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ABSTRACT

Transcription factor AP-2 has essential roles in nervous system, oro-facial and limb
development based on studies of Drosophila and vertebrate model organisms. Previous
studies have shown that dAP-2, the sole AP-2 family gene in Drosophila, is expressed in
leg, antennal, and labial imaginal discs (anlaga of adult legs, antennae and proboscis,
respectively) in multiple domains along the proximal-distal (PD) axis of the growing
appendage. In leg imaginal discs of late larvae and early pupae, dAP-2 is expressed in
nine domains of epithelial cells that presage boundaries (joints) between the ten segments
comprising the adult leg. Genetic analysis has established that dAP-2 is required cellautonomously for leg joint development and non-autonomously for outgrowth of leg
segments. This thesis presents contributions I have made to broaden our understanding of
molecular mechanisms regulating expression of dAP-2 in developing legs and antennae. I
report the identification of multiple cis-regulatory elements each responsible for
activation of particular domains of dAP-2 expression along the PD-axis of the leg and
antenna. Molecular, genetic and biochemical analyses of one of these enhancers, PrF,
which activates expression at the proximal end of the presumptive femur, reveals that it is
directly regulated by Hox transcription factors and their homeodomain cofactor
Extradenticle (Exd). Hox proteins, Exd, and Homothorax (Hth, a homeodomain protein
required for nuclear localization of Exd) and their vertebrate orthologs have ancient roles
in development of proximal regions of limbs. However, until this thesis, direct target
genes for Hox and Exd proteins in leg development were unknown. Our analysis of dAP2 transcriptional enhancers reveals that the seemingly simple repetitive pattern of dAP-2
expression in developing limbs is mediated by multiple separable enhancers each
responsible for activation of a particular portion of the dAP-2 expression pattern and
responding to region- and appendage-specific regulatory factors. Also described in the
thesis are experiments using tissue-specific RNA interference (RNAi) to induce
spatiotemporally restricted loss of dAP-2 and two other proteins, Nubbin, a POU-domain
transcription factor implicated in limb development, and CG10440, a BTB/POZ protein
reported to be a protein:protein interaction partner for dAP-2.
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Chapter 1
Introduction

1.1. AP-2 family transcription factors in vertebrate development

Proteins belonging to the AP-2 family of DNA binding transcription factors share
a highly conserved DNA binding and dimerization domain comprising their C-terminal
halves that is referred to as a basic-helix-span-helix domain (Fig 1-1) (reviewed in
Hilger-Eversheim et al., 2000).

The N-terminal halves of AP-2 proteins are less

conserved and contain segments for transcriptional transactivation (Wankhade et al.,
2000). Since the isolation of the first AP-2 protein from cultured human cells (Mitchell
et al., 1987), the mammalian AP-2 gene family is now known to consist of five genes
(Williams et al., 1988; Moser et al., 1995; Chazaud et al., 1996; Oulad-Abdelghani et al.,
1996; Williamson et al., 1996; Zhao et al., 2001a; Feng and Williams, 2003). In humans
and mice, these genes are tfap2a, tfap2b, tfap2c, tfap2d, and tfap2e (human orthologs are
capitalized), and encode AP-2", AP-2#, AP-2$, AP-2%, and AP-2&, respectively. AP-2
genes have also been identified and studied in other vertebrates including chicken,
Xenopus laevis, and zebrafish, and also in Drosophila (Winning et al., 1991; Shen et al.,
1997; Bauer et al., 1998; Monge et al., 1998; Knight et al., 2003).
Analysis of the in vivo expression patterns of mouse AP-2 family genes has
shown that they are expressed in the developing nervous system, face and limbs during
embryogenesis, and in relatively restricted sets of cell types and tissues in adult mice.
During embryogenesis, AP-2!, AP-2", and AP-2# are detected in extraembryonic
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trophoblast, embryonic ectoderm, and in premigratory and migratory neural crest cells
(Mitchell et al., 1991; Moser et al., 1995; Moser et al., 1997b). Both AP-2! and AP-2"
are expressed in spinal cord and hindbrain, sympathetic ganglia, and mesonephric and
metanephric regions. Specific expression of AP-2! is detected in dorsal root ganglia, and
tooth buds (Fig 1-2A), while AP-2" is expressed in the midbrain, adrenal medulla, and
cornea. AP-2! and AP-2# are expressed in facial, limb and genital buds, and in oral and
genital epithelia (Mitchell et al., 1991; Chazaud et al., 1996; Oulad-Abdelghani et al.,
1996). AP-2$ is expressed in the developing central nervous system, retina and heart
(Zhao et al., 2003); whereas AP-2% is expressed in olfactory bulb (Feng and Williams,
2003); neither are expressed in neural crest cells or in limb buds.

Figure 1-1. AP-2 transcription factors in mice and Drosophila.
Amino acid identities between mouse AP-2" and other AP-2 family proteins within the highly
conserved portion of the DNA binding domain (dark orange) and adjacent domains. DNA binding
requires the basic region and helix-span-helix dimerization domain. Transcriptional activation by
AP-2" requires proline and glutamine-rich segments in the N terminal half of the protein.
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Homozygous null mutations in mouse AP-2!, AP-2" and AP-2# generated by
targeted gene disruption each have lethal effects that reveal essential, non-redundant roles
for these genes during embryonic development. AP-2! null mice die perinatally with
exencephaly and severe defects in facial, nervous system, limb and body wall
development (Schorle et al., 1996; Zhang et al., 1996). Cranial defects are already
evident by embryonic stage E9.5 when the cranial neural folds fail to close. Increased
apoptotic cell death in migrating neural crest cells in E9 AP-2! null mutants suggests that
AP-2! is required for neural crest cell survival (Schorle et al., 1996). AP-2! mutants also
show thoraco-abdominoschisis, in which the ventral body wall and sternum of the rib
cage fail to develop and the inner organs are exposed (Schorle et al., 1996; Zhang et al.,
1996). In addition, craniofacial and axial skeletons are reduced in size and malformed
(Fig 1-2C). Limb defects in AP-2! null mice consist, in the forelimb, of loss of the
radius bone, loss or transformation of digit 1, and a slight shortening of the limb along the
proximodistal axis (Fig 1-2B). The craniofacial and limb defects and brain and body wall
closure defects seen in AP-2! -/- mutant mice may be caused by lack of AP-2" activity
in either ectodermal cells or underlying mesodermal cell types (neural crest-derived in the
case of craniofacial primordia) or both.

3

Figure 1-2. Limb and craniofacial defects in AP-2! -/- mice.
A. Forelimb skeletal preparations of wild-type and AP-2! -/- mouse. The radius and first
digit are missing in the mutant forelimb. B. The mutant head skeleton lacks skull vault,
and all other craniofacial bones are severely reduced and malformed. Ossified bone is
stained red; cartilage is stained blue. (See also Schorle et al., Nature (1996) 381:235-8).

AP-2" null mutant mice die at postnatal days 1 and 2. Analysis of cystic kidneys
in these mice suggested that lethality was caused by enhanced cell death in renal
epithelia. AP-2" null mutants lack overt craniofacial and limb defects indicating that,
despite considerable overlap in expression between AP-2! and AP-2", AP-2! is the main
family member required for craniofacial and limb development (Moser et al., 1997a;
Moser et al., 1997b). AP-2# null mutant embryos are growth retarded, fail to implant in
the uterus, and die between E7.0 - E9.0 (Auman et al., 2002; Werling et al., 2002).
Despite important roles for AP-2# in proliferation and differentiation of extra-embryonic
4

tissues, AP-2# apparently has no major roles in development of the embryo proper based
on a study of chimeric mice with extraembryonic tissues derived from wildtype ES cells
and embryonic tissues derived from AP-2# -/- ES cells (Auman et al., 2002). Targeted
disruptions of mouse AP-2$ and AP-2% genes have not yet been reported.
In humans, dominant mutations in AP-2" cause Char Syndrome, a genetic disease
characterized by facial and hand defects and a heart defect, patent ductus arteriosus
(Satoda et al., 1999; Satoda et al., 2000; Zhao et al., 2001b). In Char Syndrome patients,
both hands have a shortened little finger (digit 5) lacking the second phalange. The AP2" mutations causing Char Syndrome are typically missense mutations in the highly
conserved DNA binding domain that abrogate DNA binding but not dimerization
functions of the mutant protein. It has been hypothesized that the dominant negative
effect of Char AP-2# mutant protein is caused because it forms non-DNA binding
heterodimers with wildtype AP-2# protein and thereby reduces AP-2 activity.

1.2. AP-2! in vertebrate limb and craniofacial development

The vertebrate limb skeleton consists of a proximal region called the stylopod
(humerus in forelimb/femur in hindlimb), a middle region called the zeugopod (radiusulna/tibia-fibula), and a distal region called the autopod (hand/foot). Studies have
suggested that Hox genes are involved in specifying where limb buds will form during
embryogenesis, and that Wnt, Notch, and FGF signaling pathways play essential roles in
initiating limb bud formation (reviewed in Tickle and Munsterberg, 2001; Mariani and
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Martin, 2003; Tickle, 2003). Limb development begins when skeletal and muscle
precursor cells from lateral plate mesoderm and somitic mesoderm, respectively,
accumulate and proliferate under the surface ectoderm to form a limb bud. FGF10
secreted from limb bud mesenchymal cells induces overlying ectoderm to form the apical
ectoderm ridge (AER), an area of thickened ectoderm at the distal tip of the nascent limb
bud. Experiments in chick embryos have shown that Notch signaling is involved in
positioning the AER at the dorsal-ventral boundary of the bud, and that ectopic activation
of Notch signaling in ventral ectoderm of the nascent limb bud can induce an ectopic
AER which is sufficient to generate supernumerary limb skeletal elements (Laufer et al.,
1997; Rodriguez-Esteban et al., 1997). In addition, a naturally occurring mutation in the
Notch ligand, Jagged2 (a homolog of Drosophila Serrate) causes digit fusions in mice
(Sidow et al., 1997; Jiang et al., 1998).
Signaling from the AER to underlying mesenchyme cells is essential for proper
patterning of the limb proximo-distal axis and for limb outgrowth as shown by the
abnormal skeletal development caused by removal of the AER from the limb bud.
Among the signaling molecules expressed in the AER, FGF4 and FGF8 regulate cell
proliferation and survival in the limb bud (Sun et al., 2002). During outgrowth process,
chondrocyte precursors aggregate and condense in a proximal to distal order such that
proximal skeletal elements (humerus/femur) appear first, and distal elements later.
Specification of proximal versus distal regions of the limb appears to be regulated
by distinctly different signaling pathways. Sonic hedgehog (Shh), a mouse homologue of
the Drosophila Hedgehog (Hh) protein, is expressed in the zone of polarizing activity
(ZPA), mesenchyme located at the posterior margin of limb bud, and is required for
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anterior-posterior (AP) axis specification (Chiang et al., 1996; Chiang et al., 2001;
Litingtung et al., 2002; te Welscher et al., 2002). Analysis of Shh -/- mice indicates that
Shh signaling is essential for specifying number and identity of digits, and for outgrowth
of the autopod. Proximal limb structures, in contrast, develop normally in Shh -/- mice.
In addition, a double knock-out of two Dlx family genes, mammalian homologs of
Drosophila Distal-less (Dll), results in limb abnormalities including split limbs and
missing central digits due to decreased cell proliferation in the medial AER (Robledo et
al., 2002). Retinoic acid (RA) is required for PD and AD axis patterning and outgrowth
of the limb (Niederreither et al., 2002; Yashiro et al., 2004).

RA promotes

proximalization of limb cells and is required to maintain expression of Meis genes, mouse
homologs of Drosophila homothorax (hth), in the proximal limb (Mercader et al., 2000).
Expression of Meis genes in the distal limb is repressed by FGF signaling from the AER.
AP-2! is expressed in ectoderm of the nascent limb bud and, as the bud begins to
grow out at ~E9.5 , expression is activated in distal limb mesenchyme (so called
“progress zone” beneath the AER) and, by E12,5, also in a small medial patch of
mesenchyme (Mitchell et al., 1991). Based on its anterior-medial location, the latter may
correspond to the mesenchymal condensation for the future radius bone (lost in AP-2! -/mice).
In chick embryos, as in mouse, AP-2! is highly expressed in ectoderm and
mesenchyme of limb buds and facial primordia (Shen et al., 1997). Shen et al. (1997)
showed that removal of the AER from the early chicken limb bud caused rapid down
regulation of AP-2! expression. This down regulation was prevented by implanting an
FGF-4 soaked bead in the manipulated limb bud suggesting that AP-2! is regulated by
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secreted FGF from the AER and that AP-2" could be involved in mediating the action of
FGF factors on survival of limb and facial mesenchyme cells located at a distance from
the overlying ectoderm (Shen et al., 1997; Sun et al., 2002).

1.3. Genes and pathways that regulate Drosophila leg development

Adult legs of Drosophila consist of nine segments along the proximodistal (PD)
axis. From proximal to distal, these are the coxa, trochanter, femur, tibia, tarsal 1-5, and
pretarsus (claw) (Fig 1-3). The anlaga of adult legs, leg imaginal discs, develop inside
the larval body and are derived from precursor cells set aside from thoracic ectoderm
during embryogenesis. At the end of the third larval instar, the leg disc is a sac-like
structure of mono-layered epithelial cells with a series of concentric folds. During the
early pupal stage, the leg disc everts and elongates so that the center of the disc becomes
the distal-most part (future pretarsus) of the adult leg, and more peripheral folds become
progressively more proximal structures (Fig 1-3) (reviewed in von Kalm et al., 1995;
Kojima, 2004).
The leg disc contains anterior and posterior compartments. Cells in the posterior
compartment express the transcription factor Engrailed and the signaling protein
Hedgehog (Hh). Hh secreted from posterior compartment cells induces adjacent anterior
compartment cells to express Decapentaplegic (Dpp) and Wingless (Wg) signaling
proteins, in anterior-dorsal and anterior-ventral compartments of the leg disc, respectively
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Figure 1-3. Drosophila leg development.
Schematic depicting side-views of the leg imaginal disc (leg anlagen at late larval stage),
elongating pupal leg, and adult leg. The center of the highly folded leg disc contains
presumptive distal leg structures, and progressively more peripheral portions contain
more proximal leg structures. Leg segments: coxa (co), trochanter (tr), femur (fe), tibia
(ti), tarsus (ta), and pretarsus (pr). de: disc epithelium, pm: peripordial membrane.
Adapted from Kojima, Dev Growth Differ (2004) 46:115-29.

(Basler and Struhl, 1994). Together, Dpp and Wg regulate cell fate specification along
the dorsoventral axis of the leg and also regulate expression of proximodistal (PD) axis
patterning genes Distal-less (Dll), dachshund (dac), and homothorax (hth) (DiazBenjumea et al., 1994; Lecuit and Cohen, 1997; Abu-shaar and Mann, 1998; Wu and
Cohen, 1999).
Initially, the PD axis of the leg disc is divided into two domains with Dll
expressed at the center (future distal leg parts) and hth in the periphery (future proximal
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Figure 1-4. Subdivision of Drosophila leg by PD-axis patterning genes.
At the end of larval development, the leg disc is subdivided into five domains along its
proximodistal (PD) axis based on expression patterns of three genes: hth, dac and Dll.
Hth and nuclear Exd (Exdn) coincide because nuelear localization of Exd requires Hth.
On right, lateral view of leg disc; the asterisk marks a domain where all three genes are
expressed. Adapted from Abu-Shaar and Mann, Development (1998) 125:3821-30.

leg parts) surrounding the Dll domain. At early third instar, expression of dac begins as a
domain (ring) between the Dll and Hth domains (Abu-shaar and Mann, 1998). By mid
third instar, a domain expressing both Dll and dac appears between Dll and Dac domains
(Abu-shaar and Mann, 1998). In late third instar leg discs, a narrow ring of cells between
the Dac and Hth domains can be seen to express all three genes; this region corresponds
to the future distal trochanter and proximal end of the femur (Wu and Cohen, 1999).
Therefore, the leg disc is subdivided into five domains based on the expression of the
three PD patterning genes at the end of larval stage (Fig 1-4). Mutations of these
patterning genes result in loss or shortening of leg segments within their respective PDaxis expression domains (Cohen et al., 1989; Mardon et al., 1994; Gorfinkiel et al., 1997;
Wu and Cohen, 1999). In subsequent sections, I will sometimes refer to the “distal”,
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“intermediate” and “proximal” regions of the leg imaginal disc.

These terms will

correspond to future tarsus and pretarsus (distal), future tibia and distal femur
(intermediate) and future proximal femur, trochanter and coxa (proximal) leg regions.

1.4. Drosophila dAP-2 in leg and proboscis development

dAP-2, the sole Drosophila homolog of mammalian AP-2 family genes, was
cloned by degenerate PCR (Bauer et al., 1998; Monge et al., 1998). The DNA binding
domain of dAP-2 has 91–94% amino acid identities compared to mammalian AP-2
proteins, and dAP-2 shows the same DNA binding specificity as mammalian AP-2. dAP2 is expressed in the maxillary segment, brain and ventral nerve cord during
embryogenesis, and in the brain, optic lobes, ventral nerve cord and leg, antennal and
labial imaginal discs during larval development (Monge et al., 1998; Monge et al., 2001).
With respect to leg development, dAP-2 expression is first detected in the early
third instar leg imaginal disc in presumptive proximal region cells surrounding the early
Dll domain (Kerber et al., 2001). In late third instar discs, dAP-2 is expressed in
concentric rings of cells that are proposed to correspond to presumptive leg segment
boundaries based on co-expression of dAP-2 and the Notch target genes Enhancer of
Split (Spl) and big brain (bib) (Fig 1-5) (Monge et al., 1998; Kerber et al., 2001).
A mutagenesis screen yielding 15 lethal point mutant alleles of dAP-2 was carried
out in the Mitchell laboratory to gain insight into functions of dAP-2 (Fig.1-6) (Monge et
al., 2001). Null mutants died as adults or late pupae with a reduced proboscis, severely
shortened legs (~30% of normal length) lacking tarsal joints, and disruptions in the
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Figure 1-5. dAP-2 expression in leg imaginal discs.
Immunostaining of late third instar (A) and early pupal (B) leg discs with anti-dAP-2
antibody. A. dAP-2 is expressed as nine concentric rings during the larval third instar
ssage (end of larval development). B. dAP-2 protein is detected in cells at presumptive
leg segment boundaries in the pre-pupal leg (boundaries in the distal leg are labeled). ti/t1,
tibia/tarsal 1 joint; etc.

protocerebral central complex, a brain region essential for locomotor behaviors. Seven
lethal hypomorphic alleles of dAP-2 were also obtained. These alleles could be ranked in
a phenotypically graded series based on leg length in hemizygous adults (ranging from 40
to 95% of wildtype length). Three of the 8 dAP-2 null alleles were found to have Char
Syndrome-like missense mutations in the DNA binding domain. These alleles each
showed dominant negative effects when paired with hypomorphic alleles and consitute,
therefore, a Drosophila model for human Char Syndrome.
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Figure 1-6. Head and leg defects of dAP-2 mutant flies.
A-C. Heads preps viewed from front. The distiproboscis (labellum, closed arrowhead)
and maxillary palp (open arrowhead) are marked. dAP-2 -/- null mutants (null allele
paired with deficiency Df(3L)1118) have a small, shortened proboscis (B) relative to
wildtype. Proboscis of a dAP-210/Df hypomorphic mutant is less affected than in null
mutants. D-F. Prothoracic (T1) legs are shown at the same magnification. Positions of
distal joints are marked by open arrowheads. Distal-most 5 joints are missing in dAP-2
null mutants and all leg segments are severely shortened; tibia/t1 joint is present in dAP211 hemizygous fly (strong hypomorphic allele). Adapted from Monge et al.,
Development (2001) 1239-52.

Analysis of dAP-2 mutant clones generated by the FLP/FRT mediated
recombination showed that dAP-2 mutant cells in presumptive leg joints cannot
participate in joint formation although neighboring wild-type cells can; this suggests that
dAP-2 is cell-autonomously required for joint formation (Kerber et al. 2001). dAP-2 can
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induce formation of supernumerary joints when mis-expressed in tarsal interjoint regions.
When random clones of cells constitutively expressing dAP-2 were generated in wild
type leg discs, the adult legs showed a variable degree of abnormality including
shortening of leg segment, abnormal joints and ectopic joints depending on size and
location of the clones (Monge et al. 2001).

For example, large clones of dAP-2

expression cells spanning one or more leg segments caused the shortening and fusion of
affected leg segments. The shortening of leg segments in dAP-2 mutants has been
correlated with increased cell death in the inter-joint region as assayed by TUNEL
staining (Kerber et al., 2001). Taken together, the loss- and gain-of-function studies for
dAP-2 suggested that dAP-2 is required cell-autonomously for joint formation and noncell-autonomously for survival of inter-joint cells in Drosophila leg development.

1.5. Exd/Pbx and Hth/Meis homeodomain proteins in development of proximal
regions of Drosophila and vertebrate limbs

Extradenticle (Exd) and Hth are homeodomain transcription factors that are
required for the patterning and outgrowth of the proximal leg segments in Drosophila and
can disrupt distal leg development when ectopically expressed (Fig 1-7) (Rauskolb et al.,
1995; Gonzalez-Crespo and Morata, 1995; Gonzalez-Crespo and Morata, 1996;
Gorfinkiel et al., 1997; Gonzalez-Crespo et al., 1998; Mercader et al., 1999). These two
proteins physically interact, and Hth mediates nuclear translocation of Exd (Rieckhof et
al., 1997; Pai et al., 1998). Therefore, even though exd is ubiquitously expressed in the
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leg disc, Exd is nuclear and functional only in proximal leg regions where hth is
expressed.
In vertebrate limb development, Hth homologs Meis1 and Meis2, are expressed in
the proximal limb bud and promote nuclear localization of the Exd homolog, Pbx1
(Gonzalez-Crespo et al., 1998; Capdevila et al., 1999; Mercader et al., 1999). Overexpression of Meis1 and Meis2 in chicken embryos severely disrupts limb outgrowth
suggesting that restriction of hth/Meis expression to the proximal limb is essential for
limb development in insects and vertebrates (Capdevila et al., 1999; Mercader et al.,
1999). This view has been strongly supported by malformations of the proximal but not
distal limb skeleton in Pbx1 knockout mice (Selleri et al., 2001).

Figure 1-7. Exd is required for proximal leg development and ectopic expression of
hth disrupts distal leg development in flies.
A. A wild type metathoracic (T3) leg. B. A T3 leg with exd-/- clones shows
malformation and shortening of proximal leg segments (See Materials and Methods in
Chapter 3 for details.). C-D. Abnormal T1 (C) and T3 (D) legs resulting from ectopic
expression of hth driven by Dll-GAL4. Segments distal to the trochanter (tr) have failed
to develop. In D, a pair of shortened T3 legs and adjacent thorax are shown. coxa (co).
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Several laboratories have shown that Exd/Pbx can interact with Hox proteins and
bind to target DNA sites as a heterodimer in vitro (Chan et al., 1994; van Dijk and Murre,
1994; Chang et al., 1995; reviewed in Mann and Affolter, 1998).

It was also

demonstrated that interaction with Exd/Pbx results in enhanced DNA binding affinity
and/or target specificity of Hox proteins. Genetic analyses in mice and Drosophila
support the idea that Exd/Pbx and Hox proteins function cooperatively in regulation of
target genes through binding to consensus heterodimer binding sites during development
(Chan et al., 1994; Popperl et al., 1995; Grieder et al., 1997; Maconochie et al., 1997;
Ryoo and Mann, 1999).

1.6. Hox proteins in leg development

Hox genes encode evolutionarily conserved homeodomain transcription factors
that are required for determining segmental identity along the embryonic antero-posterior
axis (reviewed in McGinnis and Krumlauf, 1992; Botas, 1993; Krumlauf, 1994).
Mutations in Hox genes in mice and Drosophila often cause homeotic transformation
(transformation of one body part into another). However, there are many examples in
which Hox mutations result in non-homeotic phenotypes indicating that Hox genes also
play important roles in controlling morphogenesis of specific tissues or organs in each
body segment independent of their roles in defining body part identity (reviewed in
Hombria and Lovegrove, 2003).
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Structural differences between the three pairs of Drosophila legs are determined
by the functions of the Hox genes Sex Combs Reduced (Scr) and Ultrabithorax (Ubx):
Scr is expressed in prothoracic (T1) legs, and Ubx is expressed strongly in metathoracic
(T3) legs and more weakly in mesothoracic (T2) legs (Fig 1-8A) (Struhl, 1982; Casanova
et al., 1985; Brower, 1987; Glicksman and Brower, 1988; Rozowski and Akam, 2002;
Stern, 2003). The Hox gene Antennapedia (Antp) is expressed in all three pairs of leg
discs and is required for determination of leg identity and development of proximal leg
segments (Fig 1-8B-C) (Struhl, 1981; Casares and Mann, 1998; Casares and Mann, 2001;
Emerald and Cohen, 2004).

Figure 1-8. Drosophila Hox proteins Scr, Antp, and Ubx in leg development
A. Expression of Drosophila Hox genes in developing legs. Scr is expressed in the
prothoracic (T1) leg, Ubx in the metathoracic (T3) leg, and Antp in all three pairs of legs.
B-C. In the T2 leg, Antp-/- clones cause shortening of proximal leg segments (from coxa
to tibia) and partial leg-to-antenna transformation mainly in the tibia and distal femur
(arrow).
Adapted from Emerald and Cohen, Dev Biol (2004) 267:462-72.

Vertebrate limb development is a good example of a case where Hox genes show
non-homeotic functions (reviewed in Duboule, 1995). In mice, the 5’-most members of
the HOXA and HOXD clusters are expressed in nested patterns along the PD and AP axis
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in the developing limb: Hoxa9-10 and Hoxd9-10 in stylopod, Hoxa11 and Hoxd9-13 in
zeugopod, and Hoxa13 and Hoxd10-13 in autopod (Favier and Dolle, 1997). Targeted
mutagenesis of these Hox genes does not result in homeotic transformation of limbs but
rather causes shortening, loss or malformation of specific limb skeletal elements. For
example, double and triple knockout studies indicated that Hox9 and Hox10 paralogs are
essential for proper development of the stylopod while Hox11 paralogs function mainly
in patterning of the zeugopod, and Hox13 paralogs are predominantly required for
specification of the autopod (Davis et al., 1995; Fromental-Ramain, et al., 1996a;
Fromental-Ramain, et al., 1996b; Wellik and Capecchi, 2003). Further analysis of these
knockout mice suggested that Hox genes control proliferation of limb bud mesenchyme
cells and differentiation of chondrocytes in specific limb regions (Morgan and Tabin,
1994; Stadler et al., 2001; Boulet and Capecchi, 2004).

1.7. Regulation of Hox protein DNA binding specificity

The function of Hox genes in determining regional identity of different body
segments and controlling morphogenesis of a variety of body structures suggests that
each Hox gene should regulate a unique set of tissue-specific target genes. Paradoxically,
all Hox proteins bind to similar DNA sequences as monomers in vitro (Ekker et al., 1994).
Two non-exclusive models have been proposed to explain how the functional specificity
of Hox proteins is achieved (reviewed in Mann and Morata, 2000). In the binding site
selection model, the DNA binding affinity and specificity of Hox proteins is modulated
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by forming heterodimers with a cofactor, Exd, and its vertebrate homolog Pbx.
Compared with Hox monomers, Exd/Hox heterodimers bind to consensus binding sites
(a/tGATNNAT) with much higher affinity. There are also examples of binding sites
which prefer to bind one Hox protein over the others in the presence of Exd suggesting
that Exd can selectively modulate binding affinity of Hox proteins (Chan et al., 1997;
Grieder et al., 1997; Ryoo and Mann, 1999). In those cases, it was proposed that binding
preference is largely determined by two nucleotides in the Hox half-binding site, namely,
the fifth and sixth nucleotides (NN) in the consensus binding site. For example, the
5’TGATGGAT sequence from an enhancer of the labial (lab) gene preferentially binds
Exd/Lab over Exd/Deformed, while the latter preferentially binds to bind 5’TGATTAAT
(Grieder et al., 1997).
According to an alternative (and not necessarily mutually exclusive) model, the
activity regulation model, Exd provides specificity to Hox protein function by affecting
selective recruitment of co-repressors or co-activators to different Exd/Hox heterodimers
(Li et al., 1999a). Target gene specificity of a particular Exd/Hox heterodimer may also,
in some cases, be determined by other transcription factors bound to nearby cis-elements
in the target gene (Li et al., 1999b).

1.8. Regulation of dAP-2 by Notch signaling in tarsal joints

In Drosophila, each leg segment is connected to the next by a flexible joint. Leg
joint development is controlled by a set of genes which are expressed in a segmentally
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repeated pattern, in other words, as multiple concentric rings in leg imaginal discs (de
Celis et al., 1998; Bishop et al., 1999; Rauskolb and Irvine, 1999; Kerber et al., 2001;
Hao et al., 2003; de Celis Ibeas and Bray, 2003). Notch signaling is necessary and
sufficient for the joint formation and leg growth and is activated in cells at the distal end
of segment (de Celis et al., 1998; Bishop et al., 1999; Rauskolb and Irvine, 1999).

Figure 1-9. dAP-2 is expressed in presumptive tarsal joint cells.
A. During joint development, cells expressing Notch ligands Delta (Dl) and Serrate (Ser)
signal to neighboring cells at the distal end of each segment to activate expression of
Notch target genes, Enhancer of split (E(spl)) and big brain (bib) . B-C. dAP-2
expression coincides with E(spl) and bib in presumptive tarsal joints (arrowheads).
From Kerber et al., Development (2001) 128:1231-8.

Notch ligands, Delta (Dl) and Serrate (Ser), are expressed in cells just proximal to the
Notch activation domain in each segment. A modulator of Notch, Fringe (Fng), is also
expressed in a segmentally repeated pattern. dAP-2 is co-expressed with Notch target
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genes in presumptive tarsal joints (Fig 1-9) and requires Notch signaling for this
expression (Fig 1-10) (Kerber et al, 2001).

Figure 1-10. Notch signaling is required for dAP-2 expression in presumptive tarsal
joints. A-A’’. Suppressor of Hairless (Su(H)) is a transcription factor that mediates
activation of Notch target genes. Su(H) mutant cells (outlined in white) do not express
dAP-2. A’ and A’’ are higher magnifications of boxed area in A. Su(H) mutant clones
were generated by FRT/FLP-mediated recombination during early larval development.
B-B’’. Ectopic expression of NotchICD, the constitutively active form of Notch, induces
ectopic dAP-2 expression in the interjoint region (arrows). An endogenous dAP-2 ring is
marked by an arrowhead. From Kerber et al., Development (2001) 128:1231-8.
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However, dAP-2 expression in more proximal leg segments (coxa, trochanter,
femur and tibia) is not Notch-dependent; thus, other region-specific regulatory pathways
must regulate dAP-2 expression in proximal parts of the leg (Zou et al, submitted).

1.9. Inducible RNA interference to study gene function in Drosophila

RNA interference (RNAi) is a gene-specific post-transcriptional silencing
process triggered by double-stranded RNA (dsRNA) (reviewed by Hammond et al.,
2001; Sontheimer, 2005). The dsRNA is first processed into small (21-23 nucleotides)
interfering RNAs (siRNAs), which are incorporated into a large multiprotein RNAinduced silencing complex (RISC). RISC recognizes and cleaves target RNA molecules
complementary to the siRNAs.
The effectiveness and specificity of RNAi was first demonstrated in
Caenorhabditis elegans by injecting dsRNA into the animal (Fire et al., 1998). Injection
of dsRNA into early Drosophila embryos was also successful in silencing target genes
during embryonic development (Kennerdell and Carthew, 1998; Misquitta et al., 1999).
However, use of this method has been limited by the fact that RNAi induced by injection
of dsRNA does not persist to later developmental stages in Drosophila, and is not
inherited (Kennerdell and Carthew, 1998).
Several different strategies have been taken to solve these problems by expressing
dsRNA in transgenic flies using the yeast GAL4/UAS system (Fortier and Belote, 2000;
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Kennerdell and Carthew, 2000; Martinek and Young, 2000; Giordano et al., 2002). The
GAL4/UAS system has been used extensively to drive transgene expression in Drosophila
(Brand and Perrimon, 1993; Phelps and Brand, 1998). The GAL4 transcription factor
activates transgenes containing upstream activating sequences (UASs) in their promoter
regions. Many different driver lines are available for tissue-specific expression of GAL4
in flies (Manseau et al., 1997). By crossing GAL4 driver line flies with flies carrying a
UAS-transgene, the transgene can be expressed in the pattern identical to the GAL4
expression pattern.

This tool has been useful not only for overexpression or

misexpression of a wild-type protein but also for expressing dominant negative forms of
selected proteins. Tissue- or stage-specific loss of function studies can be carried out for
Drosophila genes of interest by combining the GAL4/UAS system with RNAi.
Several technical improvements in construction of RNAi vectors for expression in
Drosophila have resulted in highly efficient gene silencing.

In general, dsRNA is

expressed from a transgene with inverted repeats homologous to target genes. At the
beginning, two copies of a cDNA fragment were cloned into a GAL4-inducible vector as
head-to-head or tail-to-tail configuration (Fortier and Belote, 2000; Kennerdell and
Carthew, 2000; Martinez and Young, 2000). However, RNAi based on this strategy is
often incomplete and produces relatively weak phenotypes. In addition, it is difficult to
clone RNAi constructs with an inverted repeat in bacteria. The difficulty of cloning has
been solved by introducing a heterologous spacer between the repeats (Piccin et al.,
2001). The effectiveness of RNAi was also improved by using a genomic-cDNA hybrid
approach in which hairpin dsRNAs are only formed after RNA splicing (Smith et al.,
2000; Kalidas and Smith, 2002; Lee and Carthew, 2003).
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Chapter 2
Isolation of dAP-2 enhancer elements for leg and antennal disc expression

2.1 Introduction

Regulatory mechanisms that control the complex spatiotemporal and cell typespecific expression patterns of AP-2 family genes during embryogenesis are relatively
unexplored. Several laboratories have used reporter gene analysis in cultured cells to test
the activities of different lengths of 5’ upstream and basal promoter regions of human
AP-2! and AP-2# genes, and several essential factor binding sites in the basal promoter
region of AP-2# have been identified (Bauer et al., 1994; Creaser et al., 1996; Li et al,
2002; Li et al., 2003). In vivo analyses of the regulatory regions of genes such as mouse
and Drosophila Hox genes, Drosophila even-skipped (eve), and mouse Pax6 by
transgenic reporter gene analysis indicate that developmentally important genes are
regulated by multiple enhancer elements scattered over many kilobases of genomic DNA
(Levine and Tjian, 2005).
Experiments done by Jizhong Zou in our laboratory have revealed that, in contrast
to dAP-2 expression in presumptive tarsal joints, dAP-2 expression in presumptive joints
in intermediate and proximal leg regions does not require Notch signaling (Zou et al.,
submitted). Jizhong has identified a Notch-dependent enhancer element, BXE, upstream
of dAP-2 exon 1a that is sufficient to drive reporter gene expression in presumptive tarsal
joints. BXE contains three essential sub-fragments, two of which each contain an
essential binding sites for Su(H), the transcription factor that, together with the intracellar
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domain of Notch, mediates activation of Notch target genes. These studies indicated that
dAP-2 expression in developing proximal and intermediate regions of the leg must be
regulated by dAP-2 cis-regulatory elements other than BXE.
Here, I report the identification of multiple enhancers that function independently
to direct dAP-2 expression to different proximal segments of the leg and antenna.
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2.2 Materials and Methods

Fly strains
Germ-line transformation was done using the yw;&2-3 Sb/TM6 Ubx strain. The
yw stock was used for generation of transgenic flies. A Drosophila pseudoobscura strain
MV-25 was used to prepare genomic DNA (courtesy of Stephen Schaeffer, Pennsylvania
State University). dAP-22 and dAP-215 are null alleles of dAP-2 isolated in our laboratory
(Monge et al., 2001). The UAS-dAP-2 stock was generated by Euntaeg Yeo using a
construct prepared by cloning the full length dAP-2 exon1a-specific cDNA into the
P[UAST] vector (Brand and Perrimon, 1993).). The odd-skipped-lacZ/CyO was from
Bloomington Stock Center (#11111).

Reporter constructs and generation of transgenic flies by P-element-mediated
transformation
The initial set of reporter constructs and transgenic lines were made and analyzed
by Ignacio Monge. He cloned genomic fragments from the region between exon1a and
exon6 (E6, BBS, BC and SE) into a tau-lacZ vector, which contains a hsp70 promoter
region of ~340 bp upstream of the lacZ gene (Fig 2-2A) (Monge et al., 2001).

I

generated constructs for two genomic fragments, B6d and E9EB, located upstream of
exon1a and downstream of exon6, respectively. These were also cloned into the tau-lacZ
vector for transgenic analysis (Fig 2-2A). The B6d fragment was obtained by genomic
PCR

using

the

primer

set:

5’-CAGAACTCACAATCCAGG

CGTGGATCCTTCGGGGGATGTGCGATG.
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and

5’-

To test the regulatory potential of genomic fragments in the context of
endogenous promoters, the Pelican vector was engineered to have either dAP-2 exon1a
promoter –473 to +31 or dAP-2 exon1b promoter –191 to +156 (pAlacZ and pBlacZ,
respectively).
the

primer

In brief, each promoter sequence was amplified by genomic PCR using
sets;

5’-GTGGGATCCGTATCGCACTCGCATCTCG

and

5’-

GGTAGATCTTTGCGCAGCCACCAGACGTAG for the exon1a promoter, and 5’GGATCCAAATCGGCGACAATCTCTC and 5’-AGATCTGTTCTGGGGCACAAGTC
for the exon1b promoter. The promoter sequences were then cloned into the BamHI site
of Pelican in fusion with the lacZ gene. The Pelican/Stinger vectors contain insulator
sequences in order to reduce position effects on reporter gene expression in vivo (Barolo
et al., 2000).
For the reporter analysis with endogenous dAP-2 promoters, multiple DNA
fragments covering ~32 kb genomic region in and around the dAP-2 gene were cloned
into pAlacZ and/or pBlacZ (Fig 2-3A). Two dAP-2 genomic DNA fragments, KE and
E7, were isolated from a Drosophila BAC clone containing dAP-2 after digestion with
Kpn I/EcoR I and EcoR I alone, respectively. All other dAP-2 genomic fragments were
derived from multiple overlapping lambda phage genomic clones (Monge et al., 2001).
The D. psuedoobscura EB fragment (DPEB) was generated by genomic PCR using the
primer

set:

5’-GCAGGATCCCAAATGCTGGAAATGCGTG

GCAGGATCCACAAAGCCATGACGAAGC.

The sequence

was

and
verified

5’by

sequencing after subcloning into the pGEM-Teasy vector (Promega).
For the deletion analysis of EB, fragments were amplified by PCR using the
following combinations of forward and reverse primers.
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Forward primers:
EB-5’:5’-CACGATTTCGAGGCAGAGAG
EB0.3(255)-5’: 5’-GAATTCTGGTCCTGGTACTGGTCCTG
EB321-5’: 5’-GAATTCACTGGGACACTCGCGTGATGC
EB371-5’: 5’-GAATTCGCAACGCATCGTCAATTTG
EB0.5(529)-5’: 5’-GAATTCAAAGCCTGATTGATGGC
EB0.7(701)-5’: 5’-GAATTCCCCCACTTCCAGATGC
EB886-5’: 5’-GAATTCCGAGTCCTTTGCATCC
Reverse primers:
EB0.5(526)-3’: 5’-GGATCCCGAACCTCTTGGATGAAACG
EB0.6(639)-3’: 5’-GGATCCAACATGCCTCGCAATCCTAC
EB0.8(778)-3’: 5’-GGATCCTGCGAGTTTCCTCTAGTTCC
EB1.4(1395)-3’: 5’-GGATCCTTCTTCCGAACTCGACTG
EB1.7(1704)-3’: 5’-GGATCCGAGAGTGTTGTAAGAGAACC
EB-3’: 5’-GGATCCTCAGTCTCTTCCTTCG
All PCR-amplified genomic fragments were subcloned into pGEM-Teasy and
verified by sequencing. The genomic fragments were digested by EcoR I and BamH I
and subcloned into pAlacZ and/or pBlacZ.
The resulting constructs were prepared using a Qiagen Midi prep column, and
injected into embryos by standard P-element transformation procedures (Spradling and
Rubin, 1983). In brief, embryos were collected on an egg laying plate with yeast paste
every 30-45 minutes in order to finish injection before cellularization begins. Collected
embryos were dechorionated for 10 minutes in 50% bleach. After washing with water,
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embryos were aligned on a slice of agar plate with respect to their anterior/posterior axis,
and then moved to a cover slip with glue along one side. Embryos were desiccated for
about 1 minute, and then injected with DNA using a glass microinjection needle and
micromanipulator.

Progeny were crossed with yw flies, and flies with red eye

pigmentation were isolated in the next generation. Crosses with w; TM3 Sb/TM6B Tb
Hu, and yw; Adv/CyO flies were carried out to determine which chromosome each Pelement insertion was on.
Multiple independent lines were generated for each reporter construct (Appendix
A) and examined for lacZ expression using X-gal staining (see below.)

Rescue experiment
The following constructs and lines were prepared to facilitate a transgenic rescue
of the dAP-2 mutant phenotype using the GAL4/UAS system to drive expression of dAP2 transgene using endogenous dAP-2 regulatory regions.
The plasmid commonly used for promoter-GAL4 fusions, pGaTB, has only one
restriction site (BamH I) available for cloning (Brand and Perrimon, 1993). For the
convenience of future cloning process, pGaTB was modified to have additional unique
restriction sites by inserting a linker DNA into the BamH I site in two orientations (Fig 21). Two resulting vectors, named as pGaTBE and pGaTEB, each has three additional
sites (EcoR I, Sma I and Bgl II) in opposite orientation from each other upstream of the
GAL4 gene. The oligos annealed to make the linker were
5’-GATCCGGAGATCTGAGCCCGGGACCGAATTCCTC and
5’-GATCGAGGAATTCGGTCCCGGGCTCAGATCTCCG.
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Subsequently, the dAP-2 exon1a promoter was cloned into the BamH I site of pGaTEB to
generate pGaTAP (Fig 2-1).

Figure 2-1. Modification of pGaTB promoter-GAL4 fusion vector.
A. The original vector, pGaTB, to be modified, has unique restriction sites for Kpn I and
BamH I (Brand and Perrimon, 1993). Since Kpn I is normally used for subsequent
cloning into P-element transformation vectors, only BamH I is available for cloning of
test-fragments upstream of the GAL4 gene. B-C. Cloning of a DNA linker with EcoR I,
Sma I and Bgl II sites into the BamH I site of pGaTB in two orientations resulted in two
new vectors with either Kpn I, BamH I, Bgl II, Sma I and EcoR I (pGaTBE) or Kpn I,
EcoR I, Sma I, Bgl II and BamH I (pGaTEB) in their multi-cloning sites (MCS). D. The
exon1a promoter of dAP-2 was cloned into the BamH I site of pGaTEB to generate
pGaTAP for use with promoter-less enhancer fragments of dAP-2. This vector has the
same MCS as pGaTEB.
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E6-GAL4 was constructed by inserting dAP-2 E6 fragment into the EcoR I site
upstream of the promoter in pGaTAP. The resulting construct was then cloned into a Pelement transformation vector, pCasper.
Flies with E6-GAL4 inserted on the second chromosome were crossed to y+ dAP22/TM3 Sb flies to generate E6-GAL4;y+ dAP-22/TM6B Tb Hu flies. Flies with UASdAP-2 inserted on the second chromosome were crossed to y+ dAP-215/TM3 Sb flies to
generate UAS-dAP-2;y+ dAP-215/TM6c Tb Sb flies. The two resulting lines were crossed,
and flies with the genotype E6-GAL4/UAS-dAP-2; y+ dAP-22/y+ dAP-215 were examined
for leg phenotype.

X-gal staining and Immunostaining
X-gal staining was performed to measure #-galactosidase (#-gal) activity in the
lacZ reporter transgenic flies. Inverted anterior halves of late third instar larvae were
fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) with 0.1% TritonX100 (PBT) for 10 minutes, washed three times with PBT, and incubated in X-gal staining
solution (PBS, 1mM MgCl2, 5mM K4Fe(CN)6·3H2O, 5 mM K3Fe(CN)6, 0.3% TritonX100) with 1 mg X-gal/mL at 30°C. Discs were stained for appropriate times up to 16
hours. After washing in PBT, discs were dissected and mounted in 90% glycerol for
microscopic analysis. For the X-gal staining of pupal legs, pupae were taken out of pupal
case before fixation.
For immunostaining, leg discs were dissected and processed following standard
procedures (Therianos et al., 1995). In brief, inverted anterior halves of late third larvae
were fixed with 4% paraformaldehyde in 0.1 M PIPES, 2 mM EGTA, 1 mM MgSO4, 1%
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TritonX-100, pH 6.9 for 40 minutes at 4°C. After three washes with TBST (50 mM TrisCl, 150 mM NaCl, 0.1 % TritonX-100, pH 7.4) with 2% normal goat serum (NGS),
samples were incubated overnight at 4°C with primary antibodies in TBST with 4 %
NGS. The primary antibodies used were mouse anti-#-gal (Promega) and rabbit antidAP-2 (Monge et al., 2001).

For immunofluorescence, the following secondary

antibodies were used: Alexa Fluor 488 goat anti-mouse IgG (Molecular Probes), and Cy3
goat anti-rabbit IgG (Molecular Probes). Discs were dissected and mounted in 90%
glycerol for confocal microscopy.
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2.3 Results

Identifcation of dAP-2 leg enhancers using a reporter gene with the hsp70 promoter
Initial transgenic reporter analysis using the hsp70 promoter led to identification
of leg enhancer activity in two genomic fragments, B6d and E6 (Fig 2-2). B6d drives
lacZ expression in the distal leg imaginal disc as several concentric rings. Based on
double staining analysis with anti-#-galactosidase and anti-dAP-2 antibodies (not shown),

Figure 2-2. Reporter gene analysis of dAP-2 leg enhancers using hsp70 promoter.
A. Genomic organization of dAP-2. Transcription is initiated at two alternative sites.
Genomic fragments from ~23 kb dAP-2 locus were tested with a tau-lacZ vector with a
promoter sequence of the hsp70 gene. B. A 5.5 kb-fragment upstream of exon1a, B6d,
drives lacZ expression in multiple rings in the distal part of leg disc. C. A 5.6 kbfragment located between exon1a and exon1b, E6, drives expression in a strong proximal
ring and a weaker medial ring.
Data generated by I. Monge and Y. Ahn.
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these rings correspond to tarsal joints as determined earlier in Kerber et al., 2001. E6
drives lacZ expression as a strong ring in the proximal leg disc together with a weaker
and incomplete ring in the intermediate region. The failure to isolate enhancer activity
for remaining dAP-2 rings in the proximal and intermediate leg disc suggest that
additional enhancer(s) may reside further away from the dAP-2 promoters. Alternatively,
some enhancers may require an endogenous promoter for their activity. The latter could
be particularly true in our case because none of the AP-2 family genes including dAP-2
has a canonical TATA- or CCAAT-box in their promoter while the hsp70 promoter is a
TATA-box based one (Bauer et al., 1994; Creaser et al., 1996; Weber et al., 1997; Li et al,
2002; Li et al., 2003). In fact, when E6 was tested with the exon1a promoter of dAP-2, it
showed additional activity for the missing rings (Fig 2-3I) supporting the idea that some
enhancers can act only on their endogenous promoter.

Isolation of dAP-2 enhancers using endogenous promoters
Genomic organization and vista plot between D. melanogaster and D.
pseudoobscura of the ~32 kb dAP-2 locus is shown in Fig 2-3A. The vista plot
(Couronne et al., 2002; Brudno et al., 2003) was obtained at the VISTA Browser web site
(http://pipeline.lbl.gov/cgi-bin/gateway2?bg=dm2&selector=vista), and showed multiple
highly conserved regions spread throughout the dAP-2 locus. Transcription of dAP-2 is
initiated by two alternative first exons (exon1a and exon1b), and the two isoforms of
dAP-2 transcript share exon2-8 (Bauer et al, 1998; Monge et al., 1998). The 5’
neighboring gene, CG14574 is ~10 kb upstream of KE, and the 3’ neighboring gene, S1P
is 0.5 kb downstream of exon8 in opposite orientation so E9EB includes the 3’ portion of
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S1P as well as the intergenic sequence. I tested regulatory potential of partially
overlapping genomic fragments from the ~32 kb DNA using lacZ reporter transgenes
with endogenous promoters. All DNA fragments except B6d and BG were tested in the
context of the exon1a promoter (pAlacZ) because exon1a is predominantly used in the leg
disc (Zou et al., submitted). B6d was tested only with the hsp70 promoter, and BG was

Figure 2-3. Isolation of dAP-2 enhancers for leg disc expression.
A. VISTA plot of sequence homology between D. melanogaster and D. pseudoobscura
dAP-2 genomic regions. The plot baseline is 50 % sequence identity. Locations of
genomic fragments tested for enhancer function are shown below the plot (tested region
spans ~32 kb). In vivo enhancer activity of all fragments shown, with the exception of
B6d and BG (see text), was tested using a P-element vector, pAlacZ, with the dAP-2
exon1a promoter lacZ. B-M. #gal stained leg disc to assess expression of lacZ reporter
gene controlled by the genomic fragment noted. pAlacZ without an insert showed basal
expression in the distal leg disc (B). Leg discs are oriented with dorsal to the top.
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directly fused to lacZ for the reporter analysis as it includes the exon1b promoter.
X-gal staining of reporter transgenic lines identified leg enhancer activity in two
BamHI fragments, B6d and B4, and in two EcoR I fragments, E7 and E6 (Fig 2-3). E7
and B6d both drive lacZ expression in the distal leg disc, and BXE, the overlapping
fragment between E7 and B6d, is sufficient for expression in presumptive tarsal joints
(Zou et al, submitted). Because E7 showed the same expression as B6d, it is likely that
the 5’ half of E7 lacks any additional leg enhancer activity. B4 drives lacZ expression as
two proximal rings and a diffuse distal pattern. E6 drives reporter expression as multiple
proximal and intermediate rings and in a diffuse distal pattern. B4 and E6 overlap in the
sub-fragment, EB, which yielded two proximal rings similar to those of B4. Another
sub-fragment of E6, B3, drives expression as an incomplete proximal ring with stronger
signal in lateral disc and a non-specific pattern in the intermediate and distal leg disc.
EB, SE, and E9EB were additionally tested with the exon1b promoter (pblacZ).
Compared with pAlacZ-EB, pBlacZ-EB showed similar but much weaker activity (data
not shown) suggesting that the basal activity of the exon1a and exon1b promoters is
intrinsically different in leg disc. However, there is a possibility that the exon1b
promoter used in this study is not long enough to include all the cis-elements necessary
for the basal promoter activity, and it is the position of an enhancer relative to the two
promoters that determines on which promoter the enhancer acts. In the previous studies,
it was shown that the expression of SE-tau-lacZ marks a subset of dAP-2 expressing
neurons in the embryonic protocerebrum (Monge et al., 2001). However, neither pAlacZSE nor pBlacZ-SE showed expression pattern similar to dAP-2 pattern in the larval brain
(Fig 2-4). Instead, the most upstream fragment, KE, drives lacZ expression in a subset of
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dAP-2 expression pattern in the larval brain (Fig 2-4) although double labeling has to be
done to prove co-localization of dAP-2 and reporter expression in the region.

Figure 2-4. KE drives dAP-2-like expression in the larval brain.
A. Immunostaining to detect dAP-2 protein in brain and ventral nerve cord (VNC) of a
late third instar larva. Expression is detected in the CNS (arrows), optic lobes
(arrowheads), and VNC. B. KE-lacZ expression is seen in a subset of the dAP-2 pattern
in the CNS (arrows) and optic lobes (arrowheads). C-D. SE drives non-specific
expression in the CNS and VNC when tested either with the exon1a promoter (C) or
exon1b promoter (D).

E6 genomic fragment directs reporter gene expression coincident with much of
endogenous dAP-2 and directs dAP-2 expression sufficient to rescue major leg
outgrowth defects in dAP-22/15 flies.

To examine the extent to which the expression pattern of E6-lacZ recapitulates the
endogenous dAP-2 expression pattern, double immunostaining of E6-lacZ leg discs was
performed with antibodies against dAP-2 and #-galactosidase. Data showed that the four
proximal-most rings of E6-lacZ neatly coincide with those of endogenous dAP-2 while
E6-lacZ pattern in the distal leg disc is broader and shows minimal overlap with
endogenous dAP-2 (Fig 2-5).
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Figure 2-5. E6-lacZ expression co-localizes with endogenous dAP-2.
Double immunostaining was performed against E6-driven #-galactosidase (A) and dAP-2
(B) proteins. The merged image indicates that E6 contains enhancer activity for four
proximal most rings of dAP-2 pattern. Distal E6-lacZ pattern partially overlaps with
endogenous dAP-2.

To further test whether E6 is sufficient to recapitulate aspects of the spatiotemporal expression pattern dAP-2 during leg development, I generated multiple E6GAL4 lines with GAL4 expression under the control of E6 and tested their ability to drive
UAS-dAP-2 expression in dAP-2 null mutant flies (Fig 2-6). E6-driven dAP-2 almost
completely rescued the outgrowth defect in proximal and intermediate leg segments
(coxa, trochanter, femur and tibia) confirming that E6 contains most, if not all, ciselements required for dAP-2 expression of these leg segments. E6-driven dAP-2 also
significantly rescued tarsal outgrowth; however, tarsal joints were still missing. This
outcome is consistent with the idea that joint formation is cell-autonomously regulated by
dAP-2 and requires precise, Notch-dependent expression of dAP-2 in presumptive tarsal
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joints (mediated by the BXE enhancer), while leg outgrowth is non-autonomously
dependent on dAP-2 (Kerber at al., 2001; Monge et al, 2001).

Figure 2-6. E6-driven dAP-2 can rescue mutant leg outgrowth defect.
The GAL4/UAS system was used to express dAP-2 cDNA in flies transheterozygous for
dAP-2 null alleles. E6-GAL4 driven expression of UAS-dAP-2 can largely rescue the leg
outgrowth defect in dAP-2 mutants. Outgrowth of tarsal segments is also partially
rescued; however, tarsal joints are still missing.

dAP-2 is expressed at proximal ends of all leg segments other than tarsi

It was previously shown that dAP-2 is expressed in presumptive tarsal joint cells
at the distal ends of each tarsal segment (Kerber et al., 2001). To locate dAP-2 domains
in leg regions proximal to the tarsus, double immunostaining was performed with the
odd-lacZ line, a lacZ enhancer trap line for odd-skipped (odd), which has been reported to
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be expressed in presumptive mid-distal joint cells at all leg segment boundaries except
tarsal joints (Mirth and Akam, 2002).

Figure 2-7. dAP-2 is expressed at proximal ends of all leg segments other than tarsi.
A-B’’. Double immunostaining shows that odd and dAP-2 expression domains are
contiguous and slightly overlapping in proximal regions of the leg disc such that the
major portion of each dAP-2 domain is distal to the odd-lacZ expression domain. The
confocal images represent the same disc at two different focal planes to show proximal
and distal parts of the leg disc. C. In the pupal leg, odd-lacZ expression marks the
boundary between coxa and thorax and the distal ends of the coxa, femur, tibia, and
pretarsus (pr). In view of the latter, the five rings of dAP-2 in proximal and intermediate
regions of the leg disc correspond to the presumptive proximal ends of the coxa (1),
trochanter (2), femur (3), tibia (4), and tarsal1 (5) segments.

Immunostaining of late third instar leg discs shows that odd-lacZ is expressed in 5
concentric rings in the proximal to intermediate part of the leg disc and also in a 6th ring
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corresponding to the presumptive pretarsus (Fig 2-7A, B). X-gal staining of late pupal
legs showed that odd-lacZ is expressed at the boundaries between thorax/coxa,
coxa/trochanter, trochanter/femur, femur/tibia and tibia/tarsal1, and in the pretarsus (Fig
2-7C). Base on above data, I conclude that the five proximal-most rings of dAP-2
expression in the late larval leg disc correspond to the proximal ends of the presumptive
coxa, trochanter, femur, tibia and tarsal 1, respectively. The data also indicate that in
contrast to dAP-2 expression in presumptive tarsal joints, dAP-2 expression domain in the
five proximal-most leg segments is mainly distal to where Notch signaling is believed to
be active. These findings are consistent with the observation that Notch signaling is
required for dAP-2 expression in the four tarsal joints but not in the five leg joints
proximal to the tarsus (Zou et al., submitted).

EB sub-region of E6 conbtains two separable enhancers, PrC and PrF, for
expression in presumptive proximal coxa and proximal femur, respectively

The EB enhancer drives gene expression in presumptive proximal coxa and
proximal femur as well as in a weaker pattern in tarsal segments in larval leg discs (Fig 28A) and pupal legs (Fig 2-8B). Double immunostaining shows that the EB-lacZ
expression pattern is a subset of the E6-lacZ pattern. Both constructs drive reporter gene
expression in the proximal coxa and proximal femur in a pattern coincident with
endogenous dAP-2 (Fig 2-8D).
Alignment of the genomic DNA sequence of EB with the corresponding D.
pseudoobscura genomic sequence (DPEB) indicates that this region contains multiple
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areas of extended sequence conservation seen as peaks in the homology plot generated
using Consite (http://mordor.cgb.ki.se/cgi-bin/CONSITE/consite) (Fig 2-9A).

Figure 2-8. EB shows conserved enhancer activity in presumptive proximal femur
and presumptive proximal coxa.
A-B. X-gal stainings of leg disc and pupal leg show that EB contains an enhancer(s) for
expression in proximal femur (PrF) and proximal coax (PrC). C. The analogous genomic
region from D. pseudoobscura (DPEB) successfully reproduces an EB-like expression
pattern in D. melanogaster with the exception that the diffuse distal region activity is
lacking. D-E’’. Expression of EB-lacZ (D) and DPEB-lacZ (E) coincide with
endogenous dAP-2 in the presumptive proximal femur and proximal coxa.
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To test whether the conserved sequences shared by EB and DPEB represent
consevation of essential motifs for leg-specific enhancer activity, the regulatory potential
of DPEB was tested by transgenic reporter gene analysis using D. melanogaster dAP-2
exon1a promoter. Consistent with the high sequence homology, DPEB faithfully
reproduced the leg disc expression pattern of EB as shown by X-gal staining (Fig 2-8C)
and double immunostaining data (Fig 2-8E).
To narrow the enhancer activity to a smaller fragment, I generated a series of
deletion constructs using the sequence comparison as a guide so that each construct
would contain a subset of the conserved motifs (Fig 2-9A). In vivo reporter analysis with
the deletion constructs revealed two separate enhancers in EB (Fig 2-9). A 368 bp
fragment (PrF) directs expression to the proximal femur (Fig 2-9F), and a longer 1.3 kb
fragment (PrC) directs expression to the proximal coxa (Fig 2-9G). Further analysis of
PrF is described in Chapter 3.
PrC contains two highly conserved regions and several more modestly conserved
regions. Deletion of ~200 bp from either end of PrC resulted in loss of enhancer activity
(Fig 2-9A; data not shown). The loss caused by the 3’ deletion is consistent with the
hypothesis that functionally important enhancer elements are well conserved. In contrast,
the 5’ 200 bp of PrC is only modestly conserved; thus it was unexpected that deletion of
this region would abolish enhancer activity. However, this segment does contain several
short stretches of conserved sequence (data not shown). These and other data from
analysis of dAP-2 enhancers in our laboratory suggest that essential elements for
enhancer function are not all necessarily highly conserved in extended peaks.
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Figure 2-9. Dissection of EB identifies two separate enhancers for presumptive
proximal femur and presumptive proximal coxa.
A. Genomic fragments used in transgenic reporter constructs are aligned with the
conservation plot of D. melanogaster EB and D. pseudoobscura DPEB. B-G. In vivo
analysis of the deletion constructs identified two separate enhancers: PrF for the proximal
femur (F) and PrC for the proximal coxa (G). The 1.7 kb fragment PrFC contains both
PrF and PrC enhancers (A). Dashed lines indicate construct was inactive in multiple
independent lines (Appendix A.)

The E6 genomic fragment drives expression as a complete ring in the proximal
coxa. In contrast, expression of PrC-lacZ in the presumptive coax is typically weaker in
lateral and ventral parts of the leg disc (Fig 2-9G). B3, a different sub-fragment of E6,
contains enhancer activity in lateral parts of the presumptive coxa (Fig 2-3J; data not
shown). These data suggest that dAP-2 expression in the proximal coxa is mediated by
the two enhancers, EB and B3, which have differential activity along the dorso-ventral
(DV) axis of leg.
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The diffuse distal lacZ pattern associated with EB (but less so with DPEB) is
associated with the highly conserved 0.3 kb EB0.3 fragment at the 5’ end of EB.
Although fragments containing this region frequently drive expression at the proximal
ends of tarsi, this pattern s not typical of the endogenous dAP-2 pattern in vivo and may
represent ectopic expression caused by loss some silencer/repressor element present in
sequences adjacent to EB in the endogenous gene (and perhaps still present in DPEB)
(data not shown).

dAP-2 expression in antennal imaginal disc is regulated by a combination of shared
leg-antennal enhancers and antennal-specific enhancers
Drosophila antenna and leg are homologous structures as shown by leg-toantenna or antenna-to-leg transformations caused by mutations in genes regulating
development of these appendages (Casares and Mann, 1998; Pai et al., 1998; Dong et al.,
2000; Struhl, 1981; Frischer et al., 1986). There are also a number of genes that are
essential for development of both types of appendages including genes involved in PD
axis patterning (Dong et al., 2000; Dong et al., 2001). Notably, dAP-2 is expressed in the
antenna disc in multiple concentric rings which, as in the leg disc, represent a segmental
pattern along the antennal PD-axis (Monge and Mitchell, 1998). Furthermore, dAP-2
null mutants show antennal defects that include loss of antennal segment 5 (Fig 4-2) and
disruptions in Johnston’s organ involved in vestibular function (PJM, unpublished
observation).
Given the similar developmental potential of the two appendages and their
segmentally repeated expression of dAP-2, it is possible that some of the enhancers
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Figure 2-10. Leg versus antennal enhancers of dAP-2.
Leg and antenna disc expression patterns of selected reporter lines are shown. E7-, PrC-,
and B3-driven lacZ expression patterns are very similar between the two appendage discs
(A, F and H). However, BE and PrF are specific for either antenna or leg disc,
respectively (B and C). Antenna discs were oriented with dorsal to the top and anterior to
the left.

expressed in leg discs might also function to activate dAP-2 expression in the antennal
disc. Indeed, E7, which drives expression in presumptive tarsal joints, also drives lacZ
expression in rings in the distal portion of the antennal disc (Fig 2-10A). Furthermore,
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PrC and B3, which drive expression in the coxa, also drive lacZ expression in the
proximal part of the antennal disc (Fig 2-10F, H). In contrast, the dAP-2 genomic
fragment BE lacks significant activity in the leg disc, but strongly activates reporter gene
expression in an intermediate region of the antennal disc (Fig 2-10B). PrF, the proximal
femur enhancer, on the other hand, is inactive in the antennal disc (Fig 2-10C).
X-gal staining of adult antennae indicated that E7 mediates expression in antennal
segment5 (a5), BE in proximal a3 including the stalk of the segment, and E6 in a1 and a2
consistent with the larval expression patterns directed by these enhancers (Fig 2-11).

Figure 2-11. Enhancer activity in adult antennae
A. E7-lacZ expression in antennal segment5 (a5) (arrow). B. BE drives expression in the
proximal a3. Expression is stronger in the stalk of a3 (arrow). C. E6-lacZ expression in
a1 and a2.
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2.4 Discussion

dAP-2 is regulated by multiple segment-specific enhancers
The segmentally repeated expression of dAP-2 in leg imaginal discs could,
theoretically, be controlled by upstream regulator(s) expressed in the same segmental
pattern as dAP-2. Alternatively, different PD-axis domains of dAP-2 expression could be
controlled by combinatorial action of multiple transcription factors with diverse
expression patterns along the PD axis of the developing leg. Previous studies on Notch
regulation suggested that activation of dAP-2 expression in the tarsus is essentially
dependent on the former strategy (Kerber et al., 2001; Zou et al., submitted). However,
double immunostaining data indicated that dAP-2 expression domains in leg segments
other than the tarsi do not overlap appreciably with where Notch signaling is active. This
and other data (Zou et al, submitted) rule out Notch as a candidate upstream regulator of
dAP-2 expression in more proximal parts of the leg (Fig 2-7).
In an effort to understand molecular mechanisms controlling dAP-2 expression
during leg development, the regulatory potential of dAP-2 genomic fragments was
analyzed using in vivo lacZ reporter analysis to identify fragments with activity in leg
imaginal discs. Further analysis of the isolated DNA fragments revealed the presence of
multiple enhancers which independently direct reporter expression in specific leg
segments (Fig 2-12). I propose that each domain of dAP-2 expression in proximal and
intermediate leg segments is regulated by a combination of upstream regulators using a
segment-specific enhancer similar to the regulation of the pair-rule gene, even-skipped,
which is expressed in every other parasegment during embryonic segmentation (Harding
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et al., 1989). Interestingly, dAP-2 expression in the coxa is differentially regulated along
the DV axis and depends on two region-specific enhancers raising the possibility that DV
patterning genes are also involved in dAP-2 regulation in the coxa.

Figure 2-12. Summary: dAP-2 enhancers for leg and antennal expression.
Multiple segment-specific enhancers identified by in vivo reporter analysis are shown.
BXE directs expression in antennal segment5 (a5) and tarsal joints (Zou et al, submitted).
PrC and B3 drive expression in the proximal antenna (a1 and a2) and coxa. BE drives
expression in proximal antenna a3, but is inactive in leg. E6 also includes enhancers for
the proximal tibia and trochanter as well as for the proximal femur (PrF). The latter is
inactive in antenna. No enhancer has been identified for the tibia/tarsal1 joint
(arrowhead).
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The involvement of multiple region-specific enhancers for repetitive expression
domains of a gene has also been suggested in the previous studies on regulation of two
Notch ligands, Delta (Dl) and Serrate (Ser), and Fringe (Fng, a modulator of Notch
signaling), which are all also expressed as multiple concentric rings in the leg disc
(Bachmann and Knust, 1998; Rauskolb, 2001). It was shown that the PD patterning
genes regulate expression of Dl, Ser and Fng either positively or negatively in a segmentspecific manner (Rauskolb, 2001). Furthermore, isolation of a Ser enhancer specific for a
single segment suggested the presence of additional cis-regulatory elements which direct
Ser expression in other leg segments (Bachmann and Knust, 1998; Rauskolb, 2001).
Segmentally repeated expression is a common feature of a number genes involved in the
PD leg patterning and segmentation (Rauskolb and Irvine, 1999; reviewed in Kojima,
2004). Whether all of these genes rely, like dAP-2, on multiple region-specific enhancers
to establish their expression domains remains to be determined.

Regulation of dAP-2 in leg versus antennal development
Current data indicate that dAP-2 expression in antenna discs also requires
multiple region-specific enhancers.

Some of the leg enhancers showed antennal

expression pattern similar to the leg pattern with respect to PD axis specificity. However,
some enhancers were specific for either antenna or leg disc suggesting that these may
underlie some of the morphological differences between the two homologous appendages
(Fig 2-12). One of the features that distinguish antenna from leg is that in antenna disc
hth expression is distally expanded and dac expression is missing in intermediate region
while expression pattern of Dll, dac and hth is very similar in the proximal and distal
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region of the two appendages (Dong et al., 2001). It is interesting to note that the dAP-2
enhancers for the most proximal and distal region are shared between two appendages
while expression in the intermediate region utilizes a distinct enhancer implying that
dAP-2 expression in the intermediate region is possibly regulated by antenna- or legspecific regulatory pathway. For example, although the femur and the antennal segment3
(a3) are homologous structures, PrF is active in the proximal femur, but is not active in a3
or any other antennal segments antenna. Likewise, BE is active in the proximal a3, but
not in the leg.
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Chapter 3
Transcriptional regulation of dAP-2 by Extradenticle and Hox proteins

3.1 Introduction

As a cofactor of Hox proteins, Exd/Pbx cooperatively binds DNA with Hox
proteins and regulates expression of their target genes involved in a variety of
developmental processes of vertebrates and Drosophila (Popperl et al., 1995; Chan et al.,
1997; Maconochie et al., 1997; Ryoo and Mann, 1999; Popperl et al., 2000; Gebelein et
al., 2002). Although previous genetic analysis revealed essential functions of Exd/Pbx
and Hox proteins in leg development, there has been no report on downstream target
genes directly controlled by these factors in developing leg. As a result, it is not clear
whether Hox and Exd proteins act together on common target genes to regulate leg
development. Interestingly, examination of the proximal femur enhancer identified a
conserved Exd/Hox binding site; and in vivo and in vitro analyses of this site strongly
suggests that dAP-2 expression in the proximal femur is directly regulated by Exd/Hox.
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3.2 Materials and Methods

Fly strains
For double immunostaining against dAP-2 and Dll, Dac and Hth, corresponding
lacZ enhancer trap lines, DlllacZ/CyO (Bloomington stock #10981), daclacZ/CyO (#12047),
hthlacZ/TM3 (#11670), were used.

Stocks used for clonal analysis were FRT19A

exd1/FM7 GFP (Gonzalez-Crespo et al., 1998), FRT19A arm-lacZ;ey-FLP (Tsuji et al.,
2000), FRT82B hthC1/TM6B Tb (Wu and Cohen, 1999), hs-FLP;FRT82B arm-lacZ (Wu
and Cohen, 1999), FRT82B AntpNs+RC3/TM6B Tb (Emerald and Cohen, 2004). Stocks
also used were Antp73b/TM3 Sb (#1000165), UAS-Scr (#7302), UAS-Ubx (# 911), dppGAL4 (#1553), Dll3/CyO (Dong et al., 2000), and dac1/CyO (#4273).

To use

fluorescence for selection of Dll3/Dll3 and dac1/daclacZ larvae, CyO was replaced with
CyO GFP.

Clonal analysis
Clonal (mosaic) analysis allows one to generate a group of homozygous mutant
cells (clone) with a recessive mutation surrounded by wild type cells in a developing
tissue of interest. This method is especially useful in studying late functions of genes
with early lethal mutant phenotypes. In Drosophila, mutant clones can be generated using
FLP/FRT-mediated recombination (Fig 3-1). A yeast recombinase, flippase (FLP), can be
used to induce mitotic recombination at its specific recognition sequence, FRT. Using Pelement mediated transposition, FRT recognition sites have been inserted close to the
centromere for every chromosomal arm of the fly genome. Once a mutant allele is
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recombined onto the appropriate FRT chromosome, homozygous mutant clones can be
generated in tissues of heterozygous flies by expressing FLP in a tissue- or stage-specific
manner to induce mitotic recombination (Golic, 1991; Xu and Rubin, 1993).
exd, hth, Antp mutant clones were generated in larvae of genotype: FRT19A
exd1/FRT19A arm-lacZ;ey-FLP/+, hs-FLP/+;FRT82B hthC1/FRT82B arm-lacZ, and hsFLP/+;FRT82B AntpNs+RC3/FRT82B arm-lacZ, respectively.

To test reporter gene

expression in exd mutant clones, a pAGFP-PrFC insertion on the second chromosome
was combined with FRT19A exd1/FM7 GFP using genetic crosses, and clones were
generated in FRT19A exd1/FRT19A arm-lacZ;ey-FLP/PrFC-GFP/+ larvae. hth and Antp
mutant clones were induced by incubating vials in 37°C water bath for 1h at 48-72 h after
egg laying.

DNA construction
For the 5’ deletion analysis of EB, fragments were amplified by PCR using
combinations of the following forward and reverse primers.
Forward primers:
EB0.3(255)-5’: 5’-GAATTCTGGTCCTGGTACTGGTCCTG
EB321-5’: 5’-GAATTCACTGGGACACTCGCGTGATGC
EB371-5’: 5’-GAATTCGCAACGCATCGTCAATTTG
Reverse primer:
EB-3’: 5’-GGATCCTCAGTCTCTTCCTTCG
Fragments were digested by EcoR I/BamH I and subcloned into pAlacZ.
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To make internal deletions of the positions 527-593, 556-593 and 575-580 in EB,
5’ and 3’ fragments were individually amplified by PCR using combinations of the
following forward and reverse primers.
Forward primers:
EB-5’: 5’-CACGATTTCGAGGCAGAGAG
EB581-5’: 5’-GGATCCATTTAGAATAATTGTTCCAATTTAC
EB594-5’: 5’-GGATCCGTTCCAATTTACAATGTGC
Reverse primers:
EB0.5 (526)-3’: 5’-GGATCCCGAACCTCTTGGATGAAACG
EB555-3’: 5’-GGATCCTAAGGGAAGCCATCAATCAG
EB574-3’: 5’-GGATCCGAAATTATTCAATAAATCATAAGGG
EB-3’: 5’-GGATCCTCAGTCTCTTCCTTCG
For each construct, 5’ and 3’ fragments were sequentially subcloned into pAlacZ.
For example, the EcoR I/BamH I-digested 526 bp fragment was subcloned into pAlacZ
followed by the BamH I-digested 1.4 kb to generate pAlacZ-EB&527-593.
Site-directed mutagenesis of the Exd/Hox binding site in PrF was performed by
PCR using the primers:
5’-CCTGATTGATGGCTTCCCTTATAGTTTATTGAATAATTTCTTT for the
mutation in Exd half-site,
5’-GATGGCTTCCCTTATGATTTTTTGAATAATTTCTTTATAATTT for the
mutation in Hox half-site, and
5’-GATGGCTTCCCTTATGATTAATTGAATAATTTCTTTATAATTT
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for the TT to TA mutation in the Hox half-site. Fragments with each mutation,
PrFCEXD, PrFCHOX, and PrFCTA were digested by EcoR I/BamHI and subcloned into
pAlacZ.
Preparation of DNA constructs and embryo injection was described in Chapter 2.

Immunostaining
The primary antibodies used were mouse anti-#-gal (Promega), mouse anti-GFP
(Molecular Probes), rabbit anti-dAP-2 (Monge et al., 2001), and rabbit anti-#-gal
(Cappel).

Electrophoretic mobility shift assay (EMSA)
Expression plasmids, pET14b-exd (Rieckhof et al., 1997) and pQE31-Scr (Ryoo
and Mann, 1999), have been described. pETM11-Antp was a gift from R. Mann. For
pET14b-Ubx, a coding sequence for Ubx containing from amino acid 56 to carboxyl
terminus was amplified by PCR using pQE9-ubx (Ryoo and Mann, 1999) as a template
and cloned into pET14b (Novagen).
His-tagged recombinant proteins were expressed in E. coli BL21 cells and
purified with Ni-NTA agarose (Qiagen) according to the manufacturer’s protocol. In
brief, one volume of overnight culture was inoculated into 20 volumes of fresh LB broth
containing ampicillin (50 µg/ml) and shaken at 37°C until reaching OD600 of 0.6.
Expression of His-tagged proteins was induced by adding IPTG to a final concentration
of 0.1 mM (Exd, Scr and Ubx) or 0.5 mM (Antp). Cells were harvested 2-3 hours after
addition of IPTG, dissolved in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM
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imidazole, 1 mg/ml lysozyme, pH 8.0), incubated on ice for 30 min, and then sonicated
for 2-3 min. After centrifugation for 20 min at 10,000 x g, the supernatant was mixed
with Ni-NTA slurry, and incubated at 4°C for 2h on a rotatory shaker. The protein-bound
column was washed three times with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20
mM imidazole, pH 8.0); and proteins were eluted using elution buffer (50 mM NaH2PO4,
300 mM NaCl, 250 mM imidazole, pH 8.0). Excess imidazole was removed from elutes
by passing them through Sephadex G-50 Fine spin columns (Sigma) equilibrated with
buffer containing 20 mM HEPES (pH 7.5), 50 mM KCl, 5 mM MgCl2. Small fractions
of the proteins were run on 10% SDS-PAGE to check quality and yield.
Electrophoretic mobility shift assay (EMSA) was performed in buffer containing
20 mM HEPES (pH 7.5), 50 mM KCl and 5 mM MgCl2, 6% glycerol, 200 µg of BSA per
ml, and 50 µg of poly(dI-dC)poly(dI-dC) per ml. Each Hox pretein was tested at two
concentrations in 30 µl reactions: 50 ng and 100 ng for Scr and Ubx, and 30 ng or 60 ng
for Antp. The amount of Exd used was 60 ng per reaction. After adding approximately 1
ng of
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P- end-labeled probe to each reaction, reactions were incubated 30 min at room

temperature, and then run for 3 h on a 5% non-denaturing polyacrylamide gel.
The probes used were:
fkh[250con](5’-GATCTCAATGTCAAGATTTATGGCCAGCTGTGGGACGA,
and 5’-CCTCGTCCCACAGCTGGCCATAAATCTTGACATTGAGA)
PrFWT(5’-TGATGGCTTCCCTTATGATTTATTGAATAATTTCTTTA, and 5’TATAAAGAAATTATTCAATAAATCATAAGGGAAGCCAT)
PrFEXD(5’-TGATGGCTTCCCTTATAGTTTATTGAATAATTTCTTTA, and
5’- TATAAAGAAATTATTCAATAAACTATAAGGGAAGCCAT)
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PrFHOX(5’-TGATGGCTTCCCTTATGATTTTTTGAATAATTTCTTTA, and
5’-TATAAAGAAATTATTCAAAAAATCATAAGGGAAGCCAT).
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3.3 Results

A conserved Exd/Hox binding site is essential for the PrF enhancer activity.
The proximal femur enhancer, PrF, contains two highly conserved motifs (CM1
and CM2) of 45 and 38 bp, respectively. To test whether the conserved motifs are
necessary for the enhancer activity, a series of deletion constructs were generated using
EB and the 1.7 kb PrFC fragment with both PrF and PrC enhancers. The PrC ring was
used as a reference control (Fig 3-1).

Figure 3-1. Two conserved motifs are required for PrF activity.
A. Location of serial 5’ deletion fragments of PrFC and an internal deletion of EB aligned
with the Dmel x Dpse conservation profile. B-G. Deletion of either CM1 (F) or CM2 (G)
resulted in loss of PrF enhancer activity. The PrC ring was used as a reference; it was not
affected by the deletions. A larger deletion ('527-593), which includes CM2, also
resulted in loss of the enhancer activity, but a small deletion in the middle of CM2 ('575580) did not affect the enhancer activity (data not shown).
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X-gal staining showed that deleting either CM1 (Fig 3-1F) or CM2 (Fig 3-1G) caused
loss of PrF enhancer activity while PrC enhancer activity was unchanged.
I used the program ConSite (http://mordor.cgb.ki.se/cgi-bin/CONSITE/consite) to
examine the nucleotide sequences of CM1 and CM2 for known transcription factor
binding sites and found no strong candidate sites.

I then manually searched the

sequences for binding sites for transcription factors involved in leg development and
found a consensus Exd/Hox binding site in the 5’ end of CM2 (Fig 3-2A).

Figure 3-2. A conserved Exd/Hox binding site in CM2 is essential for PrF activity.
A. Alignment of the conserved motif 2 (CM2) between D. melanogaster and D.
pseudoobscura. The sequence deleted in Fig. 3-1 is underlined. A consensus Exd/Hox
binding site is boxed in blue. B. The sequence of a known Exd/Hox binding site,
fkh[250con] and that in PrF are identical except for the first nucleotide. Point mutations
introduced into PrF for in vivo analysis in the context of PrFC are also shown. C-F. All
three mutations abolished PrF activity while PrC enhancer activity remained the same.

Exd is an excellent candidate for an upstream regulator of dAP-2 expression in the
proximal femur given that Exd is known to be required for development of proximal
regions of the leg in both flies and vertebrates (Rauskolb et al., 1995; Gonzalez-Crespo
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and Morata, 1995; Gonzalez-Crespo and Morata, 1996; Selleri et al., 2001).
Furthermore, double immunostaining showed that the dAP-2 proximal femur domain lies
within the Hth domain where Exd protein is nuclear, and the distal borders of the dAP-2
and Hth domains coincide precisely (Fig 3-3A). Additional immunostaining revealed that
the dAP-2 proximal femur domain overlaps with Dll and Dac domains (Fig 3-3B; data
not shown) consistent with the previous observation that the three PD patterning genes
are co-expressed at the boundary between trochanter and femur (Wu and Cohen, 1999).

Figure 3-3. dAP-2, hth and Dll are co-expressed in the presumptive proximal femur.
A-B’’. Double immunostaining indicates that the dAP-2 domain in the proximal femur
(arrow) lies at the distal end of Hth domain (A-A”), and corresponds to the distal half of
the proximal Dll ring (B-B”). hth-lacZ and Dll-lacZ lines were used to mark Hth and Dll
expression domains, respectively.

To test whether the conserved Exd/Hox binding site is necessary for enhancer
activity in vivo, point mutations previously shown to eliminate Exd/Hox binding were
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introduced into either the Exd or Hox half-site (Fig 3-2B). X-gal staining showed that
both mutations caused loss of enhancer activity in the proximal femur without affecting
the PrC pattern (Fig 3-2D, E).
In the previous study, the Exd/Hox binding site in an enhancer of the fork head
(fkh) gene, fkh[250], bound preferentially to Exd/Scr heterodimers and drove reporter
expression in the prothoracic (T1) leg disc without expression in T2 and T3 discs (Ryoo
and Mann, 1999). When the TA in the NN positions of the consensus site in fkh[250]
was mutated into TT in fkh[250con] (Fig 3-2B), the new enhancer bound strongly to all
Exd/Hox heterodimers tested, and showed activity in all three leg discs (Ryoo and Mann,
1999). Since PrF shows enhancer activity in all three leg discs like fkh[250con], it was
tested whether Hox specificity could be switched by introducing a point mutation into the
Exd/Hox binding site. Interestingly, when TT in the PrF Hox binding site was mutated
into TA (Fig 3-2B), the mutant enhancer lost activity in all three leg discs (Fig 3-2F)
suggesting that the mutation abolished binding of all three Hox proteins.

The Exd/Hox binding site in PrF shows strong binding to heterodimers of Exd and
Antp, Scr, and Ubx in vitro.
I performed electrophoretic mobility shift assay (EMSA) on an oligonucleotide
representing the candidate Exd/Hox binding site in PrF using bacterially expressed,
purified Exd, Scr, Antp and Ubx proteins (the latter 3 are Hox proteins expressed in leg
discs) (Fig 3-4D) (Struhl, 1982; Casanova et al., 1985; Casares and Mann, 1998; Emerald
and Cohen, 2004). Another oligonucleotide, fkh[250con], was used as a positive control
because it has been reported to bind all three Exd/Hox heterodimers (Ryoo and Mann,
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1999). Exd alone did not bind either of these oligos; similarly, the three Hox proteins
alone showed little or no binding to either oligo. In contrast, all three Exd/Hox
heterodimers showed improved binding to the fkh[250con], and showed even higher
affinity for the PrF oligo (Fig 3-4).

Figure 3-4. EMSA
EMSA was carried out using fkh[250con], PrF wild-type and PrF mutant oligos and
purified, bacterially expressed Exd and three Hox proteins (A. Antp, B. Scr and C. Ubx).
A-C. All three Exd/Hox heterodimers bind strongly to the wild-type oligo (location of
shifted heterodimer-DNA complex indicated with arrow), and binding is abolished by
introducing mutations ub either the Exd or Hox half sites (see Material and Methods).
Antp and Scr showed weak binding as monomers (arrowheads). D. A SDS-PAGE image
showing purified His-tagged proteins used for EMSA (arrows). MM: molecular marker,
1: His-Exd, 2: His-Antp, 3: His-Scr, and 4: His-Ubx. Two co-purified protein bands are
indicated by arrowheads.
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EMSA was performed using PrF oligos with point mutations in either Exd or Hox
half-sites (Fig 3-2B). The Exd half-site mutation prevented heterodimer binding with
minor effects on Hox monomer binding. The Hox half-site mutation prevented both
heterodimer binding and Hox monomer binding (Fig 3-4). In summary, PrF contains a
conserved Exd/Hox binding site which is required for enhancer activity in vivo and binds
strongly to heterodimers of Exd and three Hox proteins expressed in leg discs.

Exd and Hth are required for dAP-2 expression in proximal femur.
The data from the deletion/mutational analysis and EMSA suggest that dAP-2 is a
direct target of Exd/Hox heterodimers in the proximal femur. To confirm this idea
genetically, I examined whether endogenous dAP-2 expression in the region is lost in exd
mutant clones generated by FLP/FRT-mediated recombination (Xu and Rubin, 1993).
Loss of Exd appears to have region-specific effects on dAP-2 expression; dAP-2
expression was lost in the exd mutant clones in the proximal femur, but not affected in
the mutant clones elsewhere (Fig 3-5A).
Since Hth is necessary for nuclear localization and function of Exd (Rieckhof et
al., 1997; Pai et al., 1998), dAP-2 expression was also examined in hth mutant clones.
The data showed that loss of Hth affects dAP-2 expression in a manner similar to loss of
Exd (Fig 3-5B). Interestingly, ectopic expression of dAP-2 was frequently observed in
presumptive inter-joint cells in exd and hth mutant clones in femur and trochanter regions
(Fig 3-5B; data not shown).

There is no clear explanation for this ectopic dAP-2

expression in exd and hth mutant clones outside of Hth domain, but developmental
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functions for these genes in intermediate leg segments by analysis of mutant clones in
this region (Rauskolb et al., 1995; Casares and Mann, 2001).

Figure 3-5. Exd and Hth are required for dAP-2 expression in the proximal femur.
A-A”. dAP-2 expression in the proximal femur is lost in exd-/- clones generated by
FRT/FLP-mediated recombination (arrow). B-B”. dAP-2 expression in the proximal
femur is lost in hth-/- clones (arrow). Ectopic dAP-2 expression is occasionally observed
in exd-/- and hth-/- clones positioned between dAP-2 rings in trochanter and femur
(arrowheads; data not shown). C-C”. PrFC-GFP expression in the proximal femur is
also lost in exd-/- clones (arrow).
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Similar to the endogenous dAP-2, the PrF-driven reporter expression in the
proximal femur was lost in the exd mutant clones suggesting that PrF mediates Exd
regulation of dAP-2 expression (Fig 3-5C).

Antp is required for dAP-2 expression in the mesothoracic leg presumptive femur
The Hox gene Antp is expressed in all the leg discs and required for specifying leg
identity (Struhl, 1981; Casares and Mann, 1998; Emerald and Cohen, 2004). In addition
to its function as a homeotic selector gene, Antp has been proposed to contribute to the
growth and segmentation of leg proximal regions (Casares and Mann, 2001). As shown
earlier, Antp/Exd heterodimers are strongly implicated in regulation of dAP-2 expression
in the proximal femur. For this reason, Antp mutant clones were analyzed with respect to
AP-2 expression. Interestingly, Antp was required for dAP-2 expression in the proximal
femur of mesothoracic (T2) leg discs (Fig 3-6B), but not in prothoracic (T1) and
metathoracic (T3) leg discs (Fig 3-6A, C). It has been known that Antp mutant clones
cause developmental defects mainly in T2 legs despite being expressed in all three leg
discs (Struhl, 1982; Emerald and Cohen, 2004). It is possible that the three Hox proteins,
Scr, Antp and Ubx, are functionally redundant in regulating dAP-2 expression, and that
Scr and Ubx can compensate for loss of Antp in T1 and T3 legs, respectively (Struhl,
1982; See discussions).

This idea is consistent with the EMSA data that all three

Exd/Hox heterodimers bind strongly to the consensus site in PrF (Fig 3-4).
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Figure 3-6. Loss of dAP-2 expression in Antp -/- clones in T2 leg discs.
A-A” and C-C”. dAP-2 expression in the proximal femur is not affected in Antp-/- clones
generated in the prothoracic (T1) and metathoracic (T3) leg discs. B-B”. dAP-2
expression in the proximal femur is lost in Antp-/- clones of the mesothoracic (T2) leg
discs (arrows). dAP-2 expression is partly retained in a large clone disrupting overall
shape of the leg disc (outlined in yellow). dAP-2 rings for the proximal femur are
indicated by arrowheads in A’ and C’.
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Ectopic expression of Hox genes activates PrF in antennal discs.
Lack of the PrF enhancer activity in proximal or intermediate antenna disc may
reflect the observation that no Hox gene is expressed in antenna disc (Fig 3-8A) (Levine
et al., 1983; Brower, 1987; Martinez-Arias et al., 1987; Diederich et al., 1991; Randazzo
et al., 1991; Kuhn et al., 1993). The ectopic expression of Antp in antenna disc of a
dominant gain-of-function mutant, Antp73b, leads to transformation of the antenna into a
leg-like structure (Fig 3-7) (Jorgensen and Garber, 1987; Schneuwly et al., 1987). The
activity of PrF in Antp73b mutants was examined to see whether ectopic Antp expression
can activate the enhancer in antenna discs considering the similar developmental
potential of the two organs including the presence of nuclear-localized Exd (Casares and

Figure 3-7. Ectopic Antp expression causes antenna-to-leg transformation.
A. Antenna and leg are homologous structures with multiple segments. From Dong et al.,
Development (2001) 127:209-16.
B. Wild-type antenna.
C. Antenna-to-leg
transformation caused by a gain-of-function allele of Antp. Proximal leg segments
corresponding to trochanter (tr), femur (fe) and tibia (ti) develop upon a base of residual
proximal antennal structures.
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Mann, 1998; Pai et al., 1998). It was found that ectopic PrF-lacZ expression was
induced in the proximal part of the antenna disc of Antp73b mutants (Fig 3-8A). Doubleimmunostaining indicated that endogenous dAP-2 expression was also induced in the
mutants in a pattern coincident with that of the PrF-lacZ expression pattern (Fig 3-8E, F).
Importantly, the ectopic PrF-lacZ expression was strongly reduced by introducing
mutations into the Exd/Hox binding site suggesting that activation of the enhancer
requires Exd/Hox binding (Fig 3-8B, C, D).

Figure 3-8. Ectopic expression of Antp activates ectopic PrF in antenna discs.
A-A’. In wild-type animals, PrF drives weak lacZ expression in the distal antenna (A),
but with ectopic expression of Antp in Antp73b mutant PrF-lacZ expression is ectopically
induced in the proximal antenna (A’). B-B’. PrFC-lacZ expression is also induced in the
proximal antenna of Antp73b mutant. C-D’. Ectopic activation is strongly reduced in the
reporter transgenes with the mutation in either Exd (C’) or Hox (D’) half site. E.
Immunostaining shows that dAP-2 is expressed as two concentric rings in the proximal
antenna disc. F-F”. In the proximal antenna disc of Antp73b mutant, additional dAP-2
expression is observed, and the ectopic dAP-2 pattern coincides with the ectopic PrFlacZ expression.
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PrF-lacZ expression was also examined in antenna discs with dpp-GAL4-driven
expression of Scr and Ubx, which can also induce antenna-to-leg transformation (Mann
and Hogness, 1990; Zeng et al., 1993; Zhao et al., 1993). The dpp-GAL4 line drives
UAS-transgene expression at the dorsal side of the anterior-posterior boundary with the
strongest expression in the distal antenna disc. As expected, ectopic expression of Scr
and Ubx activated PrF-lacZ expression in the dorsal Dpp domain of antenna disc (Fig 39). Together with the results of EMSA and clonal analysis, this finding supports the idea
of functional redundancy among Hox proteins in regulating dAP-2 expression.

Figure 3-9. Ectopic expression of Scr and Ubx activates PrF in antenna disc.
A. PrF-lacZ expression in wild-type antenna disc. B-C. If ectopic expression of Scr (B)
and Ubx (C) is driven by dpp-GAL4, ectopic PrF-lacZ expression is induced in the dpp
domain of the proximal antenna disc (arrows).

dAP-2 expression in Dll and dac mutant leg discs
As mentioned earlier, the other two PD patterning genes, Dll and dac, are also
expressed in the proximal femur (Fig 3-3B; data not shown). To test whether Dll and dac
are involved in regulation of dAP-2, the endogenous dAP-2 or reporter expression was
examined in Dll or dac mutant animals (Fig 3-10). dac1 is a null allele, and daclacZ is a
strong hypomorphic allele of the gene (Mardon et al., 1994; Tavsanli et al., 2004).
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dac1/daclacZ transheterzygotes have legs with severely shortened femur, tibia and
proximal tarsus (Fig 3-10A). Although dAP-2 expression is clearly disrupted in the distal
part of the Dac domain in dac mutant leg discs, dAP-2 expression in the proximal femur
is not significantly affected suggesting that dac is dispensable for dAP-2 expression in the
latter region (Fig 3-10B, C).

Figure 3-10. dAP-2 expression in dac and Dll mutants.
A. Severe shortening of intermediate leg segments in dac1/daclacZ transheterozygotes. BB’. Immunostaining of the dac mutant leg disc revealed that dAP-2 expression in the
proximal femur is retained (arrow) even though expression in the distal leg is greatly
perturbed. dac expressing cells are marked by the presence of #–galactosidase. C. Loss
of tarsus and shortening of femur and tibia in flies homozygous for Dll3. From Campbell
and Tomlinson, Development (1998) 125:4483-93. D. EB-lacZ expression in wild-type
leg disc. E. EB-lacZ expression in proximal femur is lost while expression in ventralintermediate region is elevated in Dll3/Dll3 leg disc.

71

In legs of flies homozygous for Dll3, a strong hypomorphic allele, the entire tarsus
is missing and tibia and femur are severely reduced in size (Fig 3-10D) (Sunkel and
Whittle, 1987; Campbell and Tomlinson, 1998). In Dll3/Dll3 leg discs, the proximal
femur pattern of EB-lacZ is missing while the proximal coxa and diffuse distal pattern are
retained (Fig 3-10E, F).

Immunostaining of the Dll mutant leg disc shows that

endogenous dAP-2 expression is disturbed throughout the intermediate and distal leg
regions, and the proximal femur ring of expression, in particular, is completely lost (data
not shown). These data suggest that Dll could be involved in regulation of dAP-2 in
multiple leg regions including the proximal femur although the molecular mechanism(s)
of this regulation has not yet been addressed.
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3.4 Discussion

dAP-2 regulation by Hth, Exd and Hox proteins
The Hox family gene Antp is a key gene determining leg identity (Struhl, 1981).
Previous studies suggested that Antp performs the selector function by acting as a
repressor of hth which is proposed to be an antennal selector gene (Casares and Mann,
1998). However, both Antp and hth are expressed in the proximal leg, and required for
growth and segmentation of proximal leg segments; therefore genetic interactions
between these two genes may be context dependent (Abu-Shaar and Mann, 1998; Pai et
al., 1998; Wu and Cohen, 1999; Casares and Mann, 2001). Importantly, in the absence of
Hth function, antenna and leg both form a leg-like structure with only two segments: a
short proximal segment and a tarsus (Casares and Mann, 2001). Furthermore, Antp
mutant clones in T2 leg cause leg-to-antenna transformation mainly outside of the hth
expression domain (Struhl, 1981; Emerald and Cohen, 2004). Therefore, the role of Antp
as a repressor of hth seems to be limited to intermediate regions along the leg PD axis.
Previously, Casares and Mann proposed a model for the relationship between Antp and
Hth in leg patterning: (1) Specification of the distal leg does not require either Antp or
Hth. (2) In the intermediate leg, the only function of Antp is to repress hth. (3) In the
proximal leg, both Antp and Hth contribute to its proper development, and Antp does not
repress hth (Fig 3-11) (Casares and Mann, 2001).
Although genetic evidence for Exd-independent function of Hth has been reported
(Inbal et al., 2001), a well-studied function of Hth is to facilitate the nuclear localization
of Exd through direct interaction (Rieckhof et al., 1997; Pai et al., 1998; Abu-Shaar et al.,
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1999). Exd also regulates Hth function by preventing degradation of the protein (AbuShaar and Mann, 1998), and loss-of-function phenotypes of exd are very similar to those
of hth (Rauskolb et al., 1995; Gonzalez-Crespo and Morata, 1995; Rieckhof et al., 1997;
Pai et al., 1998). Since Exd is a homeodomain protein which can form a heterodimer
with Hox proteins and modulate their DNA binding affinity and/or specificity (Chan et
al., 1994; van Dijk and Murre, 1994; Ryoo and Mann, 1999), it is possible that Antp and
Hth/Exd co-regulate direct target genes to contribute to growth and segmentation of the
proximal leg. In this study, I presented data suggesting that dAP-2 expression in the
proximal femur is directly regulated by Exd and Hox proteins in accordance with the
proposed roles of these proteins (Fig 3-11). This is the first report of a direct target gene
for Hth/Exd and Hox proteins in the developing leg.

Figure 3-11. Model for dAP-2 regulation in the proximal femur.
Antp and probably other Hox proteins are required to repress hth in the intermediate leg
region (red), but concerted action of Hth and Hox proteins is necessary for growth and
segmentation of proximal leg regions in blue (from coxa to the proximal end of femur).
Hth mediates nuclear localization of Exd, and Exd/Hox heterodimers activate dAP-2
expression in the proximal femur through the binding site in PrF. Restricted activation of
PrF could be accomplished either by a proximal femur-specific cofactor/positive
regulator X or by a co-repressor/negative regulator Y present in the trochanter and coxa,
but not in the proximal femur.
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Redundancy of Hox proteins in dAP-2 regulation
In the T1 and T3 legs, most of the Antp mutant clones appeared normal although
fusions between the femur and tibia were often observed in mutant clones (Struhl, 1982;
Casares and Mann, 2001). However, Scr/Antp double mutant clones in T1 legs and
Antp/Ubx double mutant clones in T3 legs were indistinguishable in phenotype from Antp
mutant clones in T2 legs (Struhl, 1982). It was proposed that the low penetrance of the
Antp mutant phenotypes in T1 and T3 legs is due to redundancy with Scr and Ubx
(Percival-Smith and Brower, 1997; Casares and Mann, 2001) which are required for
identity of T1 and T3 leg, respectively (Casanova et al., 1985; Brower, 1987; Rozowski
and Akam, 2002; Stern, 2003). This idea is consistent with the observation that Scr and
Ubx each can induce antenna-to-leg transformation when ectopically expressed in
antenna discs in the absence of Antp expression (Mann and Hogness, 1990; Zeng et al.,
1993; Zhao et al., 1993). I propose that Antp, Scr and Ubx redundantly activate dAP-2
expression in the proximal femur as Exd/Hox heterodimers based on the following
observations in my experiments. First, dAP-2 expression in T2 leg discs requires Antp,
but expression in T1 and T3 leg discs does not. Secondly, all three Hox proteins bind
strongly to the binding site in PrF as heterodimers with Exd (Fig 3-4). Thirdly, all three
Hox proteins drive PrF activity when ectopically expressed in antenna discs. Formal
proof that the three Hox proteins function redundantly for PrF activity will require an
examination of dAP-2 expression in double mutant clones lacking Antp and Scr (should
affect T1 leg) or Antp and Ubx (should affect T3 leg).
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The EMSA analysis showed that Exd significantly raised the binding affinity of
all three Hox proteins to the Exd/Hox binding site in PrF as opposed to selectively raising
the binding affinity of one Hox protein. These data corroborate those of Neuteboom and
Murre (1997) who found that Pbx increased specificity but not selectivity of Hox protein
DNA binding. The loss of PrF enhancer activity in all three leg discs caused by the ‘TT to
TA’ mutation showed that TT in the NN positions of the consensus site (a/tGATNNAT)
was essential for strong binding of all three Exd/Hox heterodimers in the context of the
PrF Exd/Hox site. In a previous study by Ryoo and Mann (1999), it was shown that TA
in the NN positions of the Exd/Hox site in the fkh[250] enhancer allowed Scr to bind
selectively over other Hox proteins and caused the fkh[250] enhancer to be active only in
T1 leg discs (where Scr is present). A ‘TA to TT’ mutation in the fkh[250con] Exd/Hox
site caused it to bind strongly to all Exd/Hox heterodimers in vitro; and also caused the
fkh[250con] enhancer to be active in all three leg discs. Notably, the PrF Exd/Hox site
differs from the fkh[250con] Exd/Hox site at the first nucleotide position (T instead of A),
and showed stronger binding of Exd/Hox proteins than the fkh[250con] site in the EMSA
analysis. These differences may underlie why the fkh[250con] Exd/Hox site binds Scr
selectively, but the PrF Exd/Hox site does not.
PrF directs expression only in the distal portion of the Hth domain; thus,
additional regulation is required to restrict PrF enhancer activity in more proximal
regions (Fig 3-11). This effect could be mediated positively by a transcription factor
expressed in the proximal femur, but not elsewhere in the Hth domain. Alternatively, it
could be caused by a repressor or co-repressor expressed in the trochanter and coxa
which antagonizes activation by Exd/Hox.
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Chapter 4
Conditional knock-downs of dAP-2, nubbin and CG10440 using RNA interference

4.1 Introduction

As mentioned earlier, Drosophila has a single AP-2 gene that performs
prototypical functions of the AP-2 family and offers many advantages for analysis of
fundamental aspects of AP-2 regulation and function. In addition to the developmental
functions, recent studies on expression of AP-2 genes in adult mice suggest that AP-2
genes contribute at multiple levels to adult brain function including regulation of
reproductive, social, and feeding behaviors (Coelho et al., 2005). In order to better study
roles of AP-2 in various tissues and organs, a means of carrying out spatio-temporally
restricted knock-down of dAP-2 activity would be extremely useful. With this goal in
mind, I have generated a construct and transgenic fly lines to be used for RNAi-mediated
dAP-2 loss-of-function experiments. Analysis of flies with cell type-specific loss of
dAP-2 using RNAi will be discussed in the Results and Discussion section of this
chapter.
RNAi-mediated loss of function analysis was also carried out for nubbin (nub,
pdm1) which encodes a POU-domain transcription factor previously studied by several
laboratories (Billin et al., 1991).

POU-domain transcription factors are involved in

regulation of a number of developmental processes including cell migration, cell fate
specification, proliferation and morphogenesis (reviewed in Ryan and Rosenfeld, 1997).
The functions of nub in the specification and proliferation of neuronal cells have been
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well documented (Yeo et al., 1995; Isshiki et al., 2001; Bhat and Apsel, 2004;
Grosskortenhaus et al., 2005). nub also plays an important role in the proximo-distal
(PD) specification of the wing disc, and nub mutants show abnormal wing patterning and
severe reduction in wing size (Ng et al, 1995; Cifuentes and Garcia-Bellido, 1997).
Molecular studies on the enhancer of a Notch target gene, vestigial, revealed that nub
contributes to the formation of sharp dorso-ventral boundary in the wing by attenuating
Notch activity (Neumann and Cohen, 1998).
Although generally weaker than in the wing disc, nub is expressed in leg imaginal
discs, and like dAP-2, in concentric rings (Ng et al., 1995). Furthermore, a Rauskolb and
Irvine study (1999) showed that Notch mutant clones cause loss of nub expression and
ectopic Notch activation induces ectopic nub expression. Finally, examination of nub
expression in multiple arthropod species revealed that its segmentally repeated expression
pattern is well conserved during leg evolution suggesting an essential function for the
gene in leg development (Averof and Cohen, 1997; Abzhanov and Kaufman, 2000; Li
and Popadic, 2004).

Previous loss-of-function studies on wing development were

carried out using nub alleles with regulatory mutations, which affect expression only in
wing discs; these mutants are, therefore, not useful for leg development studies (Ng et al.,
1995; Cifuentes and Garcia-Bellido, 1997). As a preliminary experiment to examine Nub
function in leg development and for future uses in tissue-specific loss-of-function studies,
I generated multiple nub RNAi fly lines and tested them using leg-specific GAL4 drivers.
Results of nub loss-of-function in leg will be presented here. Together with gain-offunction studies, nub RNAi phenotypes suggest that Nub indeed plays an essential role in
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leg development. Interestingly, some of the data imply that Nub acts as a positive
regulator of dAP-2 expression in the trochanter segment.

Another gene of interest with regard to dAP-2 function is CG10440 identified as
an interaction protein for dAP-2 in a large scale yeast two-hybrid screen of Drosophila
proteome (Giot et al., 2003). CG10440 shows an embryonic expression pattern similar to
that of dAP-2 further suggesting that CG10440 and dAP-2 may interact in vivo (BDGP
gene expression report (http://www.fruitfly.org/index.html)).

Interestingly, CG10440

contains a central domain homologous to BTB/POZ domain/K+ channel tetramerization
domain involved in protein multimerization (Bardwell and Treisman, 1994; Bixby et al.,
1999). In that no mutant allele of CG10440 is available, I generated CG10440 RNAi
lines for loss-of-function studies and an initial characterization of these lines is presented
here.
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4.2 Materials and Methods

Fly strains
dAP-2 mutant alleles used were dAP-22, dAP-215 and dAP-2stummelbein (dAP-2stm)
(Kerber et al., 2001; Monge et al., 2001). GAL4 driver lines used were: hs-GAL4, tubGAL4 (Bloomington stock #5138), dpp-GAL4 (#1553), Dll-GAL4/CyO (Calleja et al.,
1996), dac-GAL4/CyO (Tavsanli et al., 2004), ptc-GAL4 (Tabata and Kornberg, 1994),
btd-GAL7/FM7 (Estella et al., 2003), ap-GAL4/CyO (Pueyo et al., 2000), Klu-GAL4
(Klein and Campos-Ortega, 1997), and nub-GAL4 (Estella et al., 2003). The dpp-GAL4
allele was recombined with a UAS-GFP insertion on the third chromosome (#4776) to
generate dpp-GAL4 UAS-GFP/TM6B. Other fly stocks used were nub1 (#357), UAS-nub
(Neumann and Cohen, 1998), and UAS-lacZ (#3955).

RNAi constructs
I made the following GAL4-inducible RNAi constructs by cloning genomic
and/or cDNA fragments into the P[UAST] vector in head-to-head orientation such that
RNA transcripts expressed from the transgene would form an inverted repeat. All DNA
fragments were amplified by PCR with primers containing unique restriction sites, cloned
into pGEM-Teasy, and then sequenced before being cloned into P[UAST].
dAP-2 RNAi construct (UAS-dAP2i): The 0.65 kb genomic fragment (from the
middle of exon 5 to the middle of exon 7) was amplified with primers: 5’AGATCTCAGTCTCCTATCGAGCACCTC
CTCGAGGGAGAAGTGCGTCAAGTGG.
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and

5’-

The 0.62 kb cDNA fragment (corresponding genomic region plus additional 0.13 kb
downstream

sequence

as

a

spacer)

was

TCTAGACAGTCTCCTATCGAGCACCTC

amplified

with

and

primers:

5’5’-

CTCGAGACGACGACACCATCCCTC.
nubbin RNAi construct (UAS-nubi): A 0.73 kb genomic fragment from exon3 was
amplified with the primers: 5’-GAATTCGCATGAACAATCCACTGCGTA and 5’AGATCTCGAAACGTGAAATGGTGGTC.

The 0.46 kb genomic fragment which

overlaps with the 0.73 kb fragment was amplified with the primers: 5’CTCGAGGCATGAACAATCCACTGCTGA

and

5’-

AGATCTACCACTCAATTTCAAACTGGC. The additional 0.27 kb sequence at the 3’
end of the 0.73 kb fragment was used as a spacer, but the two fragments are identical
otherwise.

Recombination of two independent UAS-nubi insertions on the second

chromosome was performed in the germ line of females with genotype UAS-nubi9A /UASnubi11A after crossing with yw males. Male progeny with stronger eye pigmentation were
selected and crossed with Adv/CyO females to generate progeny carrying both UAS-nubi
alleles balanced over CyO.
CG10440 RNAi construct (UAS-10440i): The 0.70 kb genomic fragment (from
the middle of exon 4 to the middle of exon 5) was amplified with the primers: 5’GAATTCGGGACCATCTACACCAGCTCAC

and

5’-

AGATCTCCGCTGCGACTCGACTGTG. The 0.67 kb cDNA fragment (corresponding
genomic region plus additional 0.17 kb downstream sequence as a spacer) was amplified
by PCR with primers: 5’-TCTGAGGGACCATCTACACCAGCTCAC and 5’AGATCTCGCCAGCAGATACTCGGAGAAC.
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RT-PCR
hsp70-GAL4 (control) and hsp70-GAL4; UAS-dAP2i10B larvae were incubated 1
hr in a 37°C water bath and then maintained at 25°C for 24 hr. Total RNA was isolated
from whole late third instar larvae using Trizol as recommended by the manufacturer
(Invitrogen). Synthesis of first strand cDNA was primed with oligo (dT)18. PCR was
performed using cDNA from 30 or 60 ng of total RNA per 25 µl reaction to amplify
actin5C transcripts with the primer pair: 5’-ACCGGTATCGTTCTGGACTC and 5’TGTAGGTGGTCTCGTGGATG.
outside

the

region

dAP-2 transcripts were amplified using primers

used

for

the

RNAi

construct:

5’-

AAACGCCGTCGATGATGTCCAAG and 5’-AAGTACGGCTTGCTTCAATCTGTG.
For RT-PCR analysis of dAP-2 candidate target genes, UAS-dAP2i10B line was
crossed with each GAL4 driver, and total RNA was isolated from leg discs of ~100 late
third instar larvae for each genotype. Primers used for RT-PCR were:
GAPDH2: 5’-CAGCCATCACAGTCGATTCC and 5’-TTCCGGTGAGCTTACCGTTG
Cyp4p2:

5’-AGGAACTGTGCTACCAAGAGA

and

5’-

ACGACGATTAGCACTGGAGAG
Ana: 5’-CCAGCAGAGGAAGAAACAGC and 5’-CAAACCGATGAACTAAAAAC
Obp99a:

5’-GCCTCCGCCGACTATGTGGTG

and

5’-

TCCCTGCTCGTTCTTGTCCAC
CG4386: 5’-ATTCGGAAAATGCCACTCTG and 5’-TGTTGCCATAGCGACTCTTG.
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Activation of RNAi using the GAL4/UAS system
To induce RNAi, flies with RNAi trangenes were crossed to individual GAL4
driver lines. Crosses were conducted at 25°C for dAP-2 RNAi unless specified otherwise.
For nub RNAi, embryos were collected at 25°C and then incubated at 29°C.

Ectopic expression of nub
For the EB-GAL4 construct, dAP-2 genomic fragment EB was first cloned into
pGaTAP, a pGaTB derivative with the dAP-2 exon1a promoter (See Materials and
Methods in chapter 2.). The resulting construct was then cloned into pCasper for Pelement transformation. For ectopic expression of nub, flies with a UAS-nub transgene
were crossed with individual GAL4 driver lines at 25°C.

Adult cuticle preparations
Pro- and metathoracic legs dissected from anesthetized flies were incubated in
70% ethanol for 1 min, in 100% ethanol for 2 x 1 min, and in xylene for 1 min and then
mounted in Permount:xylene (2:1) under a coverslip. For head preparations, flies with
wings removed were cleared in 10% KOH at 95°C for 15 min, rinsed in water and
equilibrated overnight in 9:1 mixture of glycerol and PBS. Heads were mounted under a
coverslip bridge.
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4.3 Results and Discussion

Generation of dAP-2 RNAi
A segment of dAP-2 genomic DNA (containing exon 5, introns 5 and 6, and parts
of exons 4 and 6) and the homologous cDNA fragment were cloned in opposite
orientations into the P[UAST] vector to generate a genomic-cDNA RNAi construct
following the strategy described by Kalidas et al. (2002) (Fig 4-1A). The resulting
construct, UAS-dAP2i, was injected into embryos for P-element mediated transformation,
and multiple independent transgenic lines were isolated.

Figure 4-1. UAS-dAP2i and RT-PCR analysis of dAP-2 after heat shock induction of
RNAi.
A. Construction of UAS-dAP2i (P-element transformation-specific portions not shown).
dAP-2 genomic region shown for reference. B. RT-PCR was carried out with primers for
actin5c (control) (lanes 1-4) and for dAP-2 (lanes 5-9) using cDNA prepared from hsp70GAL4 larvae (control) (lanes 1,3,6, and 8) and hsp70-GAL4; UAS-dAP2i larvae (lanes 2,
4, 7, and 9) 24 hr after heat shock treatment. PCR reactions contained either 30 ng (lanes
1,2, 6 and 7) or 60 ng of cDNA equivalents (lanes 3,4, 8, and 9).
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The efficiency of gene silencing by the UAS-dAP-2i lines was analyzed by
measuring dAP-2 transcript levels 24 hr following heat shock treatment of UAS-dAP2i;
hsp70-GAL4 larvae (hsp70:dAP-2i). Relative to actin5C transcript levels which did not
change with induction of dAP-2 RNAi, levels of endogenous dAP-2 RNA showed several
fold reduction in total larval RNA samples after heat shock treatment of hsp70:dAP-2i10B
larvae (Fig 4-1B). RT-PCR analysis showed that dAP-2 RNA levels were variably
affected in different UAS-dAP2i lines consistent with position-dependent quantitative
effects on transgene dsRNA expression levels (data not shown). To examine the extent
of gene silencing at the protein level, anti-dAP-2 immunostaining was performed with leg
discs in which expression of dAP-2 dsRNA was mediated by the dpp-GAL4 driver along
the dorsal anterior-posterior boundary (Fig 4-2). The data showed that dAP-2 protein
was specifically reduced in leg disc regions where the driver is active confirming the cellautonomous effect of RNAi.

Figure 4-2. dAP-2 RNAi cell-autonomously reduces dAP-2 protein level in leg disc.
Double immunostaining of late third instar leg discs with the genotype, dpp-GAL4 UASGFP;UAS-dAP-2i. dAP-2 protein is lost in Dpp positive cells marked by GFP
expression.
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Figure 4-3. Ubiquitous dAP-2 RNAi driven by tubulin-GAL4 phenocopies dAP-2 null
and hypomorphic mutants.
Comparisons of heads, antennae and prothoracic legs of adult females: wildtype control
(A-A”), dAP-2 null mutants (B-B”), tub:dAP2i mutants (C-C’), and hemizygous dAP-211
(strong hypomorphic allele) flies (D-D”). Antennae in dAP-2 mutants and tub:dAP2i flies
show loss of the antennal segment 5 at the base of the arista (arrow) (B’, C’ and D’)
relative to wildtype (A’).

The individual UAS-dAP2i lines were then tested by crossing with tubulin(tub)GAL4 driver in order to drive ubiquitous expression of dsRNA. tub:dAP2i progeny

86

survived embryonic, larval and pupal development; and the adults appeared
phenotypically identical to dAP-2 null mutants: specifically, they showed severely
shortened legs and proboscis and died as pharate adults or within 24 hour of eclosure (Fig
4-3). In addition, both tub:dAP2i and dAP-2 null mutants showed a subtle external
antennal phenotype, loss of the antennal segment 5 (a5). Several lines, including UASdAP2i10, resulted in tub:dAP2i flies with severely shortened legs while others like UASdAP-211 generated flies with slightly less severely shortened legs which resembled those
seen for strong hypomorphic dAP-2 alleles (Monge et al., 2001). The severity of the
RNAi phenotype generated by the different UAS-dAP2i lines correlated well with their
relative abilities to reduce dAP-2 RNA levels in hs70:dAP2i larvae. Analysis with the
tub-GAL4 driver indicated that ubiquitous expression of dAP-2 dsRNA had no nonspecific toxic effect; rather its effects were highly specific and closely phenocopied dAP2 null and strong hypomorphic mutants.

Localized dAP-2 RNAi in leg disc
The efficacy of the UAS-dAP2i lines with regard to tissue-specific silencing of
dAP-2 was tested using several leg-specific GAL4 driver lines, including Dll-GAL4, dacGAL4, ptc-GAL4, and ap-GAL4. Dll-GAL4 driver mimics endogenous expression of Dll,
which is expressed in the distal leg disc from pretarsus to distal tibia, and also around the
boundary between the presumptive femur and trochanter (Gorfinkiel et al., 1997). Adult
Dll:dAP2i flies generated using a strong RNAi line showed severe shortening of tarsi,
loss of all tarsal joints, and moderately shortened tibia and femur. The leg shortening
phenotype was milder when weaker RNAi lines (e.g., UAS-dAP2i11) were used; however,
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all lines resulted in loss of tarsal joints, consistent with the stronger expression of Dll
expression in presumptive tarsi than elsewhere in the leg disc (Fig 4-4B, C). btd-GAL4,
driven by buttonhead regulatory elements, caused shortening of most leg segments with
the exception of the first tarsal segment (t1) where btd is not expressed in L3 leg discs
(data not shown) (Estella et al., 2003).

Figure 4-4. Localized dAP-2 RNAi using leg-specific GAL4 drivers.
Adult female prothoracic legs of following genotypes: A. Wild-type control. B.
Dll:dAP2i10 (strong dAP-2 RNAi line) showing severe shortening of tarsus and milder
shortening of tibia and femur. C. Dll:dAP2i11 (weaker dAP-2 RNAi line) with modest
tarsal shortening weakly affecting femur. D. dac:dAP2i10 showing shortening of femur
and tibia, and fusion of tarsal1 (t1) and t2. t3-5 and pretarsus are not affected. E.
ptc:dAP2i10 showing loss of tarsal joints and moderate shortening of leg segments. F.
Tarsi of wild-type (left) and ap:dAP2i10 (right) flies showing loss of t4 in latter.
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dac-GAL4 driver is active in the intermediate leg segments from femur to t2, dac:dAP2i
flies showed shortening of femur and tibia and fusion of t1 and t2 consistent with the dac
expression pattern (Fig 4-4D).
When dAP-2 dsRNA was expressed in a narrow stripe of cells along the anteriorposterior compartment boundary of the leg disc using the ptc-GAL4 driver, all but the
most distal tarsal joint were lost and tarsal segments were shortened to 60% of wild-type
length; more proximal segments were only 10% shorter than normal (Fig 4-4E). Genetic
mosaic analysis showed previously that joint development was abnormal whenever a
dAP-2 mutant clone crossed a presumptive tarsal joint, even when the clone did not
include the entire circumference of the leg (Monge et al., 2001). Our data indicate that
the most distal tarsal joint (t4/t5 joint) may be one exception, in that this joint was not lost
in ptc:dAP2i flies. In contrast, the t4/t5 joint was lost in ap:dAP-2i flies, although the
tarsal region was not shortened overall relative to wild-type (Fig 4-4F).

apterous

regulatory regions direct expression exclusively in t4 (Pueyo et al., 2000); and, thus,
ap:dAP2i would be expected to silence dAP-2 in the distal part of t4, without affecting
dAP-2 expression in the distal part of t3. The lack of shortening in the distal leg of
ap:dAP2i flies is consistent with other observations regarding Notch signaling which
show that Notch loss-of-function clones must span two consecutive joints in order for the
intervening leg segment to exhibit shortening (de Celis et al., 1998). At present, the
basis of this segmental shortening phenomenon is unclear. The data could suggest that a
diffusible factor(s) necessary for interjoint region growth is produced in presumptive
joint regions and that loss of Notch or dAP-2 in one presumptive joint is not sufficient to
cause leg shortening, while loss in both joints is.
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Use of tissue-specific RNAi in sorting out cell-autonomous versus non-cellautonomous targets of dAP-2
Previous microarray analysis conducted by B. MacIver in our lab identified ~20
candidate dAP-2 target genes which are differentially expressed in leg discs of wild-type
versus dAP-2 null mutant (MacIver et al., submitted). In situ hybridization revealed that
some of the candidates are expressed in a pattern overlapping with the dAP-2 pattern
suggesting that they could be directly regulated by dAP-2.

Another group of the

candidate genes showed low ubiquitous expression in wild type leg discs. The complete
loss of expression of the latter genes in dAP-2 -/- leg discs must, therefore, be largely or
wholely an indirect effect of lack of dAP-2.
To further sort out the candidate target genes as to cell-autonomous versus noncell-autonomous regulation by dAP-2, dAP-2 RNAi was induced in restricted regions of
leg disc using different GAL4 drivers described above, and transcript levels of the
candidate genes were measured using RT-PCR (Fig 4-5). Data indicated that dAP-2
transcript level was significantly reduced in btd:dAP2i and tub:dAP2i leg discs consistent
with the strong broad expression of these two drivers in developing legs. In contrast, leg
discs from ptc:dAP2i larvae showed only modest reduction in dAP-2 transcript level
reflecting the fact that ptc-GAL4 drives expression only in a narrow stripe of cells in the
leg disc. Expression levels of three candidates, anachronism (ana), odorant-binding
protein 99a (obp99a) and CG4386, responded to dAP-2 RNAi in a manner consistent
with their being cell-autonomously activated by dAP-2. However, expression of Cyp4p2
was almost completely lost even in ptc:dAP-2 leg discs suggesting that down-regulation
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of Cyp4p2 in dAP-2 mutants results from a global, indirect response rather than a cell
autonomous effect.

Figure 4-5. RT-PCR analysis of candidate dAP-2 target genes identified by DNA
microarray analysis.
Left panel: Expression levels of 5 candidate dAP-2 target genes in leg disc RNA from
different types of dAP-2 mutant flies were compared by RT-PCR analysis using total
RNA from leg discs of control (tub-GAL4), dAP-2 null mutants (d2/d15 and stm/stm),
and tub:dAP-2i larvae. GAPDH served as a control (top row). Right panel: Expression
levels of the same 5 candidate target genes were also compared using RNA from leg
discs with either region-restricted (ptc:dAP2i), broad (btd:dAP-2i) or ubiquitous
(tub:dAP-2i) dAP-2 RNAi expression. The housekeeping gene dAP-22 and dAP-215 null
alleles have splice mutations that do not significantly alter AP2 RNA levels in vivo. Data
generated by Y. Ahn and D. Sims. (MacIver, et al, submitted).

The UAS-dAP2i lines will facilitate studies of dAP-2 by providing a means to
modulate dAP-2 expression levels in different tissues, and to assess whether phenotypic
defects in AP-2 mutants are likely to be cell autonomous or indirect. For example, brainspecific RNAi could be used to study functions of dAP-2 in brain development and in
regulation of adult behaviors. It was previously shown that loss of dAP-2 causes adult
brain defects that include disruption of the central complex, a brain region involved in
control of locomotior behaviors (Monge et al., 2001). Preliminary brain anatomical
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analysis and adult behavioral studies suggested that dAP-2 is required for some aspects of
central complex development and function, but detailed analysis of brain function is
hampered by early lethality of dAP-2 null mutant flies and by the fact that locomotion
defects in viable hypomorphic transheterozygotes could be caused by either local, legspecific defects or central brain defects, or by a combination of both (Mitchell and Han,
unpublished data).
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nubbin RNAi
Genomic organization of nub implies that the sequence around intron3 (~0.24 kb)
could be used to apply the genomic-cDNA hybrid strategy for RNAi. However, the nub
cDNA sequence from this region encodes a POU domain and, as shown by BLAST
search results, is highly homologous to cDNA sequences of two closely related POU
domain genes, pdm2 and vvl (Billin et al., 1991). To avoid the possible cross interference,
an RNAi construct, which contains simple inverted repeats with a spacer, was generated
using sequences from exon3, which do not show significant homology to other
Drosophila genes (See Materials and Methods.).
Multiple UAS-nubi lines were initially tested with tub-GAL4 driver to
ubiquitously express dsRNA.

Surprisingly, most of tub:nubi progeny survived

embryonic and larval development, and low lethality was observed at late pupal stage
suggesting that efficiency of RNAi is not high enough because flies homozygous for null
alleles of nub are known to be embryonic lethal (Ng et al., 1995). Consistent with this
idea, wings of adult survivors appeared to be normal.

When crossed with nub-GAL4

driver which drives stronger expression in wing disc, some of UAS-nubi lines caused 1015% reduction in wing size along the PD axis (data not shown). In order to increase
dosage of dsRNA, two independent UAS-nubi insertions on the second chromosomes
(UAS-nubi9A and UAS-nubi11A) were recombined, and the resulting lines (UAS-nubi9A11A)
caused ~30% reduction in wing size and ~50% reduction in wing surface area suggesting
that the RNAi phenotype is dosage- dependent (Fig 4-6). Because dramatic reduction
(~90%) in wing size was seen in flies homozygous for nub1, nub RNAi is presumed to
represent only a partial knock-down of Nub function (ie, hypomorphic mutant phenotype).
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Figure 4-6. Reduction of wing size by nub RNAi.
When driven by nub-GAL4, nub RNAi caused ~30 % reduction in wing length
mimicking a hypomorphic allele of the gene. nub1 is a mutant allele with the most severe
wing phenotypes. Wings are shown in the same magnification.

Induction of nub RNAi with strong leg-specific GAL4 drivers caused shortening
and bending of leg segments. Double immunostaining against dAP-2 and #-galactosidase
driven by nub-GAL4 indicates that nub is expressed in the trochanter, distal femur, distal
tibia, and pretarsus (Fig 4-7).

Consistent with the expression pattern, leg segments

mostly affected by expression of nub dsRNA were tibia, femur and claws in pretarsus
(Fig 4-8). Specifically, the strongest phenotypes were obtained with the dac-GAL4 driver
which directs expression in the femur, tibia and t1-2. On the contrary, with Dll-GAL4,
the strongest driver in the distal leg based on our assessment of Dll:dAP2i phenotypes
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(Fig 4-4), nub dsRNA expression did not cause any defects in tarsal segments, but only
affected development of claws suggesting that the defects caused by dac:nubi are very
specific and does not result from non-specific toxic effects.

Figure 4-7. nub expression in the leg disc.
Double immunostaining against nub-GAL4 driven GFP and dAP-2. Images were taken
from the same disc at two different focal planes to show the proximal (A-A”) and distal
(B-B”) leg disc. nub is expressed as three rings corresponding to the presumptive
trochanter (tr), distal femur (fe), and distal tibia (ti), respectively. An additional
expression is seen in the pretarsus (pr). Expression pattern of nub overlaps with that of
dAP-2 only in the trochanter.
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Figure 4-8. nub RANi phenotypes in leg.
Female metathoracic legs are shown. A. wild-type. B. Legs of dac:nubi flies show
shortening and malformation of femur (fe) and tibia (ti). C. Dll:nubi flies do not have
significant abnormality in tarsus, but usually lack one or two claws in each leg (arrow).

Ectopic expression of nub
Ectopic expression of genes involved in leg patterning often disrupts normal
development of leg. To drive ectopic expression of nub, a UAS-nub line was crossed
with a series of leg specific GAL4 drivers. EB is a dAP-2 enhancer that drives dAP-2-like
expression in the presumptive proximal coxa and proximal femur as well as modest
ectopic expression in presumptive interjoint regions in the distal legs (tarsal segment)
(Fig 2-8). EB:nub flies have severely shortened femur and tarsus, and all tarsal joints are
missing indicating that ectopic nub, like dAP-2, can interfere with leg outgrowth and
tarsal segmentation when ectopically expressed (Fig 4-9B). When driven by dpp-GAL4,
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ectopic nub caused shortening of every leg segment with effects being most severe in
distal segments (Fig 4-9C). Immunostaining of dpp:nub leg disc showed that dAP-2
expression in the femur and coxa is disrupted in the Dpp domain, but a stripe of ectopic
dAP-2

expression, which extends from the trochanter dAP-2 ring, is seen in the

presumptive coxa (Fig 4-9D). As shown in double immunostaining, expression patterns
of dAP-2 and nub are complementary to each other in the leg disc except in the trochanter
where their expression overlaps (Fig 4-8). Ectopic dAP-2 expression induced by dpp:nub
suggests that nub may act as a positive regulator of dAP-2 expression in the trochanter
and a negative regulator in the coxa. Additional experiments have to be done to verify
the roles of nub in leg development especially with respect to regulation of dAP-2.
Clonal analysis using a null allele of nub may produce more severe leg defects and will
be necessary to test whether dAP-2 expression in the trochanter requires nub.
It was shown previously that Nub acts as a repressor of several Notch target genes
involved in patterning of the wing, so sets a threshold level for Notch activity (Neumann
and Cohen, 1998). Gain-of-function phenotypes of nub are very similar to loss-offunction phenotypes of components of Notch signaling pathway: loss of joints and
defects in leg outgrowth (de Celis et al., 1998; Bishop et al., 1999; Mishra et al., 2001).
It is possible that over-expression of Nub can prevent Notch from activating target genes
required for joint formation and leg outgrowth. Interestingly, genetic studies previously
showed that nub expression is positively regulated by Notch in the leg disc (Rauskolb and
Irvine, 1999). Therefore, Nub could be involved in a negative feedback regulation of
Notch signaling pathway.
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Figure 4-9. Ectopic nub expression disrupts leg development.
Female prothoracic legs are shown. A. Wild-type. B. EB-driven nub ectopic expression
causes defects in the proximal coxa and femur, shortening of tarsus and loss of tarsal
joints (all regions where EB is active). C. dpp-driven nub causes shortening of every leg
segment with most severe defects in the distal leg. Tissue over-growth is seen at the
proximal end of the shortened tarsus (arrows). D. Anti-dAP-2 immunostaining of a
dpp:nub leg disc showing disruption of the coxa ring (arrowhead) and ectopic dAP-2
expression extending from the dorsal side of the presumptive trochanter (arrow).
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Chapter 5
Conclusions and Perspectives

Identification of leg and antenna enhancers of dAP-2
This study was conducted as a part of our efforts to understand molecular
mechanisms controlling segmentally repeated dAP-2 expression during leg development.
Using in vivo reporter analysis in transgenic flies, I identified multiple enhancer elements
that direct region-specific expression of dAP-2 in the developing leg and antenna. Further
analysis of two of these enhancers, PrF and PrC, revealed that they are dedicated to
activation of dAP-2 expression in the developing proximal femur and proximal coxa,
respectively. PrC and PrF each contain multiple essential sequence elements scattered
over greater than 1 kilobase of genomic DNA. In the case of PrF, a conserved binding
site for Hox transcription factors and their homeodomain cofactor Exd was identified and
shown to be essential for enhancer activity (to be discussed further below).
These data together with other data from the our laboratory (Zou et al, submitted)
show that the seemingly simple, repetitive pattern of dAP-2 expression along the PD-axis
of the developing leg is regulated by multiple, separable enhancer elements, each
responsible for only a portion of the total dAP-2 expression pattern in the developing
limb. The data support the idea that these enhancers are activated by synergistic effects of
multiple DNA binding transcription factors and their associated co-factors, and that at
least some of these factors are region-specifically restricted along the limb PD-axis (e.g.,
Exd) and account for the restricted activity of each of the enhancers. These findings
provide an important new paradigm for considering morphological evolution of limbs.
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The uncoupling of dAP-2 regulation in different PD-axis domains using region-specific
enhancers allows the dAP-2 gene more freedom to be adapted, during evolution, to novel
limb segment-specific functions via discrete changes in enhancer regions dedicated to the
different limb regions.
Comparative analyses of dAP-2 enhancers in leg and antenna revealed that these
two appendages share enhancers for their respective proximal and distal regions, but have
distinct enhancers for their respective intermediate regions. Our findings are consistent
with the observation by others that differential gene expression in the intermediate region
of these developing appendages is critical for determining leg or antenna identity (Dong
et al., 2000). Thus, analysis of the dAP-2 leg and antennal enhancers will likely shed
light on mechanisms underlying diversification of leg and antenna during development.

dAP-2 regulation by Exd and Hox proteins
An enhancer for dAP-2 expression in the proximal femur, PrF, was further
analyzed partly because this region corresponds to where a discrete proximal domain of
Dll expression overlaps with the domain of Hth, which is responsible for nuclear
localization of a Hox cofactor, Exd. A consensus Exd/Hox binding site in PrF was
shown to required for enhancer activity in vivo and to be conserved in other Drosophila
species. Clonal analysis indicated that Hth/Exd and Hox functions are necessary for dAP2 expression in the proximal femur. The comprehensive set of in vitro and in vivo
experiments I have carried out provide strong evidence that the Hox/Exd site in PrF
mediates activation of dAP-2 expression in the proximal femur by binding Exd in
combination with Scr (T1/prothoracic leg), Antp (T2/mesothoracic leg), or Ubx
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(T3/metathoracic leg). While Exd and these three Hox proteins have been known for
some time to be essential regulators of leg development, the research I have presented
here is the first to identify a direct target gene for these factors in limb development.

RNAi studies on developmental roles of dAP-2 and nubbin
I have generated transgenic fly lines that allow tissue-specific knock-down of
dAP-2 using GAL4-inducible RNAi. Flies that ubiquitously expressed dAP-2 dsRNA
phenocopied dAP-2 null or hypomorphic mutants depending on the UAS-dAP2i
transgenic line used. Expression of UAS-dAP2i using GAL4 drivers active in different
regions of the leg disc caused leg shortening and loss of joints in corresponding leg
segments. The dAP-2 RNAi lines generated in this study will allow comprehensive
analysis of cell autonomous versus non-autonomous functions of dAP-2 in different cell
types and tissues in developing and adult Drosophila.
Despite evolutionary conserved expression in arthropod legs, functions of Nubbin
in leg development are poorly understood. RNAi-mediated knock-down of nub caused
moderate defects in leg morphology, and ectopic nub expression resulted in leg
shortening and loss of joints.

Ectopic expression experiments suggested that Nub

attenuates Notch signaling during leg development (similar to its known activity in wing
development) and can region-specifically inhibit dAP-2 expression. Notably, double
immunostaining showed that nub and dAP-2 are co-expressed in the presumptive
proximal trochanter. Future studies should include a clonal analysis with a nub null allele
to test the idea that Nub is a positive regulator of dAP-2 expression in the trochanter.
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Appendix A. List of reporter transgenic lines
Construct Name
pAlacZ-KE
pAlacZ-E7
B6d-tau-lacZ
pAlacZ-B4
pAlacZ-BE
pAlacZ-EB
pBlacZ-EB
pAlacZ-DPEB
pAlacZ-E6
PAlacZ-B3
pBlacZ-BG
pAlacZ-SE
pBlacZ-SE
pAlacZ-E9EB
pBlacZ-E9EB
pAlacZ-EB0.5

Number of
independent lines
6
2
2
7
6
9
3
6
4
2
8
2
6
10
9
15

pAlacZ-PrF
pAlacZ-EB0.8
pAlacZ-EB1.4
pAlacZ-PrC
pAlacZ-EB1.0M
pAlacZ-EB1.1R
pAlacZ-PrFC
pAlacZ-EB1.65R
pAlacZ-EB1.6R
pAlacZ-EB&CM2
pAlacZ-PrFCEXD
pAlacZ-PrFCHOX
pAlacZ-PrFCTA

10
5
9
4
6
6
5
7
10
8
10
6
7

Expression Pattern in third instar larvae
CNS
Presumptive tarsal joints
Presumptive tarsal joints
PrC, PrF and distal leg disc
Presumptive proximal a3
PrC, PrF and distal leg disc
PrC, PrF and distal leg disc (weak)
PrC, PrF and distal leg disc
Multiple rings in leg discs
Presumptive lateral coxa
Strong in the distal leg disc; patchy
expression in the proximal leg disc of some
lines
PrF
PrF and distal leg disc
PrF and distal leg disc
PrC
PrC and PrF
PrC and PrF
PrC
PrC
PrC
PrC
PrC
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