. 2008). This includes a green-sensitive opsin, which is expressed in all
retinal photoreceptor cells, and a UV-sensitive opsin, which is specifically conserved
in the Tribolium R7 photoreceptors (Jackowska et al. 2007). In combination, the
Tribolium retina thus differs from Drosophila by the constitutive coexpression of
opsin paralogs in all ommatidia. The functional consequences and gene regulatory
mechanisms associated with this unique retinal opsin mosaic have not yet been
investigated in detail.

Morphogenesis of the Tribolium Compound Eye

Like Drosophila, Tribolium develops a separate pair of lateral larval eyes in the
embryo that are structurally very distinct from the adult compound eye. The larval
eyes are situated close to the larval antenna from where they withdraw into the
brain during metamorphosis (Fig. 10a, b; see Chap. 12 for further details; Liu and
Friedrich 2004). The relative small size of the adult Tribolium eye allows for the
differentiation of the retina in the lateral head epithelium without the detachment of
the latter from the head cuticle (Figs. 9 and 10). Due to the early accumulation of
retinal pigment granules in differentiating photoreceptor cells, the morphogenesis of
the Tribolium compound eye can be conveniently followed by external observation
(Fig. 9; Friedrich et al. 1996; Liu and Friedrich 2004). The first row of photoreceptors
are recognizable at the end of the last larval instar (Fig. 10b), in preparation of
pupation. At this point, the larvae enter a similar premetamorphic resting stage that
is equivalent to the wandering stage of the Drosophila larva. In the case of Tribolium,
however, the larvae simply remain motionless without food uptake (Parthasarathy
et al. 2008).

In the freshly hatched pupa, the number of photoreceptor columns extends in
the anterior direction along the longitudinal body axis over the first 48 h after pupa
formation (Fig. 10c, d; Liu and Friedrich 2004; Yang et al. 2009b). In the midline
area, the progression of photoreceptor differentiation stalls earlier than in the dorsal
and ventral halves (Fig. 10d, e). Investigations of cellular morphogenesis revealed
that this process is associated with the split of the contiguous morphogenetic furrow
in the midline region (Friedrich and Benzer 2000). About 96 h after pupa forma-
tion, the retinal field becomes homogeneously filled with dark color following the
specification and differentiation of the pigment cells (Yang et al. 2009b).
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Fig. 11 Comparison of wg
and dpp expression domains
in Drosophila, Tribolium, and
Schistocerca. Left column rep-
resents the eye field before the
onset of retinal differentiation.
The right column represents
the eye field after the onset
of retinal differentiation.
Arrowheads point at the
front of retina differentiation.
Posterior to the right. Color
code of gene expression
domains: green = dpp,
blue = wg. (Modified from
Friedrich and Benzer 2000)

Signaling Factor Expression Patterns in the Developing
Tribolium Adult Eye

The first molecular study of Tribolium eye development explored the expression
patterns of wg and dpp (Fig. 11; Friedrich and Benzer 2000). Similar to the situation in
grasshopper and Drosophila, wg is expressed in separate dorsal and ventral domains,
consistent with evolutionary conservation of the repressive effect of Wg signaling on
retinal differentiation in Drosophila and the grasshopper (Dong and Friedrich 2005).

The dorsoventral wg domains transform into a circumferential domain along the
entire retinal field margin at about 36 h after pupal formation, thereby resembling
the late expression of wg around the Drosophila eye (Friedrich and Benzer 2000).
These data suggest that wg is also involved in eye margin patterning of the Tribolium
eye, although this has not yet been functionally tested.

The expression of dpp in Tribolium is different from both grasshopper and
Drosophila (Friedrich and Benzer 2000). At the onset of retinal differentiation, dpp
is weakly expressed in the presumptive eye primordium (Fig. 11). After the initiation
of retinal differentiation, dpp was detected through the entire differentiating retina
in a pattern, which suggested the repression of dpp specifically in the differentiating
photoreceptor cells.

Eye Selector Gene Expression in the Developing
Tribolium Adult Eye

Following the candidate gene approach, the expression and function of eya, so,
dac, and the Pax6 transcription factor genes eyeless (ey) and twin of eyeless (toy)
have been studied in detail with respect to their role in Tribolium eye development
(Figs. 12 and 13; Yang et al. 2009a, b). All of these genes are expressed in the
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Fig. 12 Developmental transcription factor gene expression in the developing Tribolium compound
eye. a–c Lateral view of dissected last instar larval head. d–f Lateral view of pupal head at approx-
imately 48 h after pupal formation. Dorsal up and anterior to the right. ant antenna, gen gena, man
mandible

Fig. 13 Eye selector gene expression and function in Tribolium compound eye development. a–f
Lateral view of adult head of wild type (a) and strongly phenotypic knockdown animals (b–f). See
text for details. Dorsal up and anterior to the right (Adapted from Yang et al. 2009a, b)



Genetic Regulation of Early Eye Development in Non-dipteran Insects 315

undifferentiated eye primordium prior to retinal differentiation and subsequent to
the initiation of differentiation ahead of the morphogenetic furrow, suggesting their
coexpression in the early eye primordium (Fig. 12a–c). The extent of these expres-
sion domains, however, differs. The most restricted expression domain was detected
for eyg (ZarinKamar et al. 2011). eya and so appear to be more specifically ex-
pressed in the retinal precursor tissue of the lateral head (Fig. 12c). ey, toy, and dac,
by contrast, are characterized by wider expression domains, exceeding that of so
and eya, suggesting broader roles in the patterning of the lateral head (Fig. 12a, b;
Yang et al. 2009a).

Informative expression pattern differences were also observed in the differentiat-
ing retina. While eya and so continue to be expressed in the developing photoreceptor
cells, ey, toy, and dac are downregulated as cells pass through the morphogenetic
furrow. These expression dynamics are largely consistent with the expression and
function of eya and so as early retina determination genes versus toy and ey as
upstream specification genes in the Drosophila eye–antennal disc (Kumar 2009).
Most noteworthy, perhaps, is the higher coordination of dac expression with ey and
toy in Tribolium (Fig. 12d, e), considering the downstream position of dac in the
Drosophila retina determination gene network.

These three genes are also coexpressed in a domain surrounding the late differen-
tiating Tribolium retina, suggesting roles in eye margin patterning (Fig. 12d, e; Yang
et al. 2009a, b).

Knockdown Analysis of Tribolium Eye Development

Lack-of-function analyses by RNAi have been very informative regarding the roles
of eya, so, ey, toy, and dac in Tribolium. The strongest impact of larval RNAi-
mediated gene knockdown was observed in the case of eya and so, which ranged
from partial to complete depletion of the compound eye (Fig. 13b, c; Yang et al.
2009b). The analysis of ey and toy, however, revealed a first major difference of
Tribolium from Drosophila. Knockdown of ey or toy individually or in combination
leads to only a subtle, although significant, decrease in eye size as measured by
number of ommatidia (Fig. 13e; Yang et al. 2009a). This result contrasts strongly
with the sensitivity of adult head and eye development to the reduction of these genes
in Drosophila (Kronhamn et al. 2002). However, the combinatorial knockdown of
ey and toy in the developing embryonic head results in a high penetrance larval eye
deletion phenotype (Yang et al. 2009a), suggesting similarly important functions of
ey and toy in the developing visual system of Tribolium as in Drosophila.

In the adult eye, the knockdown of dac also yielded only partial reduction of the
eye, although more dramatic in comparison to the average of 10 % eye reduction in ey
and toy knockdown animals (Yang et al. 2009a). Most important, the combinatorial
knockdown of ey and toy with dac leads to complete eye depletion phenotypes
(Fig. 13f; Yang et al. 2009a). The model inferred from these data poses that the Pax6
genes ey and toy play roles in visual system specification during embryogenesis and
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remain essential for eye primordium maintenance throughout the postembryonic
phase of development in functional redundance with dac (Yang et al. 2009a).

An Unexpected Role of eyg in the Tribolium Eye

The second major deviation in gene function between Tribolium and Drosophila
concerns the role of the Pax gene eyegone (eyg) (ZarinKamar et al. 2011). Reduc-
ing eyg levels in the Drosophila eye–antennal disc has strong eye depletion effects
(Dominguez et al. 2004; Jun et al. 1998). In Tribolium, the knockdown of eyg leads
to the opposite: a 5 % increase in eye size (ZarinKamar et al. 2011). Analysis of the
morphogenetic origin of the eyg phenotype in Tribolium revealed that the morpho-
genetic furrow is not suppressed in the midline when approaching the introducing
gena tissue. In this case, retinal differentiation in the median head appears to gain
dominance over the developmental program involved in gena formation. The result
is the differentiation of six surplus ommatidia on an average, in the median anterior
Tribolium eye (ZarinKamar et al. 2011).

Given that eyg is not expressed in the gena, it is currently assumed that eyg
functions as a competence factor that renders the anterior eye field sensitive to retina
suppressing factors released by the developing gena (ZarinKamar et al. 2011). Such
eye-antagonistic role of eyg is striking given the contrast to its facilitating role in the
Drosophila eye, which leads to the idea that eyg may represent a functional homolog
of the primordium growth-activating Pax6(a) isoform (Moses and Rodrigues 2004).
A parallel investigation into the evolutionary origin of eyg, however, showed that
eyg represents a deeply conserved Pax gene subfamily of its own (Friedrich and
Caravas 2011).

The Tobacco Hornworm Manduca sexta

Compared to Tribolium, the tobacco hornworm M.sexta has thus far played a lesser
role in the comparative analysis of visual system development. Early work described
basic aspects of the differentiation of the retina, which align well with the events in
the wake of the morphogenetic furrow in Drosophila and other species (Champlin
and Truman 1998; Egelhaaf 1988; Friedrich et al. 1996). Even more significant is
the body of work, which elucidated the mechanisms that regulate the postembryonic
activation of the adult eye primordium (Champlin and Truman 1998; Truman et al.
2006), thereby coordinating eye disc development with other metamorphic events.
In vivo and in vitro experiments revealed that the early initiation of the adult eye
primordium occurs because nutritional signals mediated through the insulin signal
pathway begin to overrule the differentiation-suppressing effect of juvenile hormone
(Koyama et al. 2008; Truman et al. 2006).

As mentioned earlier (Fig. 9), Manduca is a significant point of comparison in
insect eye development because of the late formation of an eye-specific imaginal disc
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Fig. 14 Spatial organization
of adult eye primordium
initiation in relation to the
larval eyes in Manduca.
Drawing of lateral view on
Manduca final instar larval
head based on Allee et al.
(2006). The adult eye
primordium is initiated as a
wedge of proliferating tissue
anterior to the three
ommatidia-like larval eyes
(turquoise). Dorsal is up and
anterior to the right. aey adult
eye primordium, ant antenna,
ley larval eye, man mandible,
max maxilla

(Allee et al. 2006; Friedrich 2006; Truman and Riddiford 2002). It is reasonable to
assume that the late-forming disc type of Manduca resembles an ancestral precursor
stage toward the evolution of the Drosophila eye–antennal imaginal disc.

Early Development of the Manduca Compound Eye Primordium

The adult eye primordium of Manduca becomes detectable in the late final instar
larva. Morphologically, it has been described as a half moon crest-shaped rim of
compacted, proliferating tissue that begins to delaminate from the larval head capsule
cuticle, thus forming the eye disc (Fig. 14; Allee et al. 2006; MacWhinnie et al. 2005;
Monsma and Booker 1996). This position of the emerging eye disc is notable because
it is consistent with the transient arrest model of the larval eyes in holometabolous
insects. The latter predicts that the larval eye primordium is initiated as a continuation
of larval eye development in the anterior direction (Fig. 2).

Unfortunately, no data are as yet available regarding the expression of head and eye
determination genes during eye disc activation in Manduca. However, the expression
and function of specific isoforms of the zinc finger transcription factor broad (br),
which is a molecular signature of primordium commitment to the pupal state in
holometabolous insects, have been studied in detail (Konopova and Jindra 2008;
Parthasarathy et al. 2008; Suzuki et al. 2008; Uhlirova et al. 2003). The expression
of br is specifically activated in the early Manduca eye primordium (Allee et al.
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2006). Functional data regarding the role of br are not yet available in Manduca.
However, br knockdown in B. mori and in Tribolium leads to an attenuation of eye
development, demonstrating the importance of br for eye primordium commitment
(Parthasarathy et al. 2008; Uhlirova et al. 2003).

Of note, in direct-developing insects br is expressed throughout the nymphal
stages (Erezyilmaz et al. 2006), lending further molecular support to the homology
of postembryonic eye development in the pupae of holometabolous species and the
nymph of direct developers (Fig. 2; Erezyilmaz et al. 2006; Suzuki et al. 2008).

Eye Specification Across Insect Species:
Summary and Perspectives

From both phylogenetic and developmental perspectives, the diversity of adult eye
morphogenesis is enormous in insects, posing challenges to the experienced compar-
ative biologist and the weathered Drosophila geneticist alike. Fortunately, some of
the available molecular data allow for identifying shared ancestral themes in the early
molecular development of the compound eye in both direct-developing and indirect-
developing species. Arguably, the clearest example of this is the involvement of eya
and so as facilitators of retinal precursor tissue determination and subsequent retinal
differentiation (Figs. 4 and 12). A similar point may be made regarding dac, ey,
and toy. These genes share broad expression patterns that include the retinal precur-
sor tissue and are downregulated in the differentiating retina, pointing at a conserved
role in implementing competence for retinal determination (Fig. 12). Taken together,
these data are consistent with the roles experimentally ascribed to eya, so, dac, ey,
and toy in Drosophila (Kumar 2009), which in this regard serves as a confirmed gen-
eral model. The conserved expression of eya and so is further suggestive of a broad
conservation of the PPN state of retinal commitment, at least at the transcription
factor landscape level (Bessa et al. 2002; Dong and Friedrich 2005; Greenwood and
Struhl 1999).

At the signaling gene level, the repressive effect of wg in the anterior developing
eye field is a highly conserved aspect of compound eye patterning. It is reflected in
the conservation of the polar domains in the anterior eye precursor field of all insect
species so far examined (Fig. 11) and has even been reported for crustacean species
(Duman-Scheel et al. 2002). Although the spatial expression patterns of dpp are quite
diversified in the developing eyes of different species (Fig. 11), the eye development-
promoting role of dpp can likewise be presumed to be conserved but awaits functional
test. The same applies to the retinal differentiation-promoting role of hh.
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Breakdown of Genetic Redundancy of ey and toy
During Dipteran Evolution

Some of the dac-, ey-, and toy-related data in Tribolium suggest substantial rewiring
of the regulatory interactions among these conserved players in eye development.
The prime example is the redundant interaction of ey and toy during adult eye devel-
opment in Tribolium, in conjunction with dac (Yang et al. 2009a). These relationships
contrast with the upstream roles of ey and toy in the Drosophila retinal gene net-
work (Gehring 2002). The Tribolium findings are not surprising given that functional
redundancy is one of the proximate and ultimate causes for the conservation of dupli-
cated genes (Force et al. 1999). The fact that the level of redundancy is lower in the
developing Drosophila system may be tied to the more dramatic reorganization of
genetic interactions during the evolution of the eye–antennal disc-patterning mech-
anisms. This may have led to a stronger degree of functional differentiation between
ey and toy due to novel subfunctionalization opportunities. Along these lines, Lynch
and Wagner (2011) have initiated a debate regarding the ancestral regulatory status
of ey in comparison to toy in Drosophila.

At this point, the lack of data on how ey and toy act in direct-developing species like
the grasshopper and cricket represents one of the most glaring gaps in the comparative
study of insect eye development. There is little doubt that these highly awaited data
will yield further important insights regarding the developmental organization of
the early embryonic head as well as the gene regulatory organization of cells in the
postembryonic growth zone of the eye.

Divergence of Eye Primordium Growth Activation

The comparative analysis of eyg in eye development also points toward profound
differences between Drosophila and more ancestrally organized insects. At the sur-
face, the opposite effects of downregulating eyg in Drosophila and Tribolium could
be considered to reflect changes in the architecture of the eye specification gene
network. However, there are arguments to conclude that these differences are more
likely to reflect fundamental differences specifically in primordium growth activa-
tion. In Drosophila, eyg is part of the N-signaling-induced growth-promoting genet
network that is pivotal for triggering the rapid tissue growth in the developing eye
disc (for review, see Dominguez and Casares 2005). The discrepancy of eyg func-
tion in Tribolium and Drosophila may thus be explained by the smaller size of the
eye in Tribolium, requiring less tissue proliferation. A second possibility is that the
N-signaling-mediated organizer originated more recently in conjunction with the
evolution of the Drosophila eye disc during dipteran evolution (Melzer and Paulus
1989). Consistent with this, an evolutionarily derived status of the N-initiated growth
activation mechanism would explain the noncompartmentalized expression patterns
of fng and Dl in the grasshopper (Dong and Friedrich 2005). A new data point in
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support of this model has come from the silk moth. Similar to Manduca, this lepi-
dopteran develops its 3,000-ommatidia large compound eye from a late-forming eye
disc (Yu et al. 2012). The silk moth mutant flügellos has been found to represent
a null allele of Bombyx fng (Sato et al. 2008). Importantly, while fng mutant an-
imals are characterized by wing defects, the development of the compound eye is
not affected in dramatic ways. This suggests that the dramatic growth of the lep-
idopteran eye does not depend on fng as in Drosophila. In conclusion, these data
demonstrate that the N- and eyg-involving activation of growth in the Drosophila
eye disc is not a conserved component of eye disc development in holometabolous
insects. This compelling evidence notwithstanding, additional genes will need to
be examined in the lepidopteran models before definitive conclusions can be drawn
regarding the derived state of N-initiated growth activation module in the Drosophila
eye disc.

Embryonic Versus Postembryonic Adult Eye Primordium
Determination

Another fundamental question waiting to be addressed concerns the specification
of the adult retina primordium in ancestrally organized holometabolous species like
Tribolium and Manduca. To get a taste of the foundational nature of this issue, one has
to remember that the late postembryonic specification of the adult eye primordium in
Drosophila, based on molecular genetic analysis, came as a surprise to the Drosophila
field (Baker 2001; Kumar and Moses 2001). The preceding consensus was that this
step takes place in the embryo, during the subdivision of the embryonic visual anlage
into its major constituents (Postlethwait and Schneiderman 1971; Wieschaus and
Gehring 1976). Assuming that the late specification of the eye primordium is the
consequence of the evolution of the highly derived integrated eye–antennal imaginal
disc of Drosophila (Fig. 13), it is reasonable to hypothesize that the specification
of the adult eye primordium in the lateral larval head capsule takes place during
embryogenesis in species with late eye discs like Manduca or no disc formation
like Tribolium (Fig. 9). Otherwise, one has to postulate a postembryonic patterning
mechanism, which drives the specification and activation of the adult eye primordium
in the static head epithelium of the last instar larva.

Also the comparative framework of the transient arrest model of holometabolous
visual system development predicts that both larval eye and adult eye precursor cell
populations are committed in the embryonic visual anlage (Fig. 2). In the embryo,
differentiation is initiated in the larval eye precursor but suppressed in the adult eye
precursor cells. The latter, embedded in the lateral head epidermis, are maintained
as a quiescent primordium until activation at the beginning of metamorphosis. This
scenario is consistent with the positioning of the adult eye primordium in front of
the larval eye in Manduca (Allee et al. 2006).

Of note, this anteroposterior alignment of larval and adult eye primordium seems
not conserved in Tribolium. This may be due to the more extreme modification of the
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Fig. 15 Somatic stem cell reservoirs versus imaginal discs in insect eye development. In direct-
developing insects like the grasshopper, the adult antenna and compound eye derive from
organ-specific stem cell reservoirs (eye: red; antenna: light green) and differentiated cells of the
nymph (eye: orange; antenna: dark green), which have been generated during embryogenesis. This
mode of organ precursor tissue organization contrasts with the development of adult antenna and
compound eye from the joint eye–antennal imaginal disc of Drosophila, which undergoes dramatic
morphogenetic change through all three larval instars (1’–3’)

Tribolium larval eyes in terms of accessory cell reduction and anatomical positioning
in the larval head (Liu and Friedrich 2004). In Manduca, the larval eyes still form
ommatidia-like subunits with lenses and pigment cells (Fig. 9; Allee et al. 2006).

Important work remains to be done to probe the previously discussed model by
elucidating whether and how the precursor cells of the adult eye are set aside in
more ancestrally organized systems like Tribolium and Manduca (Fig. 9). While in-
teresting in its own right, answers to these questions will yield insights of broader
significance. For one, they will add to our understanding of the molecular develop-
mental evolution of holometabolous development, which after all was co-responsible
for the unparalleled radiation of holometabolous insects (Kristensen 1999). Further-
more, the comparative evidence implies that the Drosophila eye–antennal imaginal
disc is a derivative of the retinal growth zone in direct-developing insects, which most
likely represents a tissue-specific stem cell population (Dong and Friedrich 2010;
Fig. 15). If confirmed, the evolutionary transformation of the retinal growth zone in
directly developing species to the Drosophila eye–antennal imaginal disc would be
an example of how evolution reprogrammed stem cell populations to invent novel
ways of body plan development.
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Development and Evolution of the Drosophila
Bolwig’s Organ: A Compound Eye Relict

Markus Friedrich

The development of the Drosophila adult compound eyes is preceded by compara-
tively minimalist larval eyes, which differentiate in the embryo and provide the larva
with visual input, which facilitates phototactic and circadian behavior (Helfrich-
Förster et al. 2002; Keene et al. 2011; Lilly and Carlson 1990; Malpel et al. 2002;
Mazzoni et al. 2005; Sawin et al. 1995; Sprecher et al. 2011). The adjective “mini-
malist” is anything but understated, considering the fact that it took expert dissecting
skills to locate these visual organs in a considerably larger dipteran species: the house
fly Musca domestica. This feat was accomplished by Niels Bolwig, credited by the
use of his name as the label for the larval eyes of higher (schizophoran) dipterans
such as Drosophila and Musca, now known as Bolwig’s organs (BOs; Bolwig 1946).
Given the complete lack of accessory cells such as lens and pigment cells, the BOs
can be assumed to function as simple directional light detectors as opposed to the
landscape vision mediating adult eye. The BOs, thus, do not meet the definition of
eye in the sense of an image forming peripheral sense organ (Land and Nilsson 2002).

Despite its small size and in some cases because of it, many research interests
have been compacted into the BOs. Besides serving as an efficient system for the
genetic analysis of visual and circadian behavior (Keene and Sprecher 2011; Keene
et al. 2011; Mazzoni et al. 2005; Sprecher et al. 2011), the BO has also been used
to study axonal targeting mechanisms (Holmes et al. 1998; Schmucker et al. 1997,
1994, 1992, 2000). The development of the BO is of particular interest because of
its simplicity, offering comprehensive analysis at an affordable price, and the fact
that the BO, first pointed out by Paulus based on structural comparative data (Melzer
and Paulus 1989), is an evolutionarily related sibling of the adult eye. The first
investigation of the morphogenesis of the BO arrived at similar preliminary conclu-
sions but asked for further study (Green et al. 1993; Sprecher et al. 2007). Subsequent
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comparisons at the developmental and gene regulatory level have nothing but corrob-
orated that the Drosophila BO and adult eye have become separated during evolution
like Siamese twins through surgery. That is, the BO corresponds to the embryonic
compound eye portion of direct-developing insects, while the adult Drosophila eye
corresponds to the portion of the eye, which is formed during postembryonic de-
velopment in direct-developing insects (Friedrich 2008). The resulting deep-shared
roots are reflected in the high degree of similarity of the genetic mechanisms that
regulate the development of the BO and adult eye (Friedrich 2006a). Viewing the
BO as a relict compound eye is pivotal for a deeper understanding of its structural,
developmental, and functional organization in the spirit of the fact that “nothing
makes sense in biology except in the light of evolution” (Dobzhansky 1973).

Morphology

Many noteworthy features of the Drosophila larva are characterized by reduction or
absence. In contrast to the adult fly, numerous hallmark features of the insect body
plan are lacking in the larva. This includes the subdivision of the longitudinal body
axis into head, thorax, and abdominal tagmata, and the absence of appendages. Most
importantly, this list further includes the complete reduction of the head capsule,
a condition referred to as acephaly, which implies the absence of fully formed pe-
ripheral sensory organs such as antennae or lateral eyes (Fig. 1; see Liu et al. 2006
for detailed discussion regarding the evolutionary developmental implications). The
evolutionary transformation from eu- to acephalic body plan organization in dipteran
larvae took place approximately 150 million years ago in the lineage leading to the
subgroup Cyclorrhapha (Wiegmann et al. 2011). Specific steps of this transition are
still documented by intermediate morphologies in extant dipteran species (Melzer
and Paulus 1989; see Fig. 2 for further details).

The acephalic condition of cyclorrhaphan larvae resulted from the shift of the
head cuticle morphology components into the anterior thoracic segments, producing
the prominently black cephalopharyngeal head skeleton (Fig. 1a, b; Jurgens 1987;
Jurgens and Hartenstein 1993; Jurgens et al. 1986). This reorganization also affected
the position of the sensory organs like larval eyes, which likewise shifted interiorly.
As a result of this, the basic morphology of the BO can be described as a pair of
small photoreceptor bundles, each attached to the lateral plate (tentorial phragma)
of the cephalopharyngeal head skeleton (Fig. 1a, b).

The light-blocking tentorial phragma is presumed to serve as a light barrier at the
median side of the BO (Melzer and Paulus 1989), to the effect that the excitatory
difference between the two laterally corresponding organs conveys information on
the direction of light influx. This situation seems analogous to the similarly simple
visual system that provides the trochophora larvae of the marine annelid Platynereis
dumerelii with the capacity for phototactic behavior (Jekely et al. 2008). Consistent
with this, behavioral and detailed electrophysiological analyses indicate that the
phototactic behavior mediated by the BOs is largely driven by spatial comparison of
light intensity (Hinnemann et al. 2010).
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Fig. 1 Morphology and neuroanatomy of the Drosophila larval eye. a Bolwig’s organ (BO) and
Bolwig nerve (BN) visualized by Green Fluorescent Protein marker gene expression via activa-
tion by the Rh6 gene promoter. The anterior region of the third instar Drosophila larva is shown
from lateral perspective. (Adapted from Friedrich 2011). b Schematic representation of panel
a. Head cuticle outline, dorsal and ventral denticle belts, larval brain (LB) central ner-
vous system (CNS), Bolwig organ and cephalopharyngeal head skeleton (CPN) outlined in
gray. (Adapted from Friedrich 2011). c Schematic representation of Bolwig’s organ pho-
toreceptor projections in the larval optic neuropile (LON). (Based on Sprecher et al. 2011).
d Morphology of the Drosophila Bolwig’s organ. (Based on Melzer and Paulus 1989).
Only a subset of the Bolwig’s organ photoreceptors is depicted. See text for details.
c, d Rh5- and Rh6-expressing photoreceptors are indicated in blue and green color, respectively.
CUT cuticle, IEM inner epithelial membrane, LB larval brain, OEM outer epithelial membrane,
OOLA outer optic lobe anlage, PR photoreceptor

The number of photoreceptors per BO bundle is usually described as 12 (Steller
et al. 1987), although there seems to be some degree of plasticity with reported pho-
toreceptor numbers ranging from 8 to 16 (Green et al. 1993; Sprecher et al. 2007).
There is, however, consensus that the BO photoreceptors fall in two subtypes: 4–5
Rh5-positive or founder photoreceptors and 6–7 Rh6-positive or peripheral photore-
ceptors (Fig. 1d and 3). These terminologies reflect developmental and visual gene
expression characteristics described further below in detail.

In their ultrastructural study of the visual system in higher dipterans, Melzer and
Paulus (1989) confirmed the high structural correspondence between the Drosophila
larval eye and the housefly BO described by Bolwig (1946). At the cell morphologi-
cal level, it is most notable that the BO photoreceptors do not form rhabdomeres but
slightly disorganized stacks of lamella-like sheets of a thickness similar to that of the
rhabdomeric microvilli in the adult eye (50–90 nm; Fig. 1d). It is commonly assumed
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Fig. 2 Key steps in the regressive evolution of the Drosophila larval eye. Numbers in gray circles
indicate structural transformations of the larval eye, which have been mapped to specific branches
of dipteran evolution (Melzer and Paulus 1989). (Based on Caravas and Friedrich 2013; Wiegmann
et al. 2011). The process is tracked starting from the ancestral organization of the larval eye in
holometabolous insects that consists of usually five discrete ommatidia. Multiplicity of the larval
ommatidia is indicated by subscribed number and parentheses. Transformations: 1 = Reduction
of larval eye with compound eye organization comprising many ommatidia (scorpion flies) to
five larval ommatidia with partially reduced pigment cells; 2 = Reduction of larval ommatidia
number to two or three, complete reduction of pigment cells, and partial reduction of the lens;
3 = Fusion of individual larval ommatidia into a single visual organ. The concomitant reduction
of R7 photoreceptors is hypothesized but has not been specifically investigated; 4 = Transition
from eucephalic to acephalic larval body plan; 5 = Inversion of the larval eye; 6 = Restructuring of
the rhabdomere membranes into lamellae-like protrusions in the ancestor of schizophoran Diptera
which includes Drosophila and Musca. Photoreceptor now pointing medially as a result of the
relocalization during head involution (see also Fig. 4f-i). Clade expansions drawn to relative scale
with Schizophora representing an estimated 40,000 species (Wiegmann et al. 2011). Yellow coloring
highlights the cyclorrhaphan clades characterized by acephalic larval morphology. Cell types color-
coded as in Fig. 3

that the phototransduction protein machinery is localized in the BO photoreceptor
lamellae compartment. However, this has not been demonstrated by protein local-
ization studies yet, nor has the functional significance of the lamellar organization of
the BO been investigated. A defining feature of the BO organization of the larval eyes
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in schizophoran Diptera like Drosophila and Musca is that the lamellae are directed
against the head cuticle and thus pointing opposite to the direction of the incoming
light, which represents a derived state (Melzer and Paulus 1989; Fig. 1d and 2).

Neural Anatomy

The BO photoreceptors extend their axons into a joint nerve fascicle: the Bolwig
nerve (BN) (Steller et al. 1987; Fig. 1a, b). The BN projects into what is now recog-
nized as the larval optic neuropile (LON) (Sprecher et al. 2011; Fig. 1a, c). The small
LON is located in the protocerebrum and to a large extent surrounded by the outer
optic lobe anlage (OOLA), which will give rise to the outer optic neuropiles of the
adult visual system (Schmucker et al. 1997; Sprecher et al. 2011): the lamina and the
medulla. In contrast to the massive expansion of the OOLA during postembryonic
development due to the proliferation of visual interneurons, there is no evidence of
proliferative growth of the LON (for detailed discussion, see Friedrich 2011). More-
over, in contrast to the adult photoreceptors, the BO photoreceptors are characterized
by directly contacting a diverse set of circadian neurons and interneurons. Compara-
tive evidence suggests that the LON represents an extremely reduced and compacted
evolutionary derivative of a part of an ancestral OOLA (Friedrich 2011).

The neuroanatomical organization of the LON is complex and only partially un-
derstood at this point. Most relevant for understanding the organization of the BO
is the fact that two photoreceptor projection target areas have been described in the
LON (Sprecher et al. 2011). The majority, if not all, of BO photoreceptors have
synaptic contacts in the distal layer, while the proximal layer is only reached by the
Rh5 subset of BO neurons (Fig. 1c).

A number of nonvisual interneurons that innervate the LON have been identified.
This includes: (1) The functionally still enigmatic three glutamatergic optic lobe
pioneer (OLP) neurons (Sprecher et al. 2011; Tix et al. 1989a). (2) A subset of five
circadian system controlling lateral neurons (LNs; Iyengar et al. 2006; Kaneko and
Hall 2000; Malpel et al. 2002; Mazzoni et al. 2005). (3) Putatively, two cholinergic
interneurons with cell bodies in the dorsal protocerebrum (Iyengar et al. 2006). (4) A
subset of serotonergic neurons in the central brain, whose dendritic arborizations
in the LON increase throughout larval development (Mukhopadhyay and Campos
1995; Rodriguez Moncalvo and Campos 2005). (5) Octopaminergic and tyraminergic
neurons which have thus far not been characterized in detail (Sprecher et al. 2011).
(6) Preliminary evidence has also been reported that the Rh5 photoreceptors make
contacts outside the LON (Keene et al. 2011).

At this point, only the above-mentioned LNs and OLP neurons have been identi-
fied with confidence as postsynaptic targets of the BN (for detailed discussion, see
Sprecher et al. 2011). Remarkably, molecular genetic analysis revealed that the neg-
ative phototactic behavior of the Drosophila larva is mediated through a specific set
of pacemaker neurons in the larval brain, which are contacted by the BO through
interneurons that are yet unknown (Keene et al. 2011). The integration of the larval
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visual system with the biological clock system thus extends to both the perception
of light and the regulation of circadian behavior (Keene and Sprecher 2011).

BO Photoreceptor Subtypes and their Homologs
in the Adult Eye

Except for the differential projection of photoreceptor axons into the larval optic
neuropile (Sprecher et al. 2011), the structural organization of the BO gives little
hint regarding the cellular diversity among the BO photoreceptors. However, the two
photoreceptor subtypes in the BO are also differentiated by their sensory and func-
tional characteristics. At the sensory level, they differ by the differential expression
of the opsin paralogs Rh5 and Rh6 (Fig. 3a; Helfrich-Förster et al. 2002; Malpel
et al. 2002; Sprecher et al. 2007). The four to five of the founder photoreceptors
express Rh5, which is associated with maximal sensitivity to blue light. The remain-
ing peripheral photoreceptors express the green-sensitive paralog Rh6. Consistent
with the expression of green- and blue-sensitive opsins in the BO, the larvae of the
schizophoran fly species Calliphora vicina show maximal physiological stimulation
of the BN by these wavelengths compared to violet, red and yellow (Hinnemann et
al. 2010). While only the Rh5-positive photoreceptors are required for the avoidance
of blue light, both the founder and peripheral photoreceptors have been found to be
involved in circadian clock regulation (Keene et al. 2011).

The differential expression of Rh5 and Rh6 is not only important for discriminat-
ing BO photoreceptor subpopulations but also reveals homology relationships in the
adult eye in conjunction with additional structural and developmental genetic data
(for detailed discussion see Friedrich 2008). The situation is most straightforward
in the case of the Rh5-positive BO photoreceptors. In the adult eye, the Rh5 opsin
is expressed in the adult R8 photoreceptors of the pale-type ommatidia (Fig. 3b).
The homology between the Rh5-positive BO photoreceptors to the adult R8 pho-
toreceptors is also supported by the correspondence of the deeper axonal projection
of the Rh5-positive BO photoreceptors in the LON and of the adult R8 cells into
the medulla (Fig. 3b). Finally, the axons of the Rh5-positive BO photoreceptors
form the median core of the BN, similar to the central position of the R8 axon in the
axonal fascicles that exit a single ommatidium in the adult eye (Sprecher et al. 2011).

The shorter projection of the Rh6-positive BO photoreceptors presents evidence
that these correspond to the peripheral photoreceptors in the adult eye, which project
into the peripheral-most layer of the adult optic brain: the lamina (Fig. 3b). The
recognition of the homology of the peripheral photoreceptors in the larval and adult
eye is obstructed by the fact that the adult peripheral photoreceptors express a differ-
ent opsin paralog: the Rh1 gene. To make matters worse, Rh6 is expressed in the R8
cells of yellow ommatidium subtype photoreceptors of the adult eye. The resolution
to this conundrum is that the Rh1 and Rh6 opsins are phylogenetically related. Both
are long wavelength sensitive-opsins which originated through a gene duplication
during dipteran evolution (Bao and Friedrich 2009). In the eyes of most other in-
sects, the same long wavelength opsin is expressed in both R8 and the peripheral
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Fig. 3 Homologies of larval and adult photoreceptor subtypes. a Opsin expression and neuropile
connectivity of the Drosophila Bolwig’s organ. Opsin paralog Rh5 is expressed in the founder
photoreceptors (FO blue filling). Opsin paralog Rh6 is expressed in the peripheral photoreceptors
(PE green filling). LON larval optic neuropile. b Opsin expression and neuropile connectivity of the
yellow- and pale-type ommatidia in the Drosophila main retina. Opsin paralog Rh1 is expressed in
the six peripheral photoreceptors (R1–R6, turquoise filling) per ommatidium. Opsin paralogs Rh5
and Rh6 are expressed in the R8 photoreceptors of pale- and yellow-type ommatidia, respectively,
as indicated by corresponding blue and green filling. Other cell type color codes: Purple R7 UV-
sensitive photoreceptors; brown pigment cells, light blue cone cells

photoreceptors (Friedrich 2008; Friedrich et al. 2011). The expression of Rh6 in the
peripheral BO photoreceptors is therefore consistent with their ancestral status as
peripheral photoreceptors.

In summary, the 12 photoreceptors of the BO correspond to the fusion of 4–6
compound eye ommatidia after evolutionary reduction of all accessory cells as well
as of the UV-sensitive R7 photoreceptor (compare Fig. 3a, b; see also Fig. 2).

Lineage and Morphogenesis

The BO photoreceptors derive from defined lateral fields of neuroectodermal cells
in the developing head region of the Drosophila embryo: the optic placodes (Daniel
et al. 1999; Green et al. 1993; Schmucker et al. 1997). These anlagen fields trace
back to a cell population in the median dorsal head area of the embryo: the visual
field or anlage (Fig. 4a; Chang et al. 2001). Establishing the lineage connection
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Fig. 4 Major steps of embryonic Bolwig’s organ development and morphogenesis. a–d Schematics
describing the development of the visual anlage. (Based on Chang et al. 2001). The Drosophila
embryonic head region is shown from dorsal perspective with the anterior end pointing up. The
visual anlage originates as dorsomedial field of neuroectodermal cells at developmental stage 4
(S4) and separates into lateral halves during developmental stage 5 (S5). In stage 12 embryos, the
visual anlage divides into precursor tissues of different components of the Drosophila visual system
including the outer optic lobe anlagen (OOLA) that will form the lamina and medulla, the inner
optic lobe anlage (IOLA), which forms the lobula neuropile, the anlage of the larval eye or Bolwig’s
organ (BOL), and part of the eye-antennal imaginal disc (EAD). d Higher magnification view of
relative positions of visual system primordia e Lateral view of Drosophila embryonic head labeled
by in situ hybridization for the segmentation marker wingless (brown) and the photoreceptor marker
gl (blue). Larval eye differentiation has initiated at the ventral tip of the optic placode (OPL). The
dorsal sector of the optic placode develops in the outer and inner optic lobe anlagen. Segmental
abbreviations: LAB labial segment, LBR labrum, MAX maxillary segment. Hatched line indicates
section level of schematics in f–i. Anterior to the right and dorsal up. f–i Schematic cross-sectional
view of the right side of the Drosophila embryo at different stages of development. f The Bolwig’s
organ founder cell cluster has formed in the lateral ectoderm. g The Bolwig’s organ has acquired
rosette morphology and the outer optic lobe anlagen tissue (black outline) has started to invaginate.
h The outer optic lobe anlagen tissue has detached from the ectoderm. The Bolwig’s organ has
started to move medially, attached to the forming pharyngeal pocket during head involution. i The
Bolwig’s organ has reached its medial inverted position in the inverted embryonic head, attached
to the forming pharyngeal pocket during head involution. (Adapted from Green et al. 1993)

between the optic placodes and the visual anlage has been challenging due to the
complex tissue movements during embryonic head involution. Based on cell tracing
studies, the visual anlage has been mapped to one of three mitotic domains in the
early blastoderm head: mitotic domain 20 (Namba and Minden 1999). This area is
characterized by the coexpression of the developmental transcription factor genes
sine oculis (so) and eyes absent (eya; Fig. 4a; Bonini et al. 1997; 1993; Chang
et al. 2001; Cheyette et al. 1994; Serikaku and O’Tousa 1994). Chang et al. (2001)
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consider the expression domain of so as defining the boundaries of the visual anlage.
Consistent with this, the so expressing cells give rise to all derivatives of the visual
system, as well as a number of central brain neurons which develop connections
between different visual processing centers (Chang et al. 2003).

By stage 8 of Drosophila embryonic development (Hartenstein 1993), the visual
anlage is broken up into a pair of lateral optic placodes (Fig. 4). The BO pho-
toreceptors develop from the ventral margin area of the optic placode (Fig. 4c, e).
Morphologically visible BO photoreceptor differentiation and bundle formation ini-
tiates in stage 13 embryos (Daniel et al. 1999; Green et al. 1993; Schmucker et al.
1997). During this process, the early developing BO is layered into the four to five
founder cells, which take a basal position to the surrounding peripheral cells during
stage 13 and 14. In stage 15 to 17 embryos, the developing BO delaminates from the
peripheral neuroectoderm and initiates its relocation towards the cephalopharyngeal
head skeleton, coming first to rest in the dorsal side of an internal lumen: the dorsal
pouch (Daniel et al. 1999; Green et al. 1993; Schmucker et al. 1997).

The BO develops in close association with delaminating precursor cells of the
eye-antennal imaginal disc as well as the cell population of the OOLA neurons
(Fig. 4a; Younossi-Hartenstein et al. 1993). This has been established by examining
the BO-specific expression of Kruppel (Kr) and the OOLA-specific expression of
disconnected (disco) (Schmucker et al. 1997). While the eye-antennal imaginal disc
and BO primordial separate during subsequent development, the OOLA and BO
remain connected by a bridge of glia-like cells, which play a role as guidepost cells
during the projection of the BN (Schmucker et al. 1997).

Another important cell derivative from the optic placode are the three OLP neurons
(Chang et al. 2003), which become situated in proximity of the LON and maintain
synaptic contact with the BO axon endings in the LON (Sprecher et al. 2011).

Genetic Specification

The visual anlage of the Drosophila blastoderm embryo is characterized by the co-
expression of eya and so, which is regulated by Decapentaplegic (Dpp) signaling
in a dosage-responsive manner (Chang et al. 2001). Dpp signaling from the dorsal
midline is essential for the induction of eya and so. Eventually, however, high Dpp
signaling levels in the midline induces the expression of zerknullt (zen), which re-
presses eya and so, leading to the split of the visual anlage into the optic placode
domains (Fig. 4a-d and 4a).

Consistent with the expression of eya and so in the visual anlage, all components of
the visual anlage, including the BO, are missing in so-mutant Drosophila (Cheyette
et al. 1994). The BO primordium stands out as being derived from cells of the visual
anlage which maintain so expression, while the expression of so ceases in the precur-
sor cells of other derivatives of the visual system (Chang et al. 2003; Cheyette et al.
1994). It is not clear whether this latter event is due to repression or discontinued
activation, which would shed light on the default state of visual anlagen cells.
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Published expression data suggest that the visual anlage expression of eya and so
may be partially overlapping with the Pax6 transcription factor twin of eyeless (toy;
Czerny et al. 1999). Remarkably, however, the BOs form normally in embryos null
mutant for toy and its sister paralog eyeless (ey; Suzuki and Saigo 2000). This is
consistent with the expression of ey in the segregating eye-antennal disc in contrast
to the lack of ey expression in the developing BO (Daniel et al. 1999). Thus, the Pax6
genes toy and ey are dispensable for the development of the BO in stark contrast to
the sensitivity of the adult eye to Pax6 reduction (Quiring et al. 1994). These results
further imply that the activation of eya and so is independent of ey and toy, marking
a second difference to the gene regulatory interactions in the developing adult eye
(Kumar and Moses 2001; Suzuki and Saigo 2000).

The transition from specification to differentiation in the prospective BO photore-
ceptors is marked by the onset of the expression of the proneural transcription factor
atonal (ato) as early as stage 10 (Fig. 5b, c; Daniel et al. 1999; Jarman et al. 1993,
1994; Suzuki and Saigo 2000). The activation of ato depends on Hedgehog (Hh)
signaling activity (Borod and Heberlein 1998; Curtiss and Mlodzik 2000; Daniel
et al. 1999; Dominguez 1999; Dominguez and Hafen 1997; Greenwood and Struhl
1999; Heberlein et al. 1995; Jarman et al. 1993, 1994; Suzuki and Saigo 2000), draw-
ing another parallel to the developmental regulation in the adult eye. Hh signaling
has been identified as an essential agonist of both BO anlage and eye-antennal disc
development (Chang et al. 2003; Schmucker et al. 1994; Suzuki and Saigo 2000).

There may be two phases of hh involvement during the early development of the
BO. In the first, well-documented phase, hh expression in a preantennal domain ante-
rior of the BO primordium promotes the specification of the BO at a distance (Chang
et al. 2001; Suzuki and Saigo 2000). Subsequently, the preantennal hh domain re-
linquishes but hh becomes expressed in a subset of the early BO photoreceptor cells
(Chang et al. 2001). Given the early role of hh in the differentiating adult R8 cells
(Heberlein et al. 1993; Ma et al. 1993), it is tempting to speculate that hh in the
founder cells continues to contribute to peripheral BO photoreceptor specification.

Ato expression is initially detected in a larger number of cells (14) but decreases by
stage 12 until ato expression eventually disappears (Fig. 5c; Suzuki and Saigo 2000;
Chang et al. 2001). This dynamic expression is consistent with the initial activation
of ato in a larger number of precursor cells, as in the adult eye (Dokucu et al. 1996),
and the subsequent restriction to the founder photoreceptors. Further consistent with
this hypothesis, the specification of the peripheral BO photoreceptors is independent
of ato (Daniel et al. 1999; Sprecher et al. 2007), relying instead on the epithelial
growth factor receptor (EGFR) ligand source Spitz (Spi) expressed from the founder
cells (Fig. 5c; Daniel et al. 1999; Suzuki and Saigo 2000; Daniel et al. 1999). In
addition, pointed (pnt) and argos (aos) are expressed in the larval eye primordium
(Daniel et al. 1999), consistent with the activation of EGFR signaling (Daniel et al.
1999; Suzuki and Saigo 2000). Interestingly, aos has also been connected to BO
development based on mutagenesis data (Daniel et al. 1999; Schmucker et al. 1997).

In the absence of EGFR signaling, the prospective peripheral BO cells die (Daniel
et al. 1999; Sprecher et al. 2007). Cell death rescue experiments suggest that EGFR is
primarily a survival signal in the peripheral cells but not an instructive differentiation
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Fig. 5 Extracellular signals and differential gene expression during Bolwig’s organ specification.
Bold font: differentially expressed genes in Bolwig’s organ precursor cells. a Activation of so
and eya expression by Dpp signaling during visual anlagen and optic placode specification (see
also Fig. 3a-d). b Positive regulation of Bolwig’s organ precursor cell status and widespread
activation of ato expression by Hh signaling. Dark gray indicates Bolwig’s organ precursor cell
population. c Restriction of ato expression to the Bolwig’s organ founder cell subpopulation, which
activates EGFR-signaling via Spi in adjacent Bolwig’s organ precursor cells, repressing cell death.
d Implementation of founder (light blue) versus peripheral Bolwig’s organ photoreceptor cell state
(light green) through the differential expression of svp and sal.

signal (Daniel et al. 1999; Sprecher et al. 2007). The precise mechanisms leading to
peripheral photoreceptor specification are still unknown.

While ato appears to play a more sustained role in the founder cells given its
longer expression compared to the peripheral cell precursors (Fig. 5c), ato may also
be involved in or associated with proneural specification of the peripheral cells. This
is tentatively suggested by the onset of the neural marker embryonic lethal abnormal
vision (elav) in all BO precursor cells following the initiation of ato in the BO cell
precursor population (Daniel et al. 1999; Suzuki and Saigo 2000). In contrast to
ato, elav expression is sustained in both the peripheral and founder cell population,
suggesting that the earliest expression ato is associated with the neural priming of
all BO precursors.
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Regulation of Photoreceptor Cell Differentiation

The differentiation of the BO photoreceptors involves many steps, which are also
well known in the adult eye. The earliest structural neuronal marker detected in
the BO is the cell adhesion protein Fasciclin II at stage 12 (Chang et al. 2003;
Schmucker et al. 1997), which is followed by initiation of the expression of Kr in
the late stage 12 embryo (Schmucker et al. 1997). Kr function has been suggested
to control BO differentiation, including BN formation and projection (Schmucker
et al. 1992). Another photoreceptor-specific zinc finger transcription factor expressed
starting from this early stage is glass (gl; Moses et al. 1989; Moses and Rubin
1991). In gl null mutant Drosophila, adult photoreceptors differentiate but die or fail
to enter photoreceptor quality, remaining unspecialized neurons (Schmucker et al.
1997, 1994, 1992). Similarly, the number of BO photoreceptors is reduced in gl
null mutant embryos (Moses et al. 1989; Moses and Rubin 1991). Similar effects
are observed in Kr null mutant embryos (Schmucker et al. 1992) but the analysis
of embryos deficient for both gl and Kr suggested that the two transcription factors
function in parallel (Schmucker et al. 1992).

The joining of the peripheral BO photoreceptors into the “rosette” formation
starting from stage 13 of embryonic development is followed by the expression
of the photoreceptor-specific cell adhesion protein chaoptic (chp; Reinke et al.
1988), which depends on gl expression (Moses et al. 1989; Moses and Rubin
1991). In the adult eye, chp is required for accurate formation of the rhabdomere
microvilli (Van Vactor et al. 1988). In chp null mutations, the photoreceptors can be
missing rhabdomeres altogether. It has been noted that chp is expressed in the adult
photoreceptors earlier than opsins and before the beginning of rhabdomere formation
(Van Vactor et al. 1988). The development of the BO in chp null-mutants has not yet
been investigated. In the adult eye, Chp is required for the proper arrangement of the
microvilli, the rhabdomeres, and the separation of the rhabdomeres in combination
with the membrane proteins Prominin (Prom) and Eyes shut (Eys) (Zelhof et al.
2006). Interestingly, the Prom and Eys proteins are not expressed in the BO (Andrew
Zehlof, personal communication). It is therefore tempting to hypothesize that the
difference in rhabdomere organization between adult and larval photoreceptors
is mediated through the differential regulation of Prom and Eys. It is further
interesting to note that the elaboration of the BO photoreceptor lamellae occurs
during postembryogenesis, in the first instar larva, consistent with the relatively late
initiation of opsin expression in the late embryo (Sprecher et al. 2007).

Understanding the regulation and function of differential Prom and Eys expres-
sion in the BO might yield insights into the roles of additional photoreceptor-generic
transcription factors in the BO photoreceptors. This includes the homeodomain tran-
scription factors orthodenticle (otd) and PvuII-PstI homology 13 (Pph13; Goriely
et al. 1999; Vandendries et al. 1996), known to cooperate in the activation of opsin
genes and other structural photoreceptor genes (Fichelson et al. 2012; Mishra et al.
2010; Ranade et al. 2008; Tahayato et al. 2003; Vandendries et al. 1996). As elab-
orated further below, otd also contributes to the regulation of differential opsin
expression in the BO.
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Fig. 6 Differential gene expression during Bolwig’s organ photoreceptor subtype specification.
Bold font: differentially expressed genes in Bolwig’s organ precursor cells. a Bolwig’s organ rosette
cluster prior to opsin expression at stage 13 when svp and sal have become differentially expressed in
peripheral and founder photoreceptors respectively, (Sprecher et al. 2007). b Differential expression
of opsin genes Rh5 and Rh6 in founder (dark blue) and peripheral (dark green) Bolwig’s organ
photoreceptors respectively, starting from embryonic stage 16.

Genetic Regulation of Photoreceptor Subtype Development

Concomitant with the initiation of photoreceptor-generic gene products, the BO
photoreceptors diversify genetically and structurally into the founder and peripheral
photoreceptor subtypes (Fig. 5 and 6). This distinction is first implemented through
the differential activation of ato in the course of photoreceptor specification (Fig. 5b,
c). How this initial distinction translates into the subsequent steps of differential
photoreceptor differentiation has not yet been fully elucidated. However, as stated
previously, there is insight into the mechanisms that lead to the differential expression
of the Rh5 and Rh6 opsin paralogs.

One important player in this process is otd (Sprecher et al. 2007), which is
uniformly expressed in all BO photoreceptors starting from embryonic stage 12
(Fig. 6a). If otd is depleted from the differentiating BO, the founder photoreceptors
fail to express Rh5 despite being correctly specified. Instead, the otd-founder cells
express Rh6, reflecting a repressive role for otd on Rh6 during normal BO devel-
opment. The differential action of otd in the founder and peripheral cells is thus
identical to the effect of otd on opsin expression in the adult eye (Tahayato et al.
2003) and consistent with the cell-context-dependent effects of otd (Johnston et al.
2011; McDonald et al. 2010; Mishra et al. 2010). These data further imply the exis-
tence of additional differentially expressed regulators that tune the effect of otd in a
photoreceptor subtype-specific manner.
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Consistent with this, other gene activities so far identified to affect the Rh5
versus Rh6 transcription decision are differentially expressed transcription factors
(Fig. 5d, e). This includes the spalt (sal) complex zinc finger genes (spalt major
and spalt related; Domingos et al. 2004a; Mollereau et al. 2001), and the orphan
nuclear receptor zinc finger transcription factor gene seven up (svp; Mlodzik et al.
1990). Sal is specifically activated in the founder photoreceptors whereas svp is
expressed in the peripheral photoreceptors (Sprecher et al. 2007). This mutually
exclusive pattern is in part established through the repressive effect of svp on sal.
In support of this, sal is expressed in peripheral BO photoreceptors when svp is
genetically eliminated from these cells. Correlated with this, the expression of Rh5
is expanded into peripheral photoreceptors (Sprecher et al. 2007). Further, ectopic
svp suppresses sal and Rh5 expression in the founder cells. Svp is therefore essential
and sufficient for peripheral cell differentiation in the BO.

The inconsequential effect of ectopic expression of sal in the peripheral photore-
ceptors revealed that sal acts as an essential facilitator for Rh5 expression in the
founder photoreceptors but, unlike svp, has no instructive effect for implementing
the founder photoreceptor fate. As stated before, the mechanisms by which the differ-
ential expression of svp and sal is established remain to be explored. The presumably
foundational role of ato is difficult to study because of the early termination of BO
development in ato-deficient embryos (Suzuki and Saigo 2000). Taken together,
however, the early specification of the founder cell state and the repression of sal
in the secondary peripheral cell state suggest that the founder cell fate is the default
state of the developing BO photoreceptors which must be modified by svp.

Also, the exact mechanism by which the expression of Rh5 and Rh6 are activated
and controlled in the BO remain to be specifically tested and explored (Fig. 6).
Based on the adult eye paradigm, it is reasonable to assume the direct involvement
of Pph13 and otd (Mishra et al. 2010; Tahayato et al. 2003).

Postembryonic Development

Early studies of the changes in the Drosophila visual system during metamorphosis
found evidence that the BOs were subjected to cell death and autophagocytosis dur-
ing the transition from larval to adult stage (Tix et al. 1989b). Remarkably, however,
the BO is not completely decomposed: rather, only a subpopulation is removed and
the remaining photoreceptors relocate towards the adult optic neuropiles (Fig. 7).
Key to unraveling this process was the use of reporter gene expression to track
the final fate of the BO, which led to the discovery of their relationship to a small
bundle of extraretinal photoreceptors known as the Hofbauer-Buchner (HB) eyelets
in the adult optic neuropiles (Helfrich-Förster et al. 2002; Hofbauer and Buchner
1989; Yasuyama and Meinertzhagen 1999). Subsequent analyses confirmed that the
HB eyelets are the adult derivatives of the BO (Sprecher and Desplan 2008). Dur-
ing this transformation, the larval BO is reduced to its four to five founder cells
(Fig. 7). The peripheral photoreceptors are removed via programmed cell death
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Fig. 7 Extracellular signals
and differential gene
expression during
postembryonic Bolwig’s
organ development. Bold
font: differentially expressed
genes. a Gene expression in
the Bolwig’s organ during the
first two larval instars.
b Initiation of cell death in
the peripheral Bolwig’s organ
photoreceptors (gray
background, dashed outline)
in the late third larval instar.
c Initiation of Rh6 expression
in the Bolwig’s organ founder
photoreceptors.

(Helfrich-Förster et al. 2002; Sprecher and Desplan 2008), consistent with the ear-
lier notion of cell death associated with the metamorphic BO (Tix et al. 1989b).
The founder cell bundle-turned-HB eyelet is relocated to a position underneath the
posterior retina, and acquiring a new morphology, which is characterized by the elab-
oration of rhabdomeres (Helfrich-Förster et al. 2002; Hofbauer and Buchner 1989;
Sprecher and Desplan 2008; Yasuyama and Meinertzhagen 1999). At this point, and
throughout adulthood, the HB eyelets project into the accessory medulla, a small
neuropile anterior to the medulla proper. In addition, the founder cells relinquish
Rh5 expression and initiate Rh6 expression instead (Fig. 7b, c). Both the apoptotic
removal of the peripheral cells and the opsin switch in the founder cells are contin-
gent on the activation of Ecdysone (Ecd) signaling in the BO cells (Helfrich-Förster
et al. 2002; Sprecher and Desplan 2008). This identifies the modification of the
postembryonic BO as part of the Ecdysone-induced early onset of metamorphosis
(Truman and Riddiford 2002).

Of note, the redeployment of the larval eyes as extraretinal photoreceptors has
been well known in other holometabolous insect orders (Fleissner et al. 1993;
Hagberg 1986; Ichikawa 1991; Sokoloff 1972), representing a defining character
state of holometabolous insects (Friedrich et al. 2006; Kristensen 1999; Nuesch
1987). Moreover, the postembryonic “dedifferentiation” (Sprecher and Desplan
2008) of the BO, represents one of many facets of the general theme of reinitiated
development of larval structures during metamorphosis in holometabolous insects
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(Truman and Riddiford 2002). Interestingly, there are examples of convergent
evolution of nymph-specific eye morphologies in direct-developing insects, which
are likewise maintained into the adult but remain peripheral visual organs at this
stage. One such case is the nymph-specific eye of advanced scale insects (Coccoidea:
Hemiptera; Buschbeck and Hauser 2009).

At the functional level, the BO-turned-HB eyelet continues to play a role in col-
lecting visual daytime information for the biological clock with the redundantly
organized zeitgeber system of the adult fly (Helfrich-Förster et al. 2002; Veleri et al.
2007). While the physiological significance of the correlated switch from Rh5 to
Rh6 expression has not yet been investigated, it is a reasonable assumption that the
long wavelength opsin Rh6 provides higher sensitivity to deep tissue photoreceptors
such as the HB eyelets.

Both the expression of Rh6 as well as founder cell survival and differentiation
depend on the zinc finger transcription factor gene senseless (sens; Fig. 7c; Nolo
et al. 2000; Sprecher and Desplan 2008). Interestingly, these events are also
consistent with the homology of the BO founder cells to the adult R8 cells. Sens is
an R8-specific transcription factor in the adult eye and Rh6 is expressed in the R8
cells of the yellow ommatidia (Fig. 3; Frankfort et al. 2001, 2004; Xie et al. 2007).
Both the specification and the differentiation of the adult R8 photoreceptors depend
on sens (Frankfort et al. 2001, 2004; Morey et al. 2008; Xie et al. 2007). Moreover,
sens has been shown to synergistically activate Rh6 expression in combination
with otd (Xie et al. 2007), which continues to be expressed in the BO during
metamorphosis (Fig. 7). It is thus reasonable to assume that sens and otd operate
in the same way in the adult R8 and the postembryonic BO founder cells.

Gene Regulatory Synapomorphies of BO
and Adult Eye Development

At many levels, the BO differs dramatically from the development and organiza-
tion of the Drosophila compound eye. It is therefore striking to note the numerous
similarities at the structural, functional, and genetic level, documenting the shared
evolutionary origins of larval and adult eye (Table 1). Stringent comparative evi-
dence of a close evolutionary relationship between species, structures, or traits rests
on shared derived character states (synapomorphies) as opposed to evolutionarily
older traits that characterize larger, more inclusive groups of species or structures
(symplesiomorphies). Therefore, demonstrating the uniquely close relationship of
the BO and adult Drosophila eye relative to other visual organs such as the Drosophila
ocelli, requires definition of features that are synapomorphies of the two organs rather
than features that are shared with other visual organs and hence symplesiomorphies
(for detailed discussion, see Friedrich 2006a).

For instance, the involvement of eya, so, hh, and dpp in primordium specification
is likely an ancient characteristic of visual organ development, predating the origin of
the insect compound eye (Friedrich 2006a). The same can be assumed regarding the



Development and Evolution of the Drosophila Bolwig’s Organ: A Compound Eye Relict 345

Table 1 Commonalities in Drosophila adult and larval eye development. The first four rows indicate
candidate ancestral processes (symplesiomorphies). Further rows indicate candidate shared derived
processes synapomorphies. (For additional discussion, see Friedrich 2006a)

Regulatory process References

Activation of eya and hh in primordial cells
by Dpp signaling

Curtiss and Mlodzik 2000; Chang et al. 2001

Positive regulation of ato initiation by Hh
signaling

Suzuki and Saigo 2000; Dominguez and
Hafen 1997; Dominguez 1999; Greenwood
and Struhl 1999

Selective activation of ato in retinal founder
cells

Dokucu et al. 1996

Founder cell induction and survival
independent of EGFR signaling activation

Dominguez et al. 1998

Peripheral photoreceptor survival by EGFR
signaling

Halfar et al. 2001

Founder cell specific deployment of sal Domingos et al. 2004a; Mollereau et al. 2001;
Sprecher et al. 2007

Peripheral cell specific deployment of svp Domingos et al. 2004b; Heberlein et al. 1991;
Mlodzik et al. 1990; Sprecher et al. 2007

Founder cell specific deployment of sens Sprecher and Desplan 2008
Selective expression of Rh5 in founder cells Sprecher et al. 2007
Expression of Rh1 or Rh6 long wavelength

opsin in the peripheral photoreceptors
Tahayato et al. 2003; Sprecher et al. 2007

Founder cell specific deployment of otd in
Rh5 and Rh6 regulation

Tahayato et al. 2003

involvement of ato, hh, and EGFR-signaling during early visual organ differentia-
tion. Some of the most compelling synapomorphies of the BO and adult eye concern
mechanisms which regulate the specification and differentiation of the photoreceptor
subtypes. This includes the involvement of svp and sal in inner versus outer photore-
ceptor subtype specification (Domingos et al. 2004b; Heberlein et al. 1991; Mlodzik
et al. 1990; Sprecher et al. 2007), the deployment of otd in Rh5 induction and Rh6
repression (Tahayato et al. 2003), and the role of sens in founder/R8 photoreceptor
differentiation (Frankfort et al. 2001, 2004; Morey et al. 2008; Xie et al. 2007).

Head Patterning Related Differences Between BO
and Adult Eye Development

The commonalities in BO and adult eye development are contrasted by major dif-
ferences in the genetic regulation of precursor tissue specification. In the adult eye,
the activation of so and eya depends on the expression of toy and ey in the posterior
eye-disc (Czerny et al. 1999; Halder et al. 1998; 1995; Kenyon et al. 2003; Niimi
et al. 1999; Ostrin et al. 2006; Punzo et al. 2002). The dispensability of the Pax6
genes ey and toy for BO development and the apparent Pax6-independent induction
of the so and eya in the visual anlage thus mark profound differences in the genetic
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networks that regulate the early precursor specification of the two organs (Czerny
et al. 1999; Finkelstein et al. 1990; Quiring et al. 1994; Suzuki and Saigo 2000).

However, the early expression of toy in the visual primordium (Czerny et al. 1999)
implies that the BO precursor cells experience a phase of transient toy expression.
Further, for reasons still unknown, toy seems to act as an upstream regulator of ey
in the eye antennal imaginal disc but not in the visual anlage of the early blastoderm
embryo. Instead toy, as well as ey, are essential for the development of the mushroom
bodies in the embryo (Furukubo-Tokunaga et al. 2009; Kurusu et al. 2000).

Of note, the BO also seems to develop independently of dachshund (dac), another
transcription factor gene which is an important component of primordium determi-
nation in the adult eye (Mardon et al. 1994). This is indicated by the lack of dac
expression in the visual anlage of the embryonic blastoderm (Kumar and Moses
2001). Dac is expressed in optic lobe placode in the midway Drosophila embryo but
apparently not in the BO (Anderson et al. 2006).

Looking at the correlation between eye size reduction and Pax6 independence of
the BO, it has been proposed that Pax6 is essential for the development of larger
visual organs (Friedrich 2006a). Alternatively, ey and toy may primarily function as
region-wide commitment regulators instead of organ-specific determination genes.
The dramatic reorganization and reduction of the larval head in Drosophila may
have relinquished the need for Pax6-mediated patterning of an ocular region. This
hypothesis is supported by the Pax6 sensitivity of larval eye development in non-
dipteran insect species with adult-like larval head capsules (Yang et al. 2009).

In addition, one has to keep in mind that the differences in the genetic specifi-
cation mechanisms of BO and adult eye may reflect ancestral differences between
the embryonic and postembryonic phase of compound eye development in directly
developing insects (Fig. 8; see also Chap. 11 in this volume for more details and
Friedrich 2006b). The diversity of factors playing into the gene regulatory diver-
gence between BO and adult eye development is thus considerable. Notwithstanding
this, the accumulating insights into the genetic basis of BO development offers novel
inroads to elucidate the developmental evolution of this visual organ in detail.

R7 Cell Reduction-Related Differences Between BO
and Adult Eye Development

Compared to the gene regulatory differences in BO and adult eye specification, it is
more straightforward to explain differences at the stage of photoreceptor specifica-
tion and differentiation. A common denominator of the shared genetic interactions
in BO and adult eye development is their restriction to the earliest phases of photore-
ceptor specification in the adult eye, that is, the specification of R8 and the peripheral
photoreceptors (see Table 1). This finding is explained by the regressive evolution of
the BO from an ancestral compound eye-like state (Melzer and Paulus 1989), which
resulted in the loss retinal accessory cells and the R7 photoreceptor (Fig. 3 and 2).
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Fig. 8 Hallmarks of Drosophila visual system development in comparison to non-dipteran species.
a–d Schematic alignment of corresponding stages of embryonic and postembryonic visual system
development. a In direct-developing species, photoreceptors of the adult eye are generated during
embryogenesis (light green) and postembryogenesis (dark green) by persisting differentiation at the
anterior margin of the eye (red arrow head). The retinal photoreceptors project in the lamina (lam),
forming the first optic chiasma. Axonal projections in the first optic chiasma from photoreceptors
born during embryonic and postembryonic development are indicated by light and dark green,
respectively. The lamina and medulla (med) neuropiles are connected through the second optic
chiasma (gray). The accessory medulla (acc) neuropile is already present in juvenile instars receiving
afferent input (not shown) from the medulla. b In scorpion flies of the genus Panorpa, a compound
eye-like larval retina is formed during embryogenesis. These larval eyes do not become part of
the adult retina but their postembryonic fate is not documented. c In Tribolium, highly reduced
larval eyes (circle) are formed that lack accessory cells. During metamorphosis, the larval eyes
are withdrawn in direction of the brain, where they become associated with the lamina neuropile
in the adult form. Tribolium also develops an accessory medulla that is situated at the anterior
margin of the medulla (Dreyer et al. 2010). d The basic course of larval eye development in
Drosophila corresponds well with Tribolium. Differences include the final position of the larval
eyes or Bolwig’s organs as HB eyelets between retina and lamina, and the postembryonic initiation
of pigment granule expression during metamorphosis. The Drosophila HB eyelets project into the
accessory medulla (not shown). Unlike in Tribolium, the development of the larval eyes is integrated
with the development of the adult retina from the eye-antennal imaginal disc (light gray circular
structure) and the larval ectoderm (black) is replaced (dashed black outlines) during metamorphosis.
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This dramatic reduction in cellular complexity explains the following genetic
differences between the BO and the adult eye (Friedrich 2008):

1. Gene activities, which regulate accessory cell fate development or differentiate
the R7 and R8 cell fates in the adult retina, are missing from BO development.
One example is the homeodomain transcription factor gene prospero (pros; Chu-
Lagraff et al. 1991). In the adult eye, pros is expressed in cone cells and R7, and
is involved in processes that concern the specification of these cell fates and R7-
specific differentiation (Charlton-Perkins et al. 2011; Xu et al. 2000). In addition,
pros prevents the expression of the R8 photoreceptor cell-specific opsin paralogs
Rh5 and Rh6 (Cook et al. 2003). None of these steps occur during BO devel-
opment, consistent with the absence of pros expression during BO development
(Sprecher et al. 2007).

2. Gene activities, which coordinate the differential expression of opsin paralogs in
the adult R7 and R8 photoreceptors, are similarly missing from the BO. The dif-
ferential expression of opsin paralogs in the inner R7 and R8 cells defines yellow
and pale ommatidia in the adult eye (Fig. 3). The mutually exclusive expression
of Rh5 or Rh6 in the R8 cells, coordinated with the respective expression of
Rh3 or Rh4 in the R7 cells, is coordinated by complex gene network interactions
that involve the genes spineless (ss), a bHLH-PAS family transcription factor,
melted (melt), a pleckstrin homology domain protein, and warts (wts), a protein
kinase (Mikeladze-Dvali et al. 2005). The developing BO has been probed for
the expression of all of these genes (Sprecher et al. 2007). Consistent with the
reduction of R7 and the associated cell fate decisions, neither wts nor melt nor ss
are expressed in the BO.

Larval Eye Development in Other Insect Species

As previously pointed out (Friedrich 2008), there are three lines of evidence that
document the evolution of insect larval eyes from ancestral compound eye omma-
tidia: (1) the shared gene activities in the larval and adult eyes of Drosophila, (2)
similarities in the structure and morphogenesis of the larval eyes in holometabolous
insects and the nymphal eyes of direct-developing species, and (3) the morphological
conservation of ommatidial cell architecture in the larval eyes of ancestrally orga-
nized holometabolous species. Understanding the last two aspects requires taking a
look at the development of the larval eye in other insect species.

Larval eyes composed of a small number of ommatidia-like units are typical
for the majority of holometabolous insects, including Hymenoptera and Lepi-
doptera (Gilbert 1994; see also Chap. 11 in this volume). The most important
key group in this context is the scorpion fly family Panorpidae. Scorpion flies
(Mecoptera) represent an insect order closely related but distinctly different from the
Diptera (Wiegmann et al. 2009). The eucephalic and predatory larvae of Panorpa
species possess compound eye-like eyes (Chen et al. 2012; Gilbert 1994; Paulus
1979; Steiner 1930). This organization documents most directly the relationship
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of the holometabolous insect larval eye to the compound eye in the nymph of
direct-developing insects (compare Fig. 8a, b; for detailed review see Friedrich
2006b). However, as in the case of other holometabolous insect larvae, the compound
eye-like eyes of the Panorpa larva do not expand in size during larval develop-
ment and are fully replaced by the newly differentiating adult compound eye during
metamorphosis (Fig. 8b; Paulus 1989).

The second informative system for reconstructing the evolutionary origins of
insect larval eyes is the red flour beetle Tribolium castaneum (Fig. 8c). At the
morphological level, the visual organs of the eucephalic Tribolium larva represent
similarly but independently reduced larval eyes that lack accessory cells (see also
Chap. 11). In contrast to Drosophila, the Tribolium larval eye photoreceptors form
regular rhabdomeres and a pigment cup through the endogenous expression of pig-
ment granules (Liu and Friedrich 2004). Moreover, the Tribolium larval eyes are
organized into two clusters on each side of the larval head (see Fig. 10 in Chap.
11). Interestingly, each of the two lateral pairs forms from an initial number of five
precursor photoreceptor clusters through the differential fusion of clusters during
morphogenesis (Liu and Friedrich 2004). This process is consistent with the pro-
posal that larval eyes with noncanonical numbers of photoreceptors (>8) evolved
through the fusion of ancestral ommatidial units (Paulus 1986). Of note, this aspect
of the early development of the Tribolium larval eyes differs from the focused ori-
gin of multiple founder cells during Drosophila BO development. The latter could
be explained by evolutionary changes facilitating the specification of several ato-
expressing founders after the evolutionary reduction of the larval eye to a single
ommatidial unit.

The independent evolutionary trajectories to the larval eyes of Tribolium and
Drosophila await to be further elucidated. However, the striking correspondence
between Tribolium and Drosophila with regards to the postembryonic relocation
of the larval eyes into the adult optic neuropile compartments represents another
piece of key evidence of the homology of larval eyes across holometabolous insect
species and their relationship to part of the compound eye in direct-developing insects
(Fig. 7c, d).

The Evolutionary Roots of the Bifunctional Drosophila Larval
Visual System

The connections of the BO to the circadian network in the Drosophila larval brain
shed further light on its evolutionary history. In many direct-developing insects,
including cockroaches and grasshoppers, the most important pacemaker neurons are
located in a neuropile of the visual system that is associated with the medulla and
hence referred to as the accessory medulla (for review see Helfrich-Förster 2004). The
latter contains several different interneurons some of which express the neuropeptide
pigment dispersing factor (PDF), thus corresponding to the LN pacemaker neurons
in the Drosophila visual system (Homberg et al. 2003; Homberg and Würden 1997;
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Reischig and Stengl 2003). This system may be extremely old: PDF-expressing
components have also been discovered in crustacean species (Harzsch et al. 2009;
Strauß et al. 2011).

In both direct-developing and holometabolous insects alike, the accessory medulla
is already present and active in the visual system during the juvenile stages. The
persistence into the adult stage in direct-developing insects can be associated with
extensive restructuring and expansion of connectivities in the circadian system
(Vafopoulou and Steel 2012), marking a parallel to the postembryonic develop-
ment of the Drosophila BO. However, unlike in Drosophila, the accessory medulla
in hemimetabolous species appears to be receiving light input through intermedi-
ate neurons from the lamina, medulla, or both, as opposed to directly from retinal
photoreceptors (Homberg and Würden 1997). As far as has been reported, this situ-
ation seems to be generally different in the larvae of holometabolous species. In the
mosquito Chaoborus crystallinus, for example, the long-fibered larval photorecep-
tors have been shown to project directly into the accessory medulla while a population
of short-fibered photoreceptors project into a larval lamina neuropile (Melzer 2009).

Taken together, these data reveal that the larval visual system of Drosophila rep-
resents an extreme compaction of the ancestral visual system that is still conserved
in the nymphs of direct-developing insects, which connects the compound eye retina
to both the phototactic components in lamina and medulla as well as to the circadian
components in the accessory medulla.

The Drosophila BO as Paradigm of Regressive Evolution

Taken together, the detailed insights into the genetic regulation of BO development
have corroborated earlier conclusions that this organ is paralogous to the adult com-
pound eye, linking its origin to an ancestral postembryonic system with compound
eye-like organization. While the conservation of a residual visual organ in juvenile
instars is explained by the continued need for phototactic and circadian informa-
tion, the question remains which adaptive or nonadaptive changes have led to the
extreme reduction of the Drosophila larval eye. A key lead is the fact that most larval
eyes in the Holometabola have been reduced to small assemblies of ommatidia-like
structures (Gilbert 1994). The question therefore becomes one regarding the causes
underlying this broad shared evolutionary trend in the Holometabola versus directly
developing insects.

The organization of the entire body plan of holometabolous larvae exhibits a
general trend towards reduction. In addition to the visual system, this is also visible
regarding walking appendages, flight appendages and other sensory structures such
as the antennae. In combination, these data suggest that the visual system regressed
in response to factors that reshaped the entire postembryonic body plan.

A candidate factor is the adaptive acceleration of postembryonic growth, which
is enhanced by efficient caloric uptake and metabolism, but also by the reduction
of energy-expensive organs (Friedrich 2011). The effect on the visual system in
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particular is explained through the energy savings associated with the reduction of
energy-expensive neuronal cells (for detailed reviews, see Niven and Laughlin 2008).

Regardless of the proximate cause of larval eye reduction in the Holometabola, it
is clear that the larval eyes of Drosophila and higher Diptera can serve as a model case
for studying mechanisms of visual system regression (Friedrich 2011). This will be
greatly aided by the extensive comparative analyses, which have highlighted key steps
such as accessory cell reduction and ommatidial fusion along the evolutionary path
leading to the BO of schizophoran Diptera (Fig. 2; Melzer and Paulus 1989). There
are thus exciting opportunities for mutually elucidating studies on the development,
neurobiology, and evolution of the Drosophila BO. Recent work revealed the capacity
of Drosophila larvae to detect the movement of other larvae, suggesting contrast-
resolving vision (Justice et al. 2012) and raising the possibility of another component
of conserved evolutionary heritage of compound eye characteristics.
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