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Infroduction

An emerging theme in developmental and evolutionary biology is the
conservation of networks of regulatory genes working together during
the development of a wide range of metazoan taxa. In many cases, these
networks of genes, often referred to as regulatory cassettes, are used in
conserved processes for the development of homologous structures.
However, these cassettes are often deployed in different temporal and
spatial developmental contexts and expanded to include different gene
family members and downstream targets. In fact, such modification of
regulatory cassettes may be an important mechanism for generating
evolutionary novelty.

In this chapter, we examine one evolutionarily conserved cassette of
transcriptional regulators. The network of eyeless (ey), sine oculis (so),
eyes absent (eva), and dachshund (dac) was first identified in Drosoph-
ila as a critical regulator of eye development (reviewed in Wawersik
and Maas 2000). Their respective homologues, the Pax, Six, Eva, and
Dach genes, have also been found in vertebrates (reviewed in Wawer-
sik and Maas 2000) and are coexpressed in a variety of developmen-
tal contexts, including the developing eye. The expression patterns of
these genes often overlap in a manner suggesting that these genes may
indeed be functioning as a network and implying that this network has
acquired new functions in vertebrate development. Recently, Heanue
and colleagues {(Heanue et al. 1999) have demonstrated that the Pax/
Six /Eya/Dach network plays a critical role in myogenesis. Data from
several labs also indicate that this network is important for eye and ear
development (Torres et al. 1996; Xu et al. 1999; reviewed in Wawer-
sik and Maas 2000). Comparison of the networks used during verte-
brate myogenesis, eye and ear development reveals that different mem-
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bers of the Pax, Six, Eya, and Dach gene families have been employed
and that they are differently regulated. The evolutionary expansion and
inclusion of other members of these four gene families appears to have
been critical for the deployment of the cassette in novel developmental

processes. Not only are the new family members expressed in different

temporal and spatial contexts, but also they interact with different part-
ner proteins and activate different downstream targets.

the Pax, Six, Eya, and Dach Gene Families

The Fax /Six /Eya/Dach network is composed of interactions between-

four different families of genes. Two of the families, the Pax and Six
genes, encode DNA-binding transcription factors, while the other two
families, the Eya and Dach genes, encode transcriptional coactivators.
With the evolution of vertebrates, all four gene families have expanded,
and new family members have been co-opted into the Pax/Six/Eya/
Dach network.

The FPax genes constitute a large and relatively diverse family of
transcription factors (reviewed by Miller et al. 2000). Pax genes are
defined by the presence of a paired domain, a 128-amino-acid DNA-
binding domain. In addition, some Pax genes contain a complete or
partial homeodomain and/or a distinctive octapeptide motif. Based on
a comparison of domain structure and sequence, Pax genes are divided
into four classes, PaxA—PaxD. In Drosophila, there are single members
of the A and B classes, but two members of the C and three members
of the D family (fig. 4.1). In vertebrates, no members of the A class ex-
ist. However, there has been an expansion of the other classes: there
are three members of the B class, two members of the C class, and four
members of the D class (Miller et al. 2000; fig. 4.1).

The Six genes comprise a family of transcription factors that con-
tain a homeodomain and a Six domain (reviewed by Kawakami et al.
2000). The homeodomain is unique because it lacks two highly con-
served amino acid residues typical of most homeodomains. Both the
Six domain and the homeodomain are necessary for specific DNA
binding. In addition to its DNA-binding role, the Six domain is essen-
tial for binding to Eva proteins (Pignoni et al. 1997). Members of the
Six family have been divided into three subfamilies based on the lengths
of the region C-terminal to the homeodomain {Kawakami et al. 2000).
In Drosophila, each of the subfamilies contains one family member. In
vertebrates, the Drosophila sine oculis, optix, and six4 subfamilies
have been expanded to include two orthologues each (Kawakami et al.
2000, fig. 4.1).

The Eya genes constitute a family of transcriptional coactivators,
each of which contains an Eya domain. The Eya domain is a highly
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Drosophila Vertebrate
PaxA: pox neuro
PaxB: sparkling Pax 2,5,8
PaxC: twin of eyeless
eyeless 4 Pax 4.6
PaxD: pox meso Pax 1,9
gooseberry
gooseberry neuro  Pax 3,7
paired
sine oculis Six 1,2
optix Six 3, Opix 2
six 4 Six 4,5
eyes absent Eya 1,234
dachshund Dach 1,2

Fig. 4.1.—Comparison of the members of the Pa, Eya, Six, and Dach ganss found in Drosophita and veriebrates.
The Pax and Six families contoin several subfamilies. The Pax fomily is divided into Paxd, PaxB, PaxC, and Poxttsub-
fumilies. The Six fomily s divided into the Sixi, Six2, $ix3 Opix2, and Sixd, 5 subfomilies. Sea references in fext.

conserved region at the C-terminus of the Eya proteins (Xu et al.
1997b). This domain has been shown to be the site of protein-protein
interactions between the Drosopkila Eya and So proteins and between
Eya and Dac proteins (Pignoni et al. 1997; Chen et al. 1997). At the N-
terminus of Eya proteins is a nonconserved proline-, serine-, threonine-
rich region capable of functioning as a transcriptional activator (Xu
et al. 1997a). Eya proteins do not contain known DNA-binding mo-
tifs, suggesting that Eya must act in concert with DNA-binding pro-
teins to regulate transcription (Wawersik and Maas 2000). In Dro-
sophila, there is a single eyes absent gene, and in vertebrates, the family
has expanded to include four members (Bonini et al. 1993; Borsani
et al. 199%; Xu et al. 1997a; fig. 4.1).

The other family of transcriptional coactivators in the network is
the Dach genes. Two regions of high similarity, an N-terminal re-
gion termed DD1/Dachbox-N and a C-terminal region termed DD2/
Dachbox-C, have been identified in all known members of the Dach
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family (Hammond et al. 1998; Davis et al. 1999). The N-terminal do-
main has been shown to be necessary for transcriptional activation in
yeast (Chen et al. 1997), while the C-terminus has been demonstrated
to be critical for binding to Eya proteins in both Drosophila and chick
(Chen et al. 1997; Heanue et al. 1999). Because there is no known
DNA-binding domain in Dach proteins, the transcriptional activation
function of Dach must be mediated by interactions with DNA-binding
proteins. In Drosophila, there is a single dachshund gene, and in ver-
tebrates, the family has expanded to two members (Mardon et al.
1994; Hammond et al. 1998; Davis et al. 1999; Heanue et al. 1999;
Kozmik et al. 1999; Caubit et al. 1999; fig. 4.1).

Drosophila Eye Development

The Drosophila eye consists of a hexagonal array of approximately 750
ommatidia, each containing photoreceptor and accessory cells {re-
viewed in Wolff and Readt 1993). The eye develops from a small num-
ber of cells set aside in the eye imaginal disc (Younoussi-Hartenstein
et al. 1993). During the third instar of larval development, ommatidia
are generated as a wave of differentiation, known as the morphogenetic
furrow, moves from posterior to anterior across the eye disc (Tomlin-
son and Ready 1987). Anterior to the furrow, cells are undifferenti-
ated, whereas posterior to it, cells are recruited into ommatidia and
differentiate into photoreceptors. The initiation and propagation of the
morphogenetic furrow is necessary for the proper formation of omma-
tidia, and the eyeless/sine oculisfeyes absent /dachshund network is es-
sential for this process.

The importance of the ey, so, eya, and dac genes for Drosophila eye
development was revealed through both loss- and gain-of-function
studies. In ey, so, eva, and dac mutants, the eye anlagen initially form
normally. However, during the third instar the eyes fail to develop in
all four mutant backgrounds because of lack of morphogenetic furrow
initiation and massive cell death in the eye disc (Quiring et al. 1994;
Halder et al. 1998; Cheyette et al. 1994; Bonini et al. 1993; Mardon
et al. 1994). Thus, each of these four genes is necessary for proper eye
development. Conversely, gain-of-function studies have shown that
these genes are also sufficient to initiate eye development. In particu-
lar, targeted misexpression of ey, eya, or dac in the antennal imaginal
disc induces the formation of ectopic eyes (Halder et al. 1995; Bonini
et al. 1997; Shen and Mardon 1997). Interestingly, these genes are not

equally potent inducers of ectopic eyes: ey is capable of inducing large

ectopic eyes with high frequency, while eya and dac induce smaller eyes
and at a much lower frequency.
Consistent with their role in eye development, all four genes are ex-
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pressed in the developing eye. ey is expressed first in the earliest eye
anlagen and subsequently becomes restricted to the cells anterior to the
morphogenetic furrow (Quiring et al. 1994). so and eys have similar
patterns of expression (Cheyette et al. 1994; Bonini et al. 1993). Prior
to morphogenetic furrow formation, both are expressed along the pos-
terior and lateral edges of the eye disc with decreasing levels towards
the central region. After morphogenetic furrow propagation, the two
genes are expressed anterior to, within, and posterior to the furrow.
Prior to morphogenetic furrow formation, dac is expressed at the pos-
terior margin of the eye, and subsequently, during furrow propagation,
it becomes restricted to cells anterior to the furrow (Mardon et al.
1994).

The initial expression and regulation of ey, so, eya, and dac is pri-
marily linear (fig. 4.2, A). ey is the earliest expressed component of the

prosophila eye Vertebrate muscle Vertebrate eye Vertebrate ear
ayeless Pax3.7 Pax6 \ Pax25,8
sine eyes Hawta 83 bt —
coulls  absent &ht, Eyat, 24 Cpix2 Eyat23 Sixt Eyat
dachshund Dacht,2 ' Dach1 Dacht
A B c D

=B

. : .

Fig. 4.2 —A—D, Regulatory relofionships befween mambers of the Pax /Six /Eya / Dach neiwork acting during the
development of the Drosepfiflr eye, vertehrate muscle, eye, and ear. 4, The known sufficient inferaciions between ey,
s0, eya, ond dacin the Drasophilo eye as established by experiments ectopically misaxpressing thess genes. Not shown
are the nacessory interactions batween these genes us estublished by analysis of mutants. Analysis of mutants hos de-
termined thot so, eya, ond dic ore not necessary for ey expression and that dac is not necessary for eya expression.
In aefdition, mutant enalysis has determined that ey is necessary for so ed eyo expression, eyeris necessary for so
and drc axpression, and 56 is necessary for eya expressian. 8, The known sufficent interactions between members of
the network in vertebrate muscls os determinad by ectopic misexpression studies in the chick using Pax3, Sixl, fvoZ,
and Pech2. Not indicated is the foct that Pax3 is not necessary vor DachZ expressien, os revealed by nomat Dach?
expression in Splofch mice. €, Known nacessary interactions in the vertebrate eye between members of the network
os determined by analysis Six3, fyal, and Dach! expression in mice with mutations in Paxé. , Known necessary in-
teractions in the vertebrete enr between members of the netwark as desermined by analysis of PaxZand 8, Six, oad
Doch1 expression in Eva T mutant mice and anclysis of Fyal and Dach 7 exprassion in Pax2 mutant mice. £ond f, Pro-
posed interactions between Six, Eya, ond Dach proteing functioning in the development of the Drosophile eye (£} ond
varfehrate muscle {F). See references in fext. -
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ey/soleyaldac network (Quiring et al. 1994) and is the most potent in-
ducer of ectopic eyes (Halder et al. 1995). In addition, ey is expressed
in the absence of so, eya, or dac (Halder et al. 1998; Bonini et al. 1997;
Shen and Mardon 1997). ey, in turn, is required for the expression of
eya and so and is sufficient to induce so and eya (Chen et al. 1997,
Halder et al. 1998). Recently, Niimi and colleagues have shown that
ey regulation of so is direct, as the Ey protein binds and activates so
through an eye-specific enhancer (Niimi et al. 1999). eya and so regu-
late each other’s expression; in the absence of eya, no so is expressed,
and in the absence of so, eya is downregulated (Halder et al. 1998). Fi-
naily, dac is downstream of ey, so, and eya. For instance, ectopic ey in-
duces dac, and ey is expressed in the absence of dac (Shen and Mardon
1997). Also, in the absence of eya, no dac is expressed, but in the ab-
sence of dac, eya is expressed normally (Chen et al. 1997).

Although ey, so, eya, and dac appear initially to be regulated in a
linear manner, these genes ultimately function in a nonlinear network,
and all four are required for eye development (hig. 4.2, A). For in-
stance, gain-of-function studies demonstrate that both eya and dac are
able to induce expression of genes initially upstream in the network. In
particular, ectopic eya induces ey expression, and ectopic dac induces
both eya and ey expression (Bonini et al. 1997; Chen et al. 1997; Shen
and Mardon 1997}. Also, experiments combining loss- and gain-of-
function approaches show that the ability of so, ey, or dac to induce
ectopic eyes requires the function of the initially upstream ey. In ey mu-
tants, ectopic $o, eya, and dac are unable to induce ectopic eyes either
singly or in combination (Bonini et al. 1998; Chen et al. 1997; Pignoni
et al. 1997). Conversely, so, eya, and dac are as critical for eve devel-
opment as ey. In eya, so, or dac mutants ectopic ey is unable to induce
ectopic eyes (Chen et al. 1997; Halder et al. 1998). '

The network is further complicated by the synergistic relationship
between 50 and eya and between eya and dac. As mentioned previ-
ously, ectopic expression of eya or dac is able to induce ectopic eves,
albeit small ones and at a low frequency. However, ectopic expression
of so and eya or eya and dac is able to induce larger ectopic eves and
at a higher frequency (Pignoni et al. 1997; Chen et al. 1997). This syn-

ergistic relationship between so and eya and between eya and dac is un- -

derlain by interactions between the proteins they encode. In particular,
GST pull-down and yeast two-hybrid assays establish that So and Eya
proteins and Eya and Dac proteins physically interact. Several models
may explain the relationship between So, Eya, and Dac proteins and
their downstream target genes {fig. 4.2, E). The transcriptional coacti-

vator Eya may bind to the transcription factor So, which in turn binds

to so binding sites upstream of target genes. The transcriptional coac-
tivators Dac and Eya may bind to a third unidentified transcription fac-
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ror which binds upstream of target genes. Alternatively, a third, as yet
undemonistrated, possibility is that Dac, Eya, and So together form a
transcriptional complex which activates downstream targets.
Recently, a second Pax family member, twin of eyeless (toy}, has
been found to play an important role in Drosophila eye development
(Czerny et al. 1999). Like ey, foy is a member of the PaxC family and
is more likely orthologous to Pax6 than ey. toy is expressed earlier in
development than ey in the developing head ectoderm. Later, foy is
found in the cells anterior to the morphogenetic furrow within the eye
disc. toy appears to act upstream of the entire network, and of ey in
particular. Ectopic Toy induces both ectopic eyes and ey expn?ssign.
toy may in fact directly regulate ey expression; several zoy-binding
sites essential for eye-specific expression have been identified in the ey
enhancer {Hauck et al. 1999). This expansion of the ey/sofeva/dac net-

work to include a second member of the Pax family appears to be

unique to Drosophila. ,

Interestingly, a second Six gene, optix, has been identified in Dro-
sophila and appears to be involved in eye morphogenesis [-r_)y an ey-
independent mechanism (Seimiya and Gehring 2000). optix is a mem-
ber of the Six3 subfamily and is expressed in a pattern different from
so in the developing eye. Early in eye development, optix is expressed
throughout the eye disc and later becomes restricted to the region an-
terior to the morphogenetic furrow (more like the expression pattern
of ev or toy). Unlike so, ectopic optix can induce ectopic eyes. In addi-
tion, unlike so, optix does not function synergistically with eyg in eye
development; ectopic optix with ectopic eya does not induce ectopic
eyes at a higher frequency. Moreover, unlike eya or dac, ectopic optix
can induce ectopic eyes in an ey mutant background. In total, these re-
sults suggest that in the context of ectopic eye formation, optix acts in
a partially different pathway from the one regulated by ey. However,
since no loss-of-function mutants for optix are currently available, the
functional role of optix in the eye disc remains uncertain.

Vertebrate Myogenesis

In vertebrates, somites are segmentally organized mesodermal struc-
tures that are the embryonic precursors of all skeletal muscle (reviewed
in Christ and Ordahl 1995). Somites initially form as epithelial balls
and, in response to patterning signals from surrounding tissues, acquire
distinct fates. The dorsal region of the somite forms the dermamyo-
tome, which gives rise to the dermatome and myotome. The myotome,
in turn, gives rise to the epaxial (deep back) muscles that differentiate
in situ and to the hypaxial muscles that form from cells that migrate
away from the somites and differentiate into body wall and limb
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muscles. In both epaxial and hypaxial muscle cells the expression of
the muscle-specific helix-loop-helix transcription factors, Myf5 and
MpyoD, marks the initiation of the myogenic differentiation program.

The role of the Pax /Six /Eya/Dach network in myogenesis was sug-
gested by the expression of several gene family members in the somite,
In particular, Pax3 and Pax7; Six1 and Six4; Eyal, Eya2, and Eya4;
and Dachl and Dach2 are all expressed in the dorsal somite prior to
expression of the myogenic genes (Williams and Ordahl 1994; Jostes
et al. 1990; Oliver et al. 1995b; Esteve and Bovolenta 1999; Borsani
et al. 1999; Mishima and Tomarev 1998; Xu et al. 1997b; Heanue
et al. 1999; Heanue et al. 2002). In addition, some of these genes are
also expressed in the undifferentiated myogenic precursors migrating
into the limbs. These genes therefore appear to be good candidates for
genes acting upstream of the myogenic regulatory factors,

Recent studies in the chick have revealed some of the regulatory re-
lationships between Pax3, Six1, Eya2, and Dach2 within the somite
and their role during myogenesis. Previous somite calture experiments

and analysis of mouse splotch (Pax3) mutants had firmly established

the importance of Pax3 for induction of myogenesis (Maroto et al.
1997; Tajbakhsh and Buckingham 1299). However, the regulatory re-
lationships of Six, Eya, and Dach to Pax and the roles of these three
gene families in myogenesis were unknown. Somite culture and in vivo
misexpression experiments in chick now have established that Pax3
positively regulates Dach2 and Eya2 expression (Heanue et al. 1999;
Kardon et al. 2002; fig. 4.2, B). Interestingly, analysis of Dach2 ex-
pression in splotch mutants reveals that at least in the mouse, Pax3 is
not necessary for Dach2 expression (Davis et al. 2001). Conversely,
Six1, Eya2, and Dach2 are able to weakly induce Pax3. However, mis-
expression of Dach2 with Eya2 or Eya2 with Six1 in somite culture
is able to strongly upregulate Pax3. Thus, Dach2 and Eya2 or Fya2
with Six1 synergistically regulate Pax3 expression. In addition, these
culture experiments also have established that these pairs of genes syn-
ergistically regulate myogenesis. In particular, while misexpression of
Dach2, Eya2, or Six1 alone was unable to induce MyoD and Myosin
heavy chain, misexpression of Dach2 with Eya2 or Eya2 with Six1
was able to induce these myogenic genes.

The synergistic regulation of myogenesis by Dach2 with Eya2 and
by EyaZ2 with S$ix1 is underlain by specific protein-protein interactions.
{(hg. 4.2, F). GST pull-down and yeast two-hybrid assays demonstrate
that Dach2 and Eya2 proteins physically interact and also Eya2 and

Six1 proteins interact (Heanue et al. 1999). The protein-protein inter-

actions appear to be specific for particular family members. In partic-
ular, while Eya2 and Six1 proteins strongly interact, Eya2 does not
appear to interact with Six3 (Heanue et al. 1999). The importance of
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Eya/Six function in regulating the myogenic regulatory gene myogenin
has been demonstrated in several studies. Gel mobility shift assays have
demonstrated that Six1 and Six4 proteins bind to the MEF3 binding
site of myogenin {Spitz et al. 1998). More recently, Ohto and col-
leagues (Ohto et al. 1999} have shown that Six and Eya proteins
synergistically activate myogenin. Furthermore, the magnitude of co-
operative activation of myogenin transcription depends on particu-
{ar combinations of Six and Eya proteins. Although not yet tested, it is
possible that Dach2 participates directly in this Six-Eyfi transcriptional
complex. _

Many aspects of the Pax/Six/FEya/Dach network functioning in
Drosophila eye development are strikingly conserved in the Pax/Six/
Eya/Dach network functioning in vertebrate myogenesis. In both net-
works, Pax and Dach act in a positive feedback loop, and Pax positively

regulates Eya. Similar to the synergistic regulation of eye development

by dac and eya and by eya and so, myogenesis is regulated synergis-
tically by Dach and Eya and by Eya and Six. Moreover, in both Dro-
sophila and chick, this synergism is underlain by interactions between
Dach and Eya proteins and between Eya and Six proteins. There is also
evidence that the interaction domains of these proteins have been con-
served between Drosophila and chick. When chick Dach2 is ectopically
expressed in Drosophbila dac null mutants, the mutant eye phenotype
is rescued, This suggests that chick Dach2 can functionally interact
with Drosophila eya and that the interaction domain of the Dac and
Dach2 proteins is similar (Heanue et al. 1999). In addition, yeast two-
hybrid assays have directly shown that chick Six1 can physically inter-
act with Drosophila Eya demonstrating that the interaction domains
of Six1 and So are conserved (Heanue et al. 1999).

One notable dissimilarity between the fly and the chick Pax/Six/
Eya/Dackh networks 1s the employment of Pzx3, and potentially Six4,
in vertebrate myogenesis. Pax3 is a member of the PaxD subfamily and
therefore is not orthologous to ey, a PaxC subfamily gene (Miller et al.
2000), and likewise Six4 is not orthologous to so (Kawakami et al.
2000). Thus, it appears that during vertebrate evolution, different mem-
bers of the Pax and Six families have been substituted in the network.

Vertebrate Eye Development

The morphological development of the vertebrate eye differs dramati-
cally from the development of the fly eye (reviewed in Grainger 1992).
Vertebrate eye development begins with the outpouching of the dien-
cephalic portion of the neural tube. This outpouching, the optic vesi-
cle, subsequently contacts the head ectoderm and interacts with the

_overlying ectoderm as it thickens into the lens placode. The lens pla-
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code then invaginates, detaches from the adjacent ectoderm, forms a
lens vesicle, and eventually lengthens to form the lens of the eye. Con-

currently, the optic vesicle folds inward on itself and surrounds the de-
veloping lens. The cells of this optic cup proliferate and differentiate
into the neural and pigmented layers of the adult retina.

Pax6, Six3, Opix2, Eyal and Eya2, and Dach1 are all expressed in
the developing eye. Pax6 is initially expressed in the optic vesicle and

in the head surface ectoderm in both the lens and otic regions prior to
placode formation. As development proceeds, Pax6 becomes localized

to the lens placode and the neural retina (Grindley et al. 1995; Lietal, -

1994; Walther and Gruss 1991). Six3 is also expressed in the develop-
ing optic vesicie and later in both the neural retina and the lens {Ohto
ct al. 1998; Oliver et al. 1995a), Optx2 has a slightly different expres-
sion pattern: it is found in the developing optic vesicle and later in the
neural retina but appears to be absent in the developing lens (Jean et al. .
1999; Lopez-Rios et al. 1999; Ohto et al, 1998; Toy and Sundin 1999;
Toy et al. 1998). Two members of the Eya family, Eyal and Eya2, are
expressed in complementary patterns in the developing eye (Xu et al.
1997b). Early in development, Eya] is expressed in the lens vesicle and
the peripheral region of the optic vesicle, and it later is localized to the
anterior epithelium of the lens and the retinal pigmented epithelium, In
contrast, Eya2 is never found in the lens or pigmented epithelium, but
instead is expressed in the neural retina. Finally, Dach1 is expressed
in the developing optic vesicle and later in the neural reting {(Hammond
et al. 1998; Kozmik et al. 1999; Heanue et al. 2002).

The critical role of the Pax, Six, and Eya genes in vertebrate eye de-
velopment has been revealed primarily by analysis of mouse and human
mutations (reviewed in Wawersik and Maas 2000}. Mutations in Pax6,
Six3, and Opix2 all lead to severe eye defects. Mutations In mouse
Fax6 cause the Small eye (Sey) phenotype (Hili et al. 1991, Hogan et al.
1986). Sey/+ heterozygotes have lens and cornea abnormalities, while
Sey/Sey homozygotes lack eyes altogether. Similarly, in humans haplo-
insufficiency for Paxé Jeads to aniridia, and homozygous Pax6 muta-
tions lead to anophthalmia (Glaser et al. 1994a, 1994b; Ton et al.
1991). In addition, mutations in human Six3 cause microphthalmia,
while mutations in Optx2 result in anophthalmia (Gallardo et al. 1999,
Wallis et al. 1999). Analysis of mice with null mutations in Evgl has
not revealed any major defects in eye development (Xu et al. 1999),
However, a subset of human Eyal mutations does result in cataracts
and anterior segment abnormalities (Azuma et al. 2000).

Gain-of-function studies also confirm the tmportance of the Pax and
Six genes for vertebrate eye development. Ectopic expression, via RNA
injection, of Pax6 in Xenopus or Six3 in the teleost medaka results in
ectopic retina and lenslike structures (Altmann et al. 1997; Chow et al.
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1999; Loosli et al. 1999; Oliver et al. 1996). In addition, misexpres-

ion of Optx2 in chick retinal pigmented epithelium induced cells to
Slx ress neural-retina-specific markers {Toy et al. 1928). Overexpres-
:ioi of Optx2 in Xenopus induced proliferation of retinal cells (Zuber

[. 1999). . .
“ ZI present, little is known about the regulatory relationships be-

rween the Pax, Six, Eya, and Dach genes functioning during eye devel-

opment. Flowever, some data on the relationship of Pax6 to Six, Eya,

b and Dach genes have been gathered from analysis of early Sey embryos.

/Sey mice, Eyal is downregulated in the developing 1§ns in
iﬁet};ii?ce cj:f functioﬁal Paxé (Xu et al. 1997a)..Th(.3 expression (')f
Six3 and Dachl in the optic vesicle and neural retina is unaffected in
the Sey/Sey mice (Oliver et al. 1995a; Heanue et .al. 200?,}. Therefore,
in the developing eye Eyal, Six3, and Dach1 are dlf&_:rennally regulated
by Pax6. Understanding of the regulatory relationships among the Eya,

Six, and Dach genes awaits the further analysis of mouse single and

double knockouts. _ N

The Pax /Six /Eya/Dach network appears to be c'ntlcai for eye dev&;l—
opment in both vertebrates and Drosophila, despite the radlcglly dif-
ferent structure and morphogenesis of their eyes. 1{1 Drosophila these
genes are important for the initiation and propagation c.)f the morpho-
genetic furrow, while in vertebrates these genes are requn:ec.{ for the de-
velopment of the lens and the retina. Members of the Pax, Six, Eya, and
Dach gene families are all expressed in- both Vert_ebrate am‘:l Drasoph-
ila eyes, but there are some interesting d1£ference§ inthe gamcular genes
expressed and their regulation. ey in Drosophila and its orthologue,
Pax6, in vertebrates are key regulators of eye development. .Howeveg
while so is critical for Drosophila eye development, there is no evi-
dence that its orthologues, Six1 and Six2, are used in vertebrate eyes.
Instead, members of the opiix /Six3 subfamily, Six3 and Opix2, are im-
portant for vertebrate eye development. Comparison of the regulation
of these genes in fly and vertebrate eyes reveals that some, but not all,
aspects of the regulatory network are conserved. In both the vertebrate
and Drosophila eye, Eya gene expression is dependent on Pax genes.
Interestingly, both Six3 expression is independent of 'Pax6 in the verte-
brate eye and optix expression is independent of_ ey in the Drosophila
eve. The regulation of Dach genes appears to d_1£fer between the two
systems; in vertebrates expression of Dackl is independent of Pax6,
while in Drosophila dac expression is dependent on ev.

Vertebrate Ear Development

The vertebrate inner ear derives from a thickened area of ectoderm, the
otic placode, localized close to the hindbrain (reviewed in Torres and
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Giraldez 1998). The otic placode invaginates to give rise successively
to the otic cup and then to the otic vesicle. From the early otic cup, cells
delaminate to give rise to the cochlear and vestibular neurons, The other
components of the inner ear derive from the otic vesicle. The vesicle
undergoes intense proliferative growth and differentiates into the en-
dolymphatic duct, semicircular canals, vestibule, and cochlea. The ex-
pression of Pax, Six, Eya, and Dach genes in the developing otic cup
and vesicle, and the ear defects resulting from mutations in some of
these genes, indicate that the Pax /Six/Eya/Dach network is also criti-
cal for vertebrate ear development.

Pax2, Pax$, and Pax8, Six1, Eyal, and Dach1 are expressed in var-
ious temporal and spatial patterns in the developing inner ear. Pax$§ is
the earliest Pax gene to be expressed in the developing otic region. Pax8
is expressed in the prospective otic placode and in the developing otic
vesicle but is downregulated as the vesicle differentiates {Heller and
Brindli 1999; Plachov et al. 1990). Pax2 is associated with the audi-
tory region of the inner ear. It begins to be expressed in the otic cup
and is restricted to the ventral half of the otic vesicle that will give rise
to the cochlea and adjacent sacculus (Nornes et al. 1990). In addition
in Xenopus, Pax5 is transiently expressed in the invaginating otic vesi-
cle (Heller and Brandli 1999). Six1 is found in the otic placode, vesicle,
and facioacoustic ganglion (Oliver et al. 1995b). Finally, both Eyal
and Dach1 are expressed in the otic vesicle. Eyal is initially expressed
in the ventromedial wall of the otic vesicle, which is the site of the fu-
ture sensory epithelia of the cochlea (Xu et al. 1997b; Kalatzis et al.
1998). Dachl is also expressed in the ventromedial wall of the otic
vesicle and in the vestigial ganglia (Heanue et al. 2002).

Loss-of-function studies have demonstrated that at least Pax2 and
Eyal are required for normal ear development. Analysis of Pax2 mu-
tant mice shows that Pax2 is necessary for differentiation of the audi-
tory regions of the inner ear. In these mutants, the otic vesicle invagi-
nates and the cochlear neurons segregate normally from the vesicle.
However, in the subsequent morphogenesis of the otic vesicle, neither
the cochlea nor the cochlear ganglion differentiates. Eyal mutant mice
have an even more dramatic ear phenotype (Xu et al. 1999). These
mice have defects in their inner, middle, and outer ears. With regard to
the inner ear, the otic vesicle forms but fails to develop further, and no
inner structures form. The critical role of Eyal in ear development is
also found in humans. Haploinsufficiency in human Eyal results in
branchio-oto-renal syndrome (Abdelhak et al. 1997a, 1997b; Kumar
et al. 1998), which is characterized by hearing loss. Mice with null mu-
tations in another gene, Pax8, expressed in the developing ear have also
been generated (Mansouri et al. 1998). However, these mutant mice
do not have ear phenotypes. It is possible, although not yet tested, that
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upregulation of Pax2 and/or Pax5 compensates for the loss of func-
tional Pax$§.

Analysis of Eyal and Pax2 mutant mice reveals some of the regula-
rory relationships between Pax2 and Pax8, Six1, Eyal, and Dachl. In
mice lacking functional Eyal, Six1 expression is lost (Xu et al. 1999).
This demonstrates that Six1 expression is regulated by Eya1. In con-
trast, Pax2, Pax8, and Dach1 expression is unaffected in the Fyal mu-
tant, indicating that these genes are regulated independently of Eyal
(Heanue et al. 2002; Xu et al. 1999). In Pax2 mutant mice expression

“of Eyal and Dach1 is unaffected, suggesting that their expression is
regulated independently of Pax2. However, their expression may be reg-
ulated by Pax5 and/or Pax8§ (Heanue er al. 2002).

In summary, the coexpression of Pax, Six, Eya, and Dach genes in
the developing ear together with the ear phenotypes in mice mutant for
Pax2 and Eyal strongly suggests that the Pax /Six/Eya/Dach network
is functionally important in vertebrate ear development. In the em-
ployment of this network for ear development the sine oculis ortho-
logue, Six1, has been used, but the eyeless PaxC orthologues have not.
Instead, PaxB subfamily members Pax2, Pax5, and Pax8 have been uti-
lized. Although there has been little analysis of the regulatory relation-
ships between the genes, some aspects of the regulation found in the
Drosophila eye have been conserved in the vertebrate ear, while others
have not. For instance, as in Drosophila, Six1 expression is dependent
on Eyal. However, unlike the fly eye, Dach1 expression appears to be
independent of Eyal.

Comparison of the Pax/Six/Eya/Dach Networks
Employed in Drosophila and Vertebrate Development

The Pax/Six/Eya/Dack network has been employed in Drosophila
and vertebrates in a variety of different developmental contexts {sum-
marized in fig. 4.2). In Drosophila the network in the eye primarily
consists of eyeless, sine oculis, eyes absent, and dachshund. Although
not explicitly tested, it is possible that the network is employed in Dro-
sophila in other developmental contexts, perhaps using other members
of the Pax and Six families. For example, in the Drasopbila larval eye
(Bolwig’s organ) both sine oculis and eyes absent are required for its
proper development, but eyeless and zwin of eyeless are not (Suzuki
and Saigo 2000). Potentially, another Pax family member is important
in this developmental context. In the future it will be interesting to see
whether in other parts of the Drosophila embryo the network is found
to function with members of the Pax A, B, and D subfamilies or with
optix or six4.

With the evolution of vertebrates, each of the gene families has un-
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dergone duplications, and the network has been employed in several
different developmental contexts. As might be expected, ey and so or-
thologues have been used in the vertebrate Fax /Six/Eya/Dach net-
works, ey and toy and their orthologue, Pux6, have been used in Dro-
sophila and vertebrate eye development, respectively. Similarly, so and
its orthologue, 8ix1, have been employed in Drosophila eye develop-
ment and in vertebrate muscle and ear development. However, the ver-
tebrate Pzx and Six families are complex and include multiple subfam-
ilies. Nonorthologous members of the Pax and Six families have been
employed in the Pax/Six/Eya/Dach nerwork. Members of the PaxB
(Pax2/Pax5/Pax8) and D (Pax3 and Fax7) subfamilies have been used
in vertebrate ear and muscle development, respectively. In vertebrate
eye development, 8ix3 and Opzx2 and not the so orthologues Six1 or
Six2 are used. In addition, all known members of the Eya and Dach
families appear to have been employed in the network in different de-
velopmental contexts. Comparison of the particular members of the
Pax, Six, Eya, and Dach families used suggests that there is no neces-
sary relationship between which particular family members must be
used together in concert. For example, Six7 can work in a network
with either Eyal or Eya2, and Eyal can work in a network with either
Six3 {Opx2) or Sixl.

Many aspects of the regulatory relationships between Pax, Six, Eya,
and Dach genes have been conserved between Drosophila and verte-
brates. Initially Pax genes are most upstream, followed by Six, Eya,
and Dach genes. Subsequently, positive regulatory loops are estab-
lished between the components to form a complex network. How have
these tight regulatory relationships been maintained? In Drosophila,
part of this regulation is direct; the Ey protein binds to an eye-specific
enhancer of so and activates so (Niimi et al. 1999). Although it has not
yet been demonstrated, Pax genes may bind to Six upstream regions.
Another possibility is that the Six transcription factors may directly
bind to and transactivate Pax, Eya, and Dach genes. The tight regula-
tory relationships between Six and Eya and between Eya and Dack may
be indirect yet made necessary by the physical interactions between the
proteins they encode. A third possibility is that the entire network of
genes is maintained by common regulatory regions upstream of the
Fax, Six, Eya, and Dach genes. The upstream regions may be impor-
tant for restricting the temporal and spatial distribution of these genes.

Although many of the regulatory relationships have been conserved
in the Pax/Six/Eya/Dach network, there are significant instances of
nonconservation. Within vertebrates, some genes have been decoupled
from the tight network of internal regulation. For instance, within the
vertebrate eye, Dach1 expression is independent of Pax6 (Heanue et al.
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2002). In fact, there are multiple documented cases WheL:e me;nbers of
the Pax, Six, Eya, and Dach families are operating entirely 1pdepen—
dently of the network. In the Drosophila wing and vertebrate llmb dac
and Dach1 {Mardon et al. 1994; Hammond et al, 199.8; Kozmik et al.
1999; Davis et al. 1999; Heanue et al. 1999), respectively, are clearly
functioning independently of the network, as no Pax, Six, or Eya genes
are coexpressed in these regions (LeClair et al. 1999; Xu et.ai. 1997a,
1997b; Oliver et al. 1995a, 1995b). In vertebrates Pax] is gtrongly
expressed in the sclerotomal region of the somites, but no Six, Eya,
or Dach genes are expressed in this region (Hammond et al. 1998;
Kozmik et al. 1999; Davis et al. 1999; Heanue et al. 1999). Another
interesting evolutionary novelty has been the expansion of the network
in Drosophila to include both ey and toy (Czerny et al. 1999; Hauc:k
et al. 1999). So far, no such similar expansion has been discovered in

vertebrates.

Evolution of the Pax/Six/Eya/Dach Regulatory Network

The evolution of the Pax, Six, Eya, and Dach genes is characterized
by the expansion of each of these gene families (fig. 4.3). In. the l.ower
Metazoa, the only gene family that has been currently identified 1s.the
Pax family. In cnidarians, four Pax genes, A-D, are present {Miller
et al. 2000). The identification of cnidarian Six, Eya, and Dach genes
awaits further research. On the basis of the distribution of genes in
Drosopkila and vertebrates, it appears that members qf all fogr fami-
lies are present before the protostome-deuterostome split. At this node,

Cnidaria Protostomes Deuterostomes
BD. melanogaster M. muscuius
PaxC: gﬂ'g ma;ssysrsss
PaxD; yaossggsny
goosabany neur)
palred /|| FaxB: Pax 2,58 Six 1.2 Eyat23d Dach 1,2
PaxC: Pax 4,6 Sk 30pix 2
Pax: Pax 1,8 Six 4.5
Pax 3,7
PaxA: poxneurc sine gvulis|  {oyes absent] dachshund|
PaxB: sparkling optix
PaxC: toy/sy ancestral genei | gpe 4
FPaxD: pox meso
gst/prd ancestral gens|

PaxA 2 9
PaxB
PaxC
FaxD

Fig. 4.3~ Evolutiarary history of the Pax, Six, £y, und Dach gene fomnilies as deduced from the distribution of ganes
in cnidarians, Drosaghila, and mouse (Miller et al. 2000; Kowakamé et ol. 2000).
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the Pax family had undergone duplication and contained at least five
members. Also, three Six family genes, one Eya, and one Dach gene
were present. With the evolution of protostomes, there were further
duplications in the Pax family, so that Drosophila has eight Pax genes
Within the evolution of deuterostomes, there has been an expansion of
all four gene families. Vertebrates have at least nine Pax genes, six Six
genes, four Eya genes, and two Dach genes.

The phylogenetic distribution and the developmental expression of
the Pax, Six, Eya, and Dach genes provide some insights into the ori-
gin of the Pax/Six/Eya/Dach network. The presence of all four gene
families in the protostome/deuterostome common ancestor suggests
that the network may have been present and functional very early in
animal phylogeny. Moreover, if cnidarians are found to have Six, Eya
and Dach genes, the network may have originated even earlier. The ani
cestral developmental function of Pax genes, perhaps in the context of
the Pax /Six/Eya/Dach network, may have been in the development of
the nervous system. Although Pax genes are expressed in a variety of

tissues in higher animals, most are expressed in the nervous system

during development (Miller et al. 2000). Intriguingly, the one Pax gene
Pax-Cam, examined in the anthozoan cnidarian Acoropora is found iIl,
the presumptive developing neurons (Miller et al. 2000). It will be in-
teresting to see whether Six, Eya, and Dach genes are coexpressed in
the developing neurons and whether all four genes function in a regu-
latory network important for nervous system development,

With the evolution of protostomes and deuterostomes, the Pax /Six/
Eya/Dach network has acquired a diversity of functions in the devel-
oping embryo. This diversification of function has been accompanied
by the expansion and use of different members of the Pax, Six, Eya, and
Dach families. Tn fact, it could be argued that it is the deployment of
other gene family members that has aliowed the Pax /Six /Eya/Dach
network to be successfully used and furctional in so many develop-
mental contexts. The use of different family members may allow for di-
versification of function via three different mechanisms. First, the use
of genes with different temporal and spatial patterns of expression may
permit the network to operate in novel developmental contexts. Sec-
ond, the differences in the DNA-binding specificities of different Pax
and Six proteins may allow activation of different downstream targets,
Finally, variation in protein-protein interactions between Six and Eya
p‘roteins and between Eya and Dach proteins may allow activation of
different target genes. Such protein-protein specificity and its impor-
tance for target gene activation have been clearly demonstrated with the
Six/Eya activation of myogenin (Ohto et al. 1999; Spitz et al. 1998).
Overall, the important and diverse functions of the Pax/Six /Eya/Dach
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network in the developing embryo are striking and may have served a

o7 crirical role in the evolution of both protostomes and deuterostomes.

The expansion and use of different members of the Pax, Six, Eya, and
" Dach families in the network has afllowed for developmental modifica-
% tion of the Pax /Six /Eya/Dach network. Such modification of develop-
" mental cassettes may be an important mechanism for generating evo-

lationary novelty in the animal lineage.

Evolution of Regulatory Cassettes .

In this chapter we have examined one example of a regulatory cassette,
a network of genes working together in many different developmental
contexts. In general, the continued maintenance of regulatory cassettes
in different developmental contexts in a wide variety of taxa suggests
that there is some developmental and evolutionary utility to these cas-
settes. Here we have examined in detail the Pax/Six/Eya/Dach net-
work. Another example of such a cassette is the tinman /dmef2 [pannier
and Nkx/Mef2¢/Gata4 networks important for heart development in
both Drosophila and vertebrates, respectively (reviewed in Harvey and
Rosenthal 1999). In the case of the Pax/Six/Eya/Dach network, the
tight regulatory relationships berween Six and Eya and between Eya
and Dach probably originated and were maintained by selection for
the necessary physical interactions between the proteins these genes
encode. The origin and maintenance of the relationship between Pax
and the other three genes is less clear. In Drosophila, ey directly regu-
lates so. It is possible that Pax genes, in general, directly regulate Six
(excluding members of the optix subfamily) and perhaps also Eya and
Dach genes. Potentially, transcriptional regulation by Pax genes of Six,
Eya, and Dach genes has allowed Six, Eya, and Dach genes to be co-
selected as a gene network. Over the course of evolution, regulatory
cassettes have proved to be extremely versatile. In the case of the Pax/
Six/EyalDach network, each of the gene families has expanded, and
different members of these families have been used in the network. The
use of different family members may have allowed the Pax/Six/Eya/
Dack network to be used in different spatial and temporal develop-
mental contexts and to activate different downstream targets. In addi-
tion, in some developmental contexts the internal regulatory relation-
ships within the Pax/Six/Eya/Dach network have been modified and
may have made the network more versatile. Both the developmental
utility and the evolutionary flexibility of regulatory cassettes may make
these cassettes central to animal development and evolution. Future
examination of a broad array of animal taxa will reveal how univer-
sally these regulatory cassettes have been used.
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5 The Notch Signaling Module

JOSE F. DE CELIS

In the context of developmental biology, cell-to-cell communication
includes the mechanisms by which cells interchange molecular signals
that affect and/or direct the acquisition of particular cell fates, Cell sig-
naling influences many aspects of cell behavior, such as cell division,
growth, and polarity. In many instances the immediate consequences
of signaling are changes in gene expression triggered by the transcrip-
tional regulators that constitute the final elements of each signaling
pathway. Signaling pathways consist of a number of proteins that are
functionally related in a hierarchical manner. Each pathway generally
includes extracellular ligands, membrane receptors, and a chain of in-
tracellular transducers that modify the activity of a transcription fac-
tor. The interactions between members of a given pathway are deter-
mined by molecular recognition and therefore are context independent.
This makes each signaling pathway a “module” of interacting proteins
that contributes to the regulation of gene expression,

The Notch signaling pathway influences many cell fate choices dur-
ing the development of multicellular organisms (Artavanis-Tsakonas
et al. 1999). The elements that constitute the pathway are conserved
in vertebrates and invertebrates, Furthermore, Notch affects similar
developmental operations in all organisms where its functional re-
quirements have been analyzed, including lateral inhibition during cell
fate choice and local induction in the establishment of developmental
boundaries (Artavanis-Tsakonas et al. 1999). For these reasons, the
Notch pathway can be considered a signaling module that regulates
gene expression. According to this view, the elements of the pathway
constitute a conserved set of interacting proteins that modify the ac-
tivity of a transcriptional regulator. There are two fundamental aspects

81



